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General introduction 

Free radicals play a crucial role in the pathogenesis of several human 

diseases and ageing. They are (by)products of various endogenous 

processes or a result of external factors, such as irradiation and 

xenobiotics. In food products free radicals are also known to cause 

damage, resulting in off taste or a reduced shelf-life. 

Antioxidants protect against free radicals and they are therefore essential 

in obtaining and preserving good health. In food products they act as 

preservatives. Much attention has been given to the flavonoids, a class of 

polyphenols with strong antioxidant activities, which are ubiquitously 

present in a broad range of dietary products. 

In order to identify the most potent antioxidants, the antioxidant profiles of 

numerous compounds are frequently compared. For this purpose a wide 

array of antioxidant assays is available. One of the most frequently 

applied assays is the Trolox Equivalent Antioxidant Capacity (TEAC) 

assay. 

The aim of this thesis is to study antioxidant activity and to examine the 

factors that describe and determine this activity of antioxidants. 

Outline of this thesis 

• Chapter 2 critically evaluates the assessment of antioxidants in 

vitro and in vivo. 

• Chapter 3 focuses on the applicability of the TEAC assay to 

predict the antioxidant activity of a compound. A comparison of 

the TEAC with other antioxidant screenings assays is made. 

• The contribution of reaction products to the TEAC is examined, 

as described in Chapter 4. Based on this, the applicability of the 

TEAC assay for the construction of structure activity relationships 

(SARs) is evaluated.  

• The antioxidant activity of reaction products is further studied in 

Chapter 5. A modified TEAC procedure, that includes the 

scavenging effect of oxidation products, is presented. 

• Chapter 6 describes the effect of interactions between different 

ingredients in complex mixtures on the TEAC. 

• In Chapter 7, the effect of the interaction between flavonoids and 

proteins on the antioxidant capacity is examined. The possible 

consequences of masking are discussed. 
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• In Chapter 8 the protection against reactive glucose-derived 

species (RGS) and reactive oxygen species (ROS) is compared. 

A suggestion for the protection against RGS is made. 

• An evaluation on the role of oxidative lipid degradation during 

mashing is made in Chapter 9. Suggestions are made in order to 

minimize oxidative damage and preserve antioxidants in this 

phase of the brewing process. 
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Abstract  

Structure–activity relationships are indispensable to identify the most 

optimal antioxidants. The advantages of in vitro over in vivo experiments 

for obtaining these relationships are, that the structure is better defined in 

vitro, since less metabolism takes place. It is also the case that the 

concentration, a parameter that is directly linked to activity, is more 

accurately controlled. Moreover, the reactions that occur in vivo, including 

feed-back mechanisms, are often too multi-faceted and diverse to be 

compensated for during the assessment of a single structure–activity 

relationship. Pitfalls of in vitro antioxidant research include: (i) by 

definition, antioxidants are not stable and substantial amounts of 

oxidation products are formed and (ii) during the scavenging of reactive 

species, reaction products of the antioxidants accumulate. Another 

problem is that the maintenance of a defined concentration of 

antioxidants is subject to processes such as oxidation and the formation 

of reaction products during the actual antioxidant reaction, as well as the 

compartmentalization of the antioxidant and the reactive species in the in 

vitro test system. So determinations of in vitro structure-activity 

relationships are subject to many competing variables and they should 

always be evaluated critically.  
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Introduction 

Damage inflicted by free radicals and other reactive species is involved in 

various patho-physiological processes including necrosis and ischemia-

reperfusion damage, and is implicated in numerous deceases. The 

pivotal role of radicals in patho-physiology forms the rational for 

antioxidant intervention. For example, national heart associations 

advocate the use of a diet rich in fruits and vegetables to reduce the risk 

of cardiovascular diseases. Opinio communis is that the antioxidants in 

such a diet might be responsible for the beneficial effect. The validity of 

the recommendation has been proven by several epidemiological studies 

that show a negative correlation between fruit and vegetable intake and 

the risk of cardiovascular disease [1-3]. There is no consensus on the 

contribution of individual antioxidants, on the beneficial effects and on the 

actual molecular mechanisms of action. Knowledge on these subjects is 

needed to rationalize and optimize antioxidant intervention [4].  

A problem is that the variety in natural antioxidants is profuse; an 

important class of antioxidants, the flavonoids, comprises over 5.000 

chemically different compounds. The number of antioxidants becomes 

even more overpowering when (semi-)synthetic antioxidants present as 

additives, in supplements or in nutraceuticals are also considered. In 

addition, the point of interaction on free radical mediated processes may 

differ between antioxidants. The choice of in vitro or in vivo models for the 

investigation of antioxidant mechanisms depends on a number of factors. 

Considering the huge number of antioxidant compounds and the diversity 

in their modes of action, in vivo studies are not always applicable 

because of their low throughput and their non-specific endpoints. Concise 

in vitro models are therefore necessary to screen antioxidant activity. 

Nonetheless, the biological effect of any compound in vivo or in vitro 

depends on the structure of the compound and the concentration of the 

compound. In general, antioxidant structure and concentration are better 

defined and controlled during in in vitro studies compared to in vivo 

studies. In this paper, the assessment of antioxidant activity is critically 

evaluated. The points for attention will be illustrated with a specific group 

of antioxidants, i.e. the flavonoids, narrowed down to the flavonols with 

quercetin as the most studied compound. The remarks can, nevertheless, 

be applied to antioxidants in general. It will be demonstrated that despite 

the alleged simplicity of in vitro testing, even elementary aspects of 

structure and activity are more complex that they first appear, so critical 

evaluation is essential for meaningful study design and data 

interpretation.  
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Structure–activity relationships 

High throughput in vitro screening will reveal the antioxidant activity of 

many compounds. The rational extension of screening is to establish the 

dependence of the observed efficacy on the chemical structure. In this 

way, not only the most potent agent within a series is found, but also the 

efficacy of untested antioxidants can be predicted. More importantly, 

clues for the identification or design of even more potent antioxidants are 

obtained. Additionally, a structure–activity relationship helps to elucidate 

the molecular mechanism of action of a group of compounds.  

In a series of substituted phenols, it was found that the ability of a 

compound to scavenge peroxynitrite (ONOOH) highly correlates with the 

electron donating activity of the various substituent groups in the 

molecule [5]. The explanation for this relationship is that the electron 

donation from the substituent to the oxygen of the phenolic OH-group 

weakens the O–H bond. This makes it easier to donate hydrogen to 

peroxynitrite. Hydrogen donation is therefore probably the key event in 

the scavenging of peroxynitrite by phenolic compounds.  

The structure–activity relationship of substituted phenols formed the basis 

of a more complex structure–relationship constructed in polyphenols, i.e. 

flavonoids. Close examination of the data obtained in in vitro experiments 

on peroxynitrite scavenging of flavonoids, of which some are depicted in 

Table 1, revealed that two different groups within the flavonols have the 

ability to scavenge peroxynitrite [5-7]. One group is in ring B, the other 

group is in the AC ring. A flavonol is a potent peroxynitrite scavenger 

when ring B is a catechol group (two OH-groups at positions 3′ and 4′, 

substitution on only one of one of the OH-groups is allowed) or when the 

AC ring has three OH-groups at positions 3, 5 and 7 (substitution on the 

5- and 7-OH group is allowed, but not on the 3-OH group). This 

structure–activity relationship of flavonoids is consistent with that of 

substituted phenols. This indicates that the molecular mechanism for 

scavenging peroxynitrite by flavonols and phenols is similar. Identical 

results were obtained for the scavenging of nitrosoperoxycarbonate, the 

reactive species formed out of peroxynitrite in the presence of carbon 

dioxide (unpublished results).  

 

Preliminary structure–activity relationships on the antioxidant activity of 

flavonoids are mainly descriptive in nature and sometimes linked to 

simple parameters such as the number of OH-groups [8]. As can be 

deduced from the structure–activity relationship of substituted phenols, 

the real situation is much more complex. Not only the number but also 
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the position of the groups on the molecule affects the electron donating 

effect and the scavenging potency of the molecules [5,9]. This is 

underlined by the large difference in activity between apigenin (5,7,3′-

trihydroxy flavone) and galangin (3,5,7-trihydroxy flavone). Both of these 

flavonoids have three OH-groups on the same backbone, only the 

positioning of one of the OH-groups on the backbone differs. Apigenin is 

a poor scavenger of peroxynitrite (IC50 = 199 µM) whereas galangin is a 

potent one (IC50 = 1 µM). The difference in potency between apigenin 

and galangin, however, fits into the relationship described above, which 

incorporates two different sites of reactivity. Apigenin fails to meet the 

requirements of either scavenging group; galangin has the active AC 

group. In scavenging peroxynitrite, more that one moiety within the 

flavonoids can independently give a potent activity. This has complicated 

the construction of a valid structure–activity relationship. 

Stability of the antioxidant 

Antioxidant stability has a strong bearing on the potency and persistence 

of the net cellular protective effect of the molecule. The choice of model, 

either in vitro or in vivo, can thus have considerable influence on the 

performance of an antioxidant molecule under study. A major feature of in 

vivo test systems is metabolism of the antioxidant. This may occur either 

near the site of sampling, or remotely in distant tissues. Metabolites vary 

in stability and are not always active, but sometimes they can make a 

substantial contribution to the overall antioxidant effect [10]. Shortly after 

oral intake of R-lipoic acid in man, the concentration of the metabolite R-

3-keto lipoic acid in the blood exceeds that of R-lipoic acid, while the 

antioxidant activity of the parent compound and metabolite are 

comparable [11]. Apparently, the effect of R-lipoic acid in vivo cannot be 

ascribed per se to a single compound. In in vitro models, metabolism is 

usually negligible. Moreover, many in vitro models lack the feed-back 

mechanisms which operate in vivo that are aimed at maintaining a well 

defined and delicate homeostasis. Unfortunately, these homeostatic 

mechanisms complicate in vivo models and can attenuate the measured 

potency of test compounds. Some in vitro model systems use complete 

human cells such as erythrocytes, which have intact homeostatic 

systems; however, the complexity of the cell model can make 

interpretations problematic [12].  

Aside from metabolism of the antioxidant, maintaining an adequate 

concentration of a given agent in in vitro studies is also problematic, due 

to their intrinsic instability. Antioxidants are designed to react readily with 



Chapter 2 
 

20 

oxidizing species and are often extensively oxidized during incubations at 

atmospheric oxygen tension. Even during a relatively short incubation 

time, the concentration can drop drastically. For quercetin, a reduction in 

concentration from 50 to 5 µmol within 6 h is observed (Fig. 1). In 

literature, incubation times of over 48 h have been reported, however, 

according to our studies, at the end of this length of incubation period, no 

quercetin will be present. This means that in studies with such incubation 

periods, the observed activity is clearly not related to the antioxidant in 

the initial concentration. The average concentration of the compound is 

lower than the presumed concentration, indicating that the potency of the 

compound is underestimated.  

 
 
Table 1. Peroxynitrite scavenging of several flavonoids.  

 
HER, Hydroxyethylrutoside; MQ, methylquecetin; Ru, rutinosyl; Et, CH2CH2. The activity is 
expressed as the IC50, the concentration of the compound protecting against half of the 
effect of peroxynitrite (in µM). The lower the IC50, the more potent the compound. Two 
groups within the tested compound have the ability to scavenge peroxynitrite. 
One group is ring B. When ring B is a catechol (OH-groups at positions 3’ and 4’), the 
compound is a potent scavenger (the IC50 is low). One of the groups may be substituted (as 
in tri HER). When both OH-groups are substituted, ring B loses its peroxynitrite scavenging 
activity (as in tetra HER). 

O

3

5

7
3'

4'

O

A

B

C

compound 3 5 7 3' 4' IC50 Active 

moiety

quercetin OH OH OH OH OH 0.15 AC ring and 

B ring

rutin ORu OH OH OH OH 0.47 B ring

mono HER ORu OH OEtOH OH OH 0.30 B ring

ti HER ORu OH OEtOH OH OEtOH 2.5 B ring

tri HER ORu OH OEtOH OEtOH OEtOH 162 none

tetra HER ORu OEtOH OEtOH OEtOH OEtOH 225 none

tri HEQ OH OH OEtOH OEtOH OEtOH 0.58 AC ring

galangin OH OH OH H H 1.0 AC ring

apigenin H OH OH OH H 199 none

tetra MQ OH OCH3 OCH3 OCH3 OCH3 6.1 AC ring

penta MQ OCH3 OCH3 OCH3 OCH3 OCH3 216 none

Substituent
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The other group is the AC ring. When the AC ring has OH substituents at positions 3, 5 and 
7, the compound is a potent scavenger. The 5 or 7 OH-group may be substituted (as in tri 
HEQ and tetra MQ). When the 3-OH group is substituted (as in tri HER or penta MQ), the 
AC ring loses its peroxynitrite scavenging. 
The OH-groups that are thought to interact with peroxynitrite are given in a bold format. In 
quercetin both active moieties are present. Data are taken from Haenen et al. (1997) and 
from Heijnen et al. (2001). 
 

 
Fig. 1. The time course of the concentration of quercetin, initial concentration 50 µM, in cell 
culture medium. 

Toxicity of reaction products 

Reaction products that are formed during the oxidation of an antioxidant 

can have profound effects [4]. One of these products is hydrogen 

peroxide [13]. Hydrogen peroxide is formed in relatively high amount from 

agents such as quercetin. Some of the reported effects of several 

flavonoids might actually be due to hydrogen peroxide generation [14]. 

The other products formed out of flavonoids during oxidation are 

quinones and quinonemetides [15,16]. The quinone/quinonemethide of 

quercetin (QQ) is depicted in Fig. 2. This product is toxic due to its ability 

to react with sulfhydryl groups, including protein thiols. It should be 

realized that these reaction products are formed not only as a result of 

auto-oxidation; they are also generated by the actual antioxidant reaction 

[10]. In scavenging a reactive species, quercetin is also converted into 

QQ. The formation of reactive products forms an integral part of the mode 

of action of scavenging antioxidants. In these products some of the 

reactivity of the species that has been neutralized is retained. It has been 

demonstrated that catechol-containing antioxidants, including quercetin, 

essentially shift oxidative damage from lipid peroxidation to thiol arylation 

[17]. This means that although the scavenger directly blocks free radical 
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induced toxicity, this toxicity is exchanged for another type of toxicity that 

is caused by the reaction product of the scavenger.  

The accumulation of reaction products in in vitro studies can be high 

compared to the in vivo situation. This is due to the relatively high 

oxidative stress normally applied in vitro and the clearance of compound 

that only occurs in vivo. Additionally, in vivo endogenous antioxidants 

may recycle the antioxidant from the reaction product, e.g. the reduction 

of QQ to quercetin by ascorbate. The endogenous antioxidants may also 

protect against the toxicity of the reaction product, e.g. glutathione 

effectively protects against QQ toxicity [18].  

 

 
 
Fig. 2. Reactions of the oxidation product of quercetin. When quercetin is oxidized, an o-
quinone/quinonemethide (referred to as QQ) is formed. In the figure, the four tautomeric 
forms of QQ are given. Quercetin can be regenerated from QQ by ascorbate, resulting in 
the formation of dehydroascorbate. QQ can also react with glutathione (GSH), thereby 
forming 6-glutathionylquercetin (6-GSQ) and 8-glutathionylquercetin (8-GSQ). The reaction 
of QQ with thiols such as GSH is much faster that the reaction of QQ with ascorbate. When 
GSH levels are low, QQ can also react with protein thiols, which will lead to toxicity.  

Antioxidant effect of reaction products 

Apart from the residual reactivity of the reactive species that has been 

scavenged, the reaction product of a scavenger often also contains some 
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residual antioxidant activity of the parent antioxidant. In this paradox, the 

presence of more than one group that has antioxidant activity within a 

single molecule may play a role. Quercetin efficiently protects against 

lipid peroxidation. During this protection quercetin is consumed, probably 

due to the scavenging reaction that has been discussed in the previous 

paragraph. Interestingly, the protection continues when all the quercetin 

is consumed (Fig. 3). This can only be attributed to the antioxidant activity 

of a reaction product. Possibly, one of the two-antioxidant groups present 

in quercetin (i.e. either the B-ring or the AC-ring) is still present and active 

in this reaction product.  

 
Fig. 3. Time course of lipid peroxidation (squares) and quercetin concentration (triangles) in 
rat liver microsomes. Lipid peroxidation was induced by 2,2′-azibis(2-amidinopropane) and 
assessed as the amount of thiobarbituric reactive material that is formed. The incubation 
mixture contained no quercetin (filled symbols) or 5 µM quercetin (open symbols). The 
protection provide by the addition of quercetin continues even when all the quercetin has 
disappeared. Apparently, a reaction product of quercetin contributes to the protective effect. 
A typical experiment (n = 3) is shown. 
 
 

A similar contribution of the reaction products to the overall antioxidant 

effect of quercetin is seen in the Trolox Equivalent Antioxidant Capacity 

(TEAC) assay. In this assay, the capacity of an antioxidant to scavenge 

the relatively stable ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-

sulfonic acid) radical (ABTS•) is quantified. The advantage of the assay is 

its simplicity and ease of operation. The ABTS• is intensely colored and 

when it reacts with an antioxidant the color disappears. The capacity of a 

compound is related to that of a reference compound, trolox. By 

definition, trolox has a TEAC of 1. The TEAC of quercetin is 6.24 [19]. 

This means that one molecule of quercetin scavenges on average 6.24 

times as much ABTS• than trolox. The high TEAC value of quercetin 
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indicates that reaction products have to participate in the scavenging of 

quercetin. Detailed examination of the reactions that take place during 

the determination of the TEAC value indeed reveals the high contribution 

of reaction products to this value [20].  

Essentially, the TEAC value of a compound is the antioxidant capacity of 

the parent compound plus the potential antioxidant capacity of the 

reaction product(s) [9,19,20]. This means that the actual TEAC of a 

compound cannot be ascribed solely to the parent compound. This 

hampers the use of the TEAC assay for ranking antioxidants. Since the 

TEAC value is not related to one structure, the TEAC assay cannot be 

used for constructing structure–activity relationships [20]. Numerous 

studies on a TEAC based structure–activity relationship have been 

published, indicating that this observation is not generally appreciated or 

understood. In other assays such as the Oxygen Radical Absorbance 

Capacity (ORAC) and Ferric Reducing Antioxidant Potential (FRAP) 

assay the reaction product(s) also may contribute, and the structure–

activity relationships on antioxidant activity based on these assays should 

also be evaluated with great care.  

As also mentioned in the previous paragraph, the accumulation of 

reaction products in vivo is expected to be lower than that in in vitro test 

systems. In vivo, radical stresses are relative low, the reaction products 

of the antioxidants are excreted from the body and endogenous 

antioxidants may restore the reaction product to the parent antioxidant. 

Therefore, the contribution of reactive products of antioxidants is likely to 

be overestimated in in vitro assays.  

Concentration of the antioxidant 

One of the advantages of in vitro testing over in vivo testing is the ease at 

which a certain concentration is reached. With the volume of the 

incubation, the amount of antioxidant that has to be introduced in the test 

system to achieve a certain concentration can be accurately calculated 

and maintained. In addition, if experimental incubation times are kept 

short enough to ensure that no substantial metabolism can take place, 

then the concentration of the test compound is easier to control as it is 

less likely to fall drastically during the study period.  

The problem with concentration already addressed above is consumption 

of the antioxidant either due to a limited stability of the antioxidant, or as a 

result of the actual scavenging reaction. Another potential problem is the 

lipophilicity of the antioxidant. The partition coefficient over octanol/water 

(P) of quercetin is relatively high; for quercetin P equals 1000. In cell 
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culture or in assays with lipid membranes, the volume of the aqueous 

phase is much larger than that of the lipid phase (membrane). 

Consequently, the concentration of quercetin in the membrane is much 

higher as calculated, since the calculation is based on a homogeneous 

distribution of the compound over the incubation mixture.  

For rutin, that is, quercetin with a sugar-moiety attached to the molecule, 

the P-value is 4. During the process of lipid peroxidation, for example, 

equal concentrations of rutin and quercetin in the aqueous phase will 

result in a large difference in concentration of both compounds in the 

membrane. Despite controlling the concentration in the aqueous phase, 

the concentration at the site of action might fluctuate between different 

test compounds depending on a difference in lipophilicity.  

In lipid peroxidation, not only lipophilicity but also the amphiphilic 

character of compounds seems to play a role. The antioxidant may well 

be located precisely in a compartment where the reactive species inflicts 

damage. The antioxidant moiety of vitamin E is the phenolic group of its 

chroman head. This group is thought to be located in the lipid membrane 

near the aqueous phase at a site favorable for scavenging radicals 

involved in lipid peroxidation [21]. Unfortunately, the concentration of an 

antioxidant at the precise site of action in two-phase systems usually is 

not well evaluated or understood. This hampers a straightforward 

comparison of compounds, since activity is directly related to the 

concentration at the site of action. It is often incorrectly assumed that the 

concentration in the aqueous solution is identical to the concentration at 

the site of action.  

Beside potential accumulation in a lipid phase, flavonoids may also bind 

to proteins. Binding of flavonoids to proteins reduces the antioxidant 

capacity [22,23]. Protein bound flavonoids locally still display antioxidant 

activity [24]. Although binding does reduce the antioxidant activity in the 

solution, proteins that have flavonoids bound are probably well protected 

against radical damage.  

Concentration of the reactive species 

Apart from the concentration of the antioxidant, also the concentration of 

the reactive species has to be evaluated critically. The stability of the 

reactive species is, by definition, limited. Peroxynitrite, for one, reacts 

instantaneously with carbon dioxide to form nitrosoperoxycarbonate. 

Peroxynitrite and nitrosoperoxycarbonate have a half-life at physiological 

conditions of less than a second. When peroxynitrite is used in a test tube 

assay, the incubation mixture has to be mixed vigorously when 
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peroxynitrite is introduced [25]. This procedure prevents artifacts caused 

by locally high concentrations of peroxynitrite.  

Peculiarly, peroxynitrite is also used in studies using isolated organs or 

cells. Peroxynitrite is added to the medium surrounding the organ and is 

then expected to diffuse to the organ. The time needed for diffusion, 

effectively exceeds the half-life of peroxynitrite or 

nitrosoperoxycarbonate. The concentration of peroxynitrite or 

nitrosoperoxycarbonate that the organ actually encounters is, therefore, 

not controlled and well below the concentration that is intended. In most 

cases it is likely that hardly any peroxynitrite or nitrosoperoxycarbonate 

will reach the organ and that the observed effects are due to 

decomposition products formed from the peroxynitrite or 

nitrosoperoxycarbonate. The peroxynitrite is introduced in a compartment 

(i.e. the aqueous solution surrounding the organ) other than the 

compartment containing the biomolecules peroxynitrite is intended to 

react with (i.e. in or on the organ). Experiments with scavengers added to 

the medium [26] are, therefore, of limited value. The scavengers are in 

the same compartment as peroxynitrite. Protection by the scavenger 

against the deleterious effects on the organ provoked by addition of 

peroxynitrite is no proof that these effects are directly mediated by 

peroxynitrite or nitrosoperoxycarbonate. In these experiments, the activity 

of the scavengers is overestimated.  

Procedures have been proposed to circumvent the problem of the limited 

stability of peroxynitrite [27]. The strategy used is based the generation of 

peroxynitrite in situ using NO donors like sin-1 and superoxide anion 

generators like xanthine oxidase. The problems encountered were the 

intrinsic toxicity of sin-1 and the generation of vast amounts of the 

antioxidant, urate, by xanthine oxidase [27]. Nevertheless, the idea of 

generating peroxynitrite in situ is elegant. There is a need for in vitro 

models more closely mimicking the in vivo situation. In this respect, co-

incubation with inflammatory cells seems a promising way to induce 

reactive species in cell cultures, rather than superfluous studies on 

isolated organs using cumulative dose response curves of peroxynitrite.  

Site specific scavenging 

As described above, equilibration of antioxidant and reactive species in 

different compartments drastically reduces the efficacy of the antioxidant 

since the concentration of the antioxidant at the site of action is quite low. 

However, when the radical and antioxidant are present on the same 
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location, this will boost antioxidant activity. This is observed in assessing 

the hydroxyl radical scavenging activity of some flavonoids [28].  

Due to the extremely low half-life of the hydroxyl radical, hydroxyl radical 

scavenging has to be assessed by generation of the hydroxyl radical in 

situ. The combination of reduced iron and hydrogen peroxide gives the 

hydroxyl radical in the well-known Fenton reaction: 

 

Fe2++ H2O2 � Fe3+ + OH- + OH•
 

In the presence of the strong iron chelator EDTA, the hydroxyl radical 

scavenging activities of the flavonoids given in Table 2 reached from one 

to four times the activity of the known hydroxyl radical scavenger, 

mannitol. In the absence of EDTA, the hydroxyl radical scavenging 

activity of some of the flavonoids was much higher, the activity of the 

most potent one increased by a factor 40. The hydroxyl radical 

scavenging activity of mannitol is not affected by the absence of EDTA. 

The explanation for the increase in hydroxyl radical scavenging activity of 

some of the flavonoids is that they are potent chelators of iron. By 

chelating iron, the scavenger is present at the site where the radical is 

being formed. This phenomenon is called site-specific scavenging. Site 

specific scavenging is also expected to occur in vivo, indicating the 

relevance of the observation.  

When EDTA has been added to the incubation mixture, EDTA binds 

tightly to the iron and prevents the chelation of iron by the flavonoids [28]. 

The iron–EDTA complex still generates radicals in the Fenton reaction. In 

fact, hydroxyl radical production proceeds more effectively with the iron–

EDTA complex as with free iron. The scavenging activity of the 

compounds in the presence of EDTA is only achieved by “normal” radical 

scavenging of hydroxyl radicals in the buffer. The observation that the 

scavenging activity of mannitol is not affected by the presence of EDTA 

indicates that there is no site-specific scavenging by mannitol. The 40-

fold decrease in the activity of monoHER caused by the inclusion of 

EDTA in the experiment (Table 2) and the very high rate constant 

observed in the experiment without EDTA (Table 2) demonstrate an 

exceptionally potent site-specific scavenging effect of monoHER.  

In chelating iron, an important role is attributed to the 3-OH group in the 

AC ring and the catechol group in ring B [28]. These groups also have a 

prominent role in the scavenging activity of flavonoids [5]. The structure–

activity relationships for iron chelating and radical scavenging are, 

however, not identical. This means that the overall structure–activity 
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relationship for site specific scavenging (comprising both iron chelating 

and radical scavenging) is a mixed one. In the in vivo activity of 

antioxidants even more processes come into play, e.g. lipophilicity, 

metabolism and binding to proteins. This means that in vivo data are too 

multi-faceted for a practicable deduction of a meaningful structure–

activity relationship. 

 
Table 2. Hydroxyl radical scavenging of several flavonoids. 

 
The apparent second-order rate constant (ks) of the scavenging reaction is given. The 
higher the ks value, the more potent the scavenger is. Hydroxyl radicals were generated in 
situ by the Fenton reaction. The results obtained in the absence or presence of EDTA are 
given. Mannitol was used as reference compound. The chemical structure of the flavonoids 
is given in Table 1. Results are taken from Haenen et al. (1993).  

Conclusion 

Antioxidant research highlights specific considerations related to the 

chemical nature and role of these agents, as well as more general 

arguments relating to the study design, vis-à-vis in vitro versus in vivo 

studies. The chemical instability that is essential for the cellular benefits 

of antioxidants creates difficulties in their successful analysis, which if not 

fully appreciated, can lead to erroneous study design and low value data. 

Indeed, in the appraisal of in vitro data on the activity of antioxidants, the 

formation of reactive products and compartmentalization should also be 

assessed.  

The reaction products are generated either by the limited stability of the 

antioxidant or by the actual display of the antioxidant activity. These 

reaction products can have a positive or negative contribution to the 

overall activity of the antioxidant. As a consequence of the accumulation 

of reaction products, the observed activity cannot be ascribed per se to 

one structure.  

The formation of reaction products also reduces the concentration of the 

parent antioxidant. Regarding concentration, compartmentalization 

should also be considered. Like the formation of reaction products, 

compound With EDTA Without EDTA

mono HER 3.9 161

di HER 8.2 15

tri HER 10 19

tetra HER 11 8.4

mannitol 2.8 3.4

ks (10
9
 M

-1
s
-1
)
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compartmentalization can have a positive or negative contribution to the 

overall activity. The concentration of an antioxidant is usually not well 

defined and controlled. Moreover, the concentration at the actual site of 

action between different antioxidants tested in a given concentration, can 

differ. This hampers a straightforward comparison of antioxidants and the 

construction of structure–activity relationships.  

The evaluation of antioxidant capability crystallizes many of the general 

arguments both for and against the use of in vitro, as opposed to in vivo 

techniques. An added dimension to this discussion is that in comparison 

with other research areas, many more safe and meaningful studies with 

antioxidants can be carried out in humans, because of the relatively low 

toxicity of antioxidants and the development of many sensitive and easily 

applicable experimental analytical techniques. However, although in vivo 

studies are realistic, they are also incredibly multi-faceted, with factors 

such as antioxidant metabolism, instability, low throughput, concentration 

limitations and homeostatic system inputs that come into the equation. 

This makes it difficult to arrive at definite conclusions on antioxidant 

mechanisms and capability. As outlined in this review, in vitro systems 

can be much simpler, controllable and are indispensable for screening 

antioxidants with regard to structure/activity and elucidation of the mode 

of action. However, in vitro systems can deviate substantially from in vivo 

situation. Perhaps a useful view is that in the early stages of antioxidant 

evaluation, in vitro studies are of greatest value. Nonetheless, elementary 

aspects as structure and activity always need to be critically evaluated. 

Mindful of complications such as the contribution of reaction products and 

non-physiological compartmentalizations of the agents tested, the 

predictive value of the in vitro studies could be greatly improved. In vitro 

studies provide an opportunity to deduce the initial features of a novel 

series of antioxidants and these data can be carried forward to the more 

complex, less controllable, but nonetheless “real” in vivo situation. In this 

way the health effects and the actual mode of action of different 

antioxidants can be elucidated. This offers the opportunity to rationalize 

and optimize antioxidant intervention. 
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Abstract 

In the Trolox Equivalent Antioxidant Capacity (TEAC) assay, the capacity 

of a compound to scavenge the ABTS radical (ABTS•) is assessed. The 

aim of the present study is to evaluate the applicability of the TEAC assay 

to predict the antioxidant effectivity of a compound. For this purpose the 

TEAC assay is compared with other screening assays, such as 

superoxide scavenging, peroxynitrite scavenging and lipid peroxidation. 

Of the structurally related compounds, catechol, resorcinol and 

hydroquinone, resorcinol has the highest TEAC. In contrast, resorcinol 

appears to have a much lower antioxidant activity than catechol and 

hydroquinone in other in vitro assays. Similar discrepancies were 

observed with the flavonoids, chrysin and galangin. The TEAC values of 

chrysin and galangin are comparable, whereas galangin appears to be a 

much better antioxidant in other assays. The relatively high TEAC values 

of chrysin and resorcinol are due to the ability of the reaction products, 

formed by the reaction of the parent compound with ABTS•, to further 

react with ABTS•. With catechol, hydroquinone and galangin, these 

reaction products do not react with ABTS• and therefore make no 

contribution to the TEAC. The possible contribution of reaction products 

to the TEAC of a compound hampers the use of the TEAC assay for 

constructing structure–activity relationships (SARs). 
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Introduction 

Oxidative stress is involved in the pathogenesis of various chronic 

diseases, such as cardiovascular disease and cancer [1]. Antioxidants 

protect against free radicals and are therefore important in obtaining and 

preserving good health. In this respect, much attention has been given to 

the flavonoids, a class of polyphenols with strong antioxidant activities.  

Within the wide range of methods used to screen antioxidants, the Trolox 

Equivalent Antioxidant Capacity (TEAC) assay is very popular. This 

assay is based on the scavenging of the relatively stable blue/green 

ABTS radical (ABTS•), converting it into a colorless product. The degree 

of this decolorization reflects the amount of ABTS• that has been 

scavenged and can be determined spectrophotometrically. The TEAC 

value is assigned by comparing the scavenging capacity of an antioxidant 

to that of trolox.  

The TEAC assay is evaluated using three structurally related compounds. 

The TEAC values of these compounds are compared to their antioxidant 

activities in several antioxidant assays. Based on the results, the 

applicability of the TEAC assay for predicting the antioxidant effectivity of 

a compound is discussed.  

Materials and methods 

Chemicals 

2,2′-Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), 6-hydroxy-

2, 5,7,8-tetramethylchroman-2-carboxylic acid (trolox), resorcinol, 

hydroquinone, catechol, xanthine, xanthine oxidase, Nitro Blue 

Tetrazolium (NBT), ascorbic acid, solid KO2 and dihydrorhodamine-123 

were obtained from Sigma and K2S2O8 and FeSO4 were obtained from 

Merck. Nitrogen monoxide was obtained from AGA (Hamburg, Germany). 

All other chemicals were of analytical grade purity.  

TEAC assay 

The TEAC assay, described by Van den Berg, Haenen, Van den Berg, 

and Bast [2] and by Re et al. [3] has been used with minor modifications. 

This assay assesses the total radical scavenging capacity, based on the 

ability of a compound to scavenge the stable ABTS radical (ABTS•). 

ABTS• was formed by adding K2S2O8 to ABTS [3]. The reaction of ABTS
• 

with antioxidants was determined spectrophotometrically at 734 nm. The 
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degree of the decolorization gives the antioxidant capacity, which can be 

converted into TEAC-values.  

The ABTS• solution was diluted with phosphate buffered saline (PBS), pH 

7.4, to a final absorbance of the control of 0.7±0.02 at 734 nm at 37°C. 

Stock solutions of trolox, catechol, resorcinol and hydroquinone were 

prepared in ethanol.  

Superoxide scavenging (SOS) 

Superoxide (O2
•−) scavenging was tested in a competition assay in which 

xanthine–xanthine oxidase was used as an O2
•− generator. Uric acid was 

produced in the same stoichiometry as O2
•−. The reduction of NBT by 

O2
•− is monitored spectrophotometrically at 550 nm at 25 °C for 3 min. 

O2
•− scavenging activity of the compounds was determined by 

competition of the compound with NBT for the O2
•−. The compounds 

tested did not affect uric acid production, determined at 290 nm, 

indicating that the antioxidants did not influence the O2
•− production by 

inhibiting xanthine oxidase. The effectivity is expressed as the 

concentration of scavenger that inhibits NBT reduction for 50% (IC50).  

Peroxynitrite synthesis and peroxynitrite scavenging (PON) 

Potassium oxoperoxonitrite(1-) (ONOOK) was produced from the reaction 

of solid KO2 with NO-gas as described by Koppenol et al.[4]. Peroxynitrite 

scavenging was measured by the oxidation of dihydrorhodamine-123 

(DHR), as described by Kooy et al. [5]. Fluorescence measurements 

were performed on a SPF-500C™ spectrophotometer (SLM AMINCO) at 

37 °C with excitation and emission wavelengths of, respectively, 500 and 

536 nm. The effects are expressed as the concentrations capable of 

inhibiting fifty percent of the oxidation of DHR (IC50).  

Preparation of microsomes for lipid peroxidation 

To obtain microsomes, livers from male Wistar rats (200–250 g) were 

used. After decapitation, the livers were removed and homogenized (1:2, 

w/v) in ice-cold sodium phosphate buffer (50 mM, pH 7.4) containing 0.1 

mM EDTA. The homogenate was centrifuged at 10,000 g (20 min at 

4 °C). The supernatant was centrifuged at 10,000 g (20 min at 4 °C) and 

again at 65,000 g (60 min at 4 °C). Subsequently, the microsomal pellet 

was resuspended in the phosphate buffer (2 g liver/ml) and stored at 

−80 °C. Before using the control microsomes, they were thawed and 

washed twice with ice-cold Tris–HCl buffer (50 mM, pH 7.4) containing 

150 mM KCl.  
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Lipid peroxidation 

Microsomes (final concentration approximately 1 mg protein/ ml) were 

incubated in Tris–HCl/KCl (50 mM/ 150 mM, pH 7.4) at 37 °C in a 

shaking water bath. Ascorbic acid (0.2 mM) was neutralized with KOH 

before addition. Reactions were started by adding a freshly prepared 

FeSO4 solution (10 µM). Lipid peroxidation was assayed by measuring 

thiobarbituric acid (TBA)-reactive material, as described previously by 

Haenen and Bast [6]. The reaction in an aliquot of the incubation mixture 

(0.3 ml) was stopped by mixing with ice-cold TBA–trichloroacetic acid 

(TCA)–HCl–butylhydroxytoluene (BHT) solution (2 ml). After heating (15 

min at 80 °C) and centrifugation (5 min) the absorbance at 535 versus 

600 nm was determined. The TBA–TCA–HCl solution was prepared by 

dissolving 1.68 g TCA and 41.60 mg TBA in 10 ml 0.125 M HCl. One ml 

BHT-solution (1.5 mg/ ml ethanol) was added to 10 ml TBA–TCA–HCl. 

The added test compounds did not interfere with the assay in the 

concentrations used. Results are expressed as means ± SEM.  

Results 

The reaction of the three isomers, catechol, resorcinol and hydroquinone, 

with ABTS• was examined. The TEAC at 6 min, calculated from the 

experiment depicted in Fig. 1, of resorcinol was 2.49±0.01 whereas the 

TEAC values of catechol and hydroquinone were respectively, 1.45±0.02 

and 1.33±0.06.  
 

 

Fig. 1. The reaction of catechol, hydroquinone and resorcinol with ABTS• over time. The 

absorbance at 734 nm, due to ABTS•, is followed in time. The initial concentration of the 
tested compounds is 10 µM. 
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In superoxide scavenging, or in the inhibition of lipid peroxidation, as well 

as in peroxynitrite scavenging, resorcinol appeared to have a poor 

antioxidant activity. In these assays hydroquinone and catechol were 10-

1000 times more potent than resorcinol (Fig. 2).  

 
 

 
Fig. 2. The antioxidant profile of catechol, resorcinol and hydroquinone. The left Y-axis is for 

superoxide scavenging activity (IC50 catechol: 0.014 µM, IC50 resorcinol: 0.91 µM, IC50 
hydroquinone: 0.014 µM), inhibition of lipid peroxidation (IC50 catechol: 10 µM, IC50 
resorcinol: 1556 µM, IC50 hydroquinone: 156 µM) and peroxynitrite scavenging (IC50 
catechol: 2 µM, IC50 resorcinol: 42.5 µM, IC50 hydroquinone: 1.89 µM). The right axis is for 
the TEAC-values (catechol: 1.4, resorcinol: 2.5, hydroquinone: 1.3). The activities of 
catechol and hydroquinone are related to those of resorcinol.  
 
 

A closer look at the time course of the ABTS• consumption in the TEAC 

assay revealed that resorcinol induced, besides a fast reaction, a slow 

reaction (Fig. 1). The TEAC value was determined at 6 min and, within 

these 6 min, the slow reaction had already made a substantial 

contribution. Moreover, the reaction of resorcinol with ABTS• continued 

after 6 min.  

The slow reaction of resorcinol with ABTS• was examined in more detail 

by monitoring the changes in the absorbance spectrum during the 

reaction (Fig. 3). Resorcinol does not absorb between the 300 and 800 

nm. ABTS• showed an absorbance maximum at 734 nm. Within ten 

seconds after adding resorcinol to the ABTS• solution, a product was 

detected with an absorbance maximum at 540 nm. Subsequently, this 
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product disappeared and another product appeared with an absorbance 

maximum of 470 nm. In the conversion of the first product into the second 

one, an isosbestic point was found at 500 nm. During the formation of the 

second product, the ABTS• concentration also decreased, which was 

deduced from the reduction of the absorbance at 734 nm. The increase in 

absorbance in curves 0–4 of Fig. 3 at 470 nm—due to the formation of 

the second product—was linearly related to the decrease in absorbance 

at 550 nm—due to the disappearance of the first product—and to the 

decrease in absorbance at 734 nm—due to the disappearance of ABTS•. 

Based on this linearity and the presence of an isosbestic point, it was 

concluded that the first product, formed in the reaction of resorcinol with 

ABTS•, also reacted with ABTS•. This means that the TEAC of resorcinol 

does not reflect the antioxidant capacity of resorcinol itself, but rather is 

the sum of the antioxidant capacity of resorcinol and the reaction 

product(s).  
 

 

Fig. 3. Reaction of resorcinol with ABTS•, followed spectrophotometrically. Repetitive scans 
were made. The final concentration of resorcinol is 10 µM. Resorcinol does not absorb 
between 440 and 800 nm. Spectrum 0 was recorded just before the antioxidant was added, 

and gives the spectrum of the ABTS• solution. Spectrum 1 was recorded 10 s after the start 

of the reaction with the addition of ABTS•. The scan time is 30 seconds. The time between 
the consecutive spectra is 96 seconds.  
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The reactivity of the reaction products of catechol and hydroquinone with 

ABTS• was much lower than that of the product formed with resorcinol. 

The difference in reactivity of the reaction product obtained with 

hydroquinone and catechol compared to that obtained with resorcinol 

explains the high TEAC of resorcinol compared to hydroquinone and 

catechol.  

The reaction of ABTS• with chrysin and galangin, two flavonoids that 

differ only in one OH group, was also followed over the course of time. In 

the case of chrysin, the obtained spectrum was comparable to that of 

resorcinol, i.e. the appearance of reaction products that were 

subsequently consumed in the reaction with ABTS• (data not shown). 

Galangin, however, showed no evidence for intermediate reaction 

products at all (data not shown). As reported previously, the TEAC values 

of the compounds at t=6 min were comparable. However, the antioxidant 

activity, e.g. peroxynitrite scavenging (IC50 galangin = 1.02±0.11 µM; IC50 

chrysin = 295±26 µM) and lipid peroxidation (IC50 galangin = 1.7±0.12 

µM; IC50 chrysin = 29±0.95 µM) of galangin were superior to that of 

chrysin. Apparently the TEAC does not have to reflect the antioxidant 

activity and the relatively high TEAC of chrysin is caused by the 

contribution of reaction products to the TEAC.  

 
Fig. 4. The Hammet sigma values (σ) of an aromatic hydroxyl group. A hydroxyl substituent 
on an aromatic ring has an electron withdrawing effect on the 3 position (σ=+0.12) and an 
electron donating effect on the 2 and 4 position (σ=−0.37). The σ-values are from Hansch 
and Leo [7].  

Discussion 

The applicability of the TEAC was evaluated using resorcinol, catechol 

and hydroquinone. Resorcinol appeared to have a much higher TEAC 
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value than catechol and hydroquinone. This means that resorcinol can be 

qualified as the best antioxidant of the three compounds with the TEAC 

assay. This is in line with the higher TEAC of resorcylicate (3,5-

dihydroxybenzoate) than protocatechuate (3,4- dihydroxybenzoate) or 

2,5-dihydroxybenzoate, as reported previously [8].  

Compared to phenol, the reaction of resorcinol with a radical would 

theoretically be reduced by the electron-withdrawing effect of the OH-

group in the meta position. An OH-group on the ortho or para position 

has an electron donating effect [7] ( Fig. 4). This means that both 

catechol and hydroquinone are expected to react faster with a radical 

than resorcinol. Apparently, the high TEAC of resorcinol does not fit with 

the expected low reactivity of resorcinol.  

However, in the inhibition of lipid peroxidation, the superoxide-scavenging 

assay and in the peroxynitrite-scavenging assay, catechol and 

hydroquinone are much better antioxidants than resorcinol. The high 

TEAC value of resorcinol can be explained by the contribution of reaction 

products to the TEAC. In the other assays these reaction products make 

no contribution and the activity of the parent compound only is 

determined. The relatively high contribution of the reaction product of 

ABTS• and resorcinol is the reason why the rank order in the TEAC assay 

is not comparable with the rank order found in other assays.  

A comparable discrepancy between TEAC and antioxidant activity is 

seen with the flavonoids, chrysin and galangin. The TEAC of the two 

compounds are comparable. The TEAC of chrysin (1.43±0.07) reported 

in literature [8] is even higher than that of galangin (1.22±0.02) [9]. 

However, the antioxidant activity of galangin is superior to that of chrysin. 

Apparently, the TEAC does not have to correlate with the antioxidant 

activity. An explanation for this discrepancy is that the TEAC assay 

measures the total amount of radicals scavenged over a period of time. 

Both the parent compound and the reaction products can contribute. 

Most antioxidant activity assays, however, determine the rate at which a 

radical is scavenged by an antioxidant. This is an activity of the parent 

compound.  

Previously, we have found that the total amount of ABTS• scavenged by 

a compound correlates with the biological activity in a selected group of 

flavonoids [10]. The rate at which the ABTS• is scavenged shows a less 

good correlation. It is noteworthy that the number of compounds tested 

within this study was small and that the correlation might have been 

coincidental. The present study clearly demonstrates a fundamental 

characteristic of the TEAC assay, i.e. the potential contribution of reaction 

products. The possible contribution of reaction products to the TEAC 
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value of a compound hampers the use of the TEAC assay for the 

construction of SARs. In a SAR the activity has to be attributed to a single 

molecular structure only [7]. TEAC-based SARs have frequently been 

constructed [8,11,12]. When these SARs are examined in detail, 

inconsistencies are expected to be found.  

 
 

 
Fig. 5. Structures of several flavonoids and their TEAC values at 6 min. 

1
 Data have been 

taken from Rice-Evans et al. [8] and Lien et al. [11]. 
2
 Data have been taken from Lien et al. 

[11].  
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groups [13]. This is challenged by the difference in activities of catechol, 

resorcinol and hydroquinone.  

Lien et al. have constructed a QSAR based on the number of OH 

substituents, also incorporating-to some extent- the location [11]. When 

this QSAR is applied to myricetin and quercetin or to apigenin and 

kaempferol, two pairs of compounds that differ only in one OH-group 

(Fig. 5), myricetin has a higher predicted value than quercetin (3.55 

versus 3.10) and kaempferol has a higher predicted TEAC value than 

apigenin (2.31 versus 1.45), according to the SAR. However, the 

measured TEAC value of myricetin is lower than the value of quercetin 

(3.10 versus 4.7) and the measured value of kaempferol is lower than 

that of apigenin (1.34 versus 1.85). Apparently, the SAR that correlates 

the number of OH-moieties to the TEAC is not consistent.  

Plumb et al. stated that removal of the 2,3 double bond drastically 

reduces the antioxidant activity [12], which does not hold for 

dihydrokaemferol compared to kaempferol (Fig. 5). Based on the TEAC 

values, Rice-Evans et al. reported that a criterion for maximal radical 

scavenging is "the combination of the 5-OH group in the A ring with the 3-

OH group and the 4-oxo function in the C ring with the 2,3-double bond" 

[8]. This aspect of the SAR does not apply for dihydrokaempferol, which 

lacks the 2,3-double bond, and apigenin, that lacks the 3-OH group. 

Apigenin does not have a lower TEAC value than kaempferol. These 

inconsistencies illustrate the limitations of the TEAC assay in constructing 

SARs.  

Most other screening assays have shortcomings as well. Appropriate 

control experiments are often needed. It should be noted that the different 

potencies of catechol, resorcinol and hydroquinone in the inhibition of 

lipid peroxidation is primarily due to differences in electron-donating effect 

and not to other factors, such as differences in iron chelation or 

lipophilicity. Moreover, none of the compounds affected xanthine oxidase 

in the superoxide scavenging assay.  

In the case of the TEAC assay, reaction products were found to 

contribute and it is impossible to correct for this. In fact, a difference in 

TEAC value is primarily caused by a difference in reactivity of the 

reaction products. This makes this assay inappropriate for SARs.  

The TEAC assay is, however, useful in tracking down unknown 

antioxidants in complex mixtures [14]; however, one has to be aware of 

possible interactions, which might result in masking [15,16]. 
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Abstract 

The Trolox Equivalent Antioxidant Capacity (TEAC) assay is based on 

the scavenging of the 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic 

acid) (ABTS) radical (ABTS•) converting it into a colorless product. The 

degree of decolorization induced by a compound is related to that 

induced by trolox, giving the TEAC value. The assay is frequently used 

for constructing structure activity relationships (SARs). HPLC analysis of 

the reaction mixture, obtained after scavenging of ABTS• by the flavonoid 

chrysin, shows that a product is formed that also reacts with ABTS•. The 

product has a higher antioxidant capacity and reacts faster with ABTS• 

than the parent compound, chrysin. In contrast to the reaction product of 

chrysin, the reaction product of trolox, which is formed during scavenging 

of ABTS•, i.e. trolox quinone, does not react with ABTS•. The 

experiments show that the TEAC is the antioxidant capacity of the parent 

compound plus the potential antioxidant capacity of the reaction 

product(s). This means that the TEAC assay does not necessarily reflect 

the antioxidant effect of only one structure. This hampers the applicability 

of the assay for the construction of SARs and for ranking antioxidants.  
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Introduction 

Free radicals play a crucial role in the pathogenesis of several human 

diseases, such as cancer, rheumatoid arthritis and various 

neurodegenerative and pulmonary diseases [1]. Antioxidants protect 

against these radicals and are therefore important tools in obtaining and 

preserving good health. Therefore the antioxidant profiles of numerous 

compounds, both natural and synthetic, are frequently compared in order 

to identify the most potent ones.  

One of these assays was based on the peroxidase activity of haem 

containing proteins, resulting in the conversion of the colorless ABTS into 

the blue green ABTS radical (ABTS•). Originally, this activity was used to 

determine the haemoglobin content of tissue samples [2]. In this 

haemoglobin assay reductive compounds such as vitamin C interfere, 

since they react with ABTS• giving a colorless non-radical product. This 

disadvantage was put to use in the TEAC assay. Originally the TEAC 

assay was based on the reduction of the accumulation of ABTS• formed 

by the peroxidase activity of metmyoglobin by antioxidants [3]. A major 

impediment of this assay is that compounds might inhibit the peroxidase 

activity [4]. Therefore, the assay has been adapted by using pre-formed 

ABTS• [5,6]. In the assay, the decolorisation of ABTS• by a compound-

that reflects the amount of ABTS• that has been scavenged- after a fixed 

period of time (usually 5 or 6 min) is related to that of trolox.  

The TEAC assay is frequently used to rank antioxidants and for the 

construction of structure activity relationships (SARs). There are 

indications that the TEAC value does not exactly correlate with the 

antioxidant activity. For example, chrysin has a relatively high TEAC 

value while its antioxidant activity in most other assays [7] is relatively 

low. The aim of this study is to critically review what is being measured in 

the TEAC assay. Based on this, the applicability of the TEAC assay is 

evaluated.  

Materials and methods 

Chemicals 

2,2′-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 6-hydroxy-

2, 5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and chrysin were 

obtained from Sigma and potassium persulfate (di-potassium 

peroxodisulfate) was obtained from Merck. All other chemicals were of 

analytical grade purity.  
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TEAC assay 

The standard TEAC assay described by [5,6] has been used with minor 

modifications for determination of the TEAC value. This assay assesses 

the total radical scavenging capacity based on the ability of a compound 

to scavenge the stable ABTS radical (ABTS•) in 6 min. The blue-green 

ABTS• was produced through the reaction between 7 mM ABTS and 2.45 

mM potassium persulfate in water. This solution was stored in the dark 

for 12–16 h before use. The extinction coefficient of ABTS• at 734 nm is 

1.5×10
4 
mol

−1
 l cm

−1
.  

The concentrated ABTS• solution was diluted with phosphate buffered 

saline (PBS), pH 7.4 to a final absorbance of 0.70±0.02 at 734 nm at 

37 °C (i.e. an ABTS• concentration of approximately 47 µM). Stock 

solutions of trolox, and chrysin were prepared in ethanol. Ten microliters 

of an antioxidant containing solution were added to 990 µl ABTS• solution 

and the absorbance at 734 nm was measured in time. This was 

compared to a blank where 10 µl of the solvent was added to 990 µl of 

the ABTS• solution. The reduction in absorbance 6 min after addition of 

the antioxidant was determined. The TEAC of the antioxidant was 

calculated by relating this decrease in absorbance to that of a trolox 

solution on a molar basis.  

The total scavenging capacity 

To quantify the total amount of ABTS• that can be scavenged by chrysin 

or trolox, the initial concentration of the antioxidant was kept constant at 

2.5 or 10 µM respectively. The initial concentration of ABTS• was varied 

from 0 µM up to approximately 40 µM ABTS• and the absorbance of the 

ABTS• at 734 nm was measured 6 min after starting the reaction. Also 

the concentration of chrysin or trolox in the incubation mixture, as well as 

the concentration of their products, formed by the reaction between the 

antioxidants and ABTS•, was measured. For these determinations an 

HPLC method was used at 6 min after starting the reaction.  

HPLC-analysis 

Fifty microliters of the mixture were injected into the HPLC system to 

measure the concentration chrysin or trolox and the products. 

Simultaneously, the amount of ABTS• was assessed 

spectrophotometrically at 734 nm. HPLC conditions were: UV-Vis-

detector wavelength for chrysin 270 nm, detector wavelength for trolox 

290 nm; flow rate 1 ml/min; column Nucleosil C18, 5 µm, 15 cm×3.2 mm 
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(Supelco inc.) The mobile phase was 45% PBS/55% methanol containing 

2% (v/v) formic acid.  

The concentration of the products of chrysin is estimated by assuming 

that one mole chrysin gives one mole of product.  

Results 

Fig. 1 depicts the reduction of the absorbance at 734 nm in the course of 

time after addition of chrysin or trolox to an ABTS• solution. The chemical 

structures of these antioxidants have been given in Fig. 2. Trolox shows a 

very fast reduction in absorbance and the reaction is completed within 

seconds (Fig. 1). When higher concentrations of trolox are used, the 

reaction is also completed within seconds (data not shown). Chrysin 

induces -on a molar basis- a higher degree of decolorization than trolox. 

Based on the reduction of the absorbance at 734 nm in the incubation 

mixture with chrysin after 6 min, it was calculated that the TEAC of 

chrysin is 2.2. It should be noted however, that the reaction of chrysin 

with ABTS• has not been finished within the 6-min period.  

 

 

 

Fig. 1. Reaction of trolox and chrysin with the ABTS•. The reduction of the ABTS• 
concentration expressed as the absorbance at 734 nm is followed in time. The first 15 s are 
not recorded since this time period was needed to transfer the incubation mixture into the 
spectrophotometer. Initial concentrations of the antioxidants are 5 µM. 
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Fig. 2. The structure of trolox and chrysin. 
 
 

In the experiment depicted in Fig. 3 the reaction between chrysin and 

ABTS• was examined using another procedure. A fixed concentration of 

chrysin (2.5 µM) was mixed with an increasing concentration of ABTS• 

(varying from 0 µM up to approximately 40 µM.) The mixture was 

analyzed 6 min after the addition of chrysin, because this is the time 

usually used for assessing the TEAC. Increasing the initial concentration 

of ABTS• reduced the concentration of chrysin that could be detected 

after 6 min. The tangent of the chrysin curve at low ABTS• concentration 

crosses the x-axis at an initial ABTS• concentration of 5 µM, indicating 

that 2.5 µM chrysin is able to scavenge 5 µM ABTS•. This means that the 

stoichiometry of the reaction of chrysin with ABTS• is 1:2.  
 

Fig. 3. The concentration of chrysin, ABTS• and product (Pr. I) formed after addition of a 

variable initial concentration of ABTS• to a solution of 2.5 µM chrysin. The initial 

concentration of ABTS• varied from 0 µM up to approximately 40 µM. The mixture was 

analyzed after 6 min. The dotted line represents the concentration of ABTS• when no 
chrysin is added to the mixture. The dashed lines show the tangent lines of the initial chrysin 

consumption and of the ABTS• that has not been consumed.  
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At a low ABTS•/chrysin ratio, a product appears in the HPLC analysis of 

the reaction mixture (Fig. 4, Pr.I, Fig. 3). The concentration of this product 

is maximal at an initial ABTS• concentration of 8.8 µM. The 

ABTS•/chrysin ratio at that point is 3.5. Above this ratio the concentration 

of this product drops, and at a ratio of 12 (initial ABTS• concentration of 

30 µM) almost no product is detected. From the low ABTS•/chrysin ratio, 

when the concentration of the product is the highest, it can be deduced 

that the reaction rate of the product with ABTS• exceeds that of chrysin 

with ABTS• by far.  

 

 
Fig. 4. HPLC chromatogram of chrysin and the reaction product 6 min after mixing the 

compounds with the ABTS• solution. Retention times of chrysin and the reaction product are 

respectively 13.8 and 4 min. The initial concentrations of chrysin and ABTS• were 
respectively 2.5 µM and 20 µM.  
 

At low ratio ABTS•/chrysin most of the added ABTS• is consumed. At an 

initial ABTS• concentration above 30 µM, the slope of the ABTS• 

concentration curve is 1, indicating that when extra ABTS• is added, this 

is not consumed. The tangent of the ABTS• curve at that point shows that 

an ABTS• concentration of 14.5 µM can be scavenged by addition of 2.5 

µM chrysin, meaning that one molecule chrysin consumes 5.8 molecules 

of ABTS•. The calculated contribution of chrysin and the product to the 

total amount of ABTS• scavenged is shown in Fig. 5. The total amount of 

ABTS• that disappears, due to the reaction of chrysin itself with ABTS•, is 

about 30%. Apparently, the other 70% of the ABTS• has reacted with 

reaction product(s).  
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Fig. 5. The calculated concentration of ABTS• that is scavenged by chrysin itself and the 

total concentration of ABTS• that has disappeared after 6 min calculated from the data 

presented in Fig. 3. A variable initial concentration of ABTS• was used. The initial 
concentration of chrysin was 2.5 µM.  
 

The reaction mixture of ABTS• and trolox was also analyzed with HPLC 

and the results have been summarized (Fig. 6). The initial concentration 

of trolox added was 10 µM. Increasing the initial concentration of ABTS• 

results in a decrease of the trolox concentration. The stoichiometry of the 

reaction of trolox with ABTS• is 1.9. In the reaction of trolox with ABTS•, 

trolox quinone is formed. Trolox quinone does not react with ABTS•. 
 

 

 

Fig. 6. The concentration of trolox, ABTS• and quinone formed after addition of a variable 

initial concentration of ABTS• to a solution of 10.0 µM trolox. The mixture was analyzed after 

6 min. The dotted line represents the concentration of ABTS• if no trolox is added to the 
mixture.  
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Discussion 

Chrysin has a relatively high TEAC compared to its moderate antioxidant 

activity in other assays [7]. Therefore the reaction of chrysin with ABTS• 

was examined in more detail in order to evaluate what is being measured 

in the TEAC assay. It was found that products, formed during the reaction 

between chrysin and ABTS•, also react with ABTS•. When chrysin is 

added to an ABTS• solution, firstly a fast reaction occurs and 

subsequently the reaction proceeds slowly. The reaction is not completed 

after 6 min, contrary to the reaction between trolox and ABTS•, which is 

finished within seconds. In the reaction between trolox and ABTS•, trolox 

quinone is formed, that does not react with ABTS•.  

It has been reported that in the reaction of trolox with ABTS• a trolox 

radical is formed as intermediate product [8]. The stoichiometry of this 

reaction is 1. Analysis of the reaction of trolox with ABTS• shows, 

however, that the stoichiometry of the reaction of trolox with ABTS• is 1.9 

(Fig. 6). This suggests that the trolox radical, formed as a product of the 

reaction of trolox and ABTS•, reacts fast with a second ABTS•. The 

observed stoichiometry is not exactly 2. This may be due to competing 

reactions e.g. between two trolox radicals [8,9]. The trolox radical has to 

be qualified as a potent antioxidant in this assay. Already in 1955, Boozer 

et al. demonstrated that phenolic antioxidants react with radicals in a 1: 2 

stoichiometry [10]. 

HPLC analysis of the reaction of chrysin with ABTS• at 6 min shows that 

the stoichiometry of the reaction is, comparable to that of trolox, namely 

2. In analogy with trolox, an intermediate radical product, i.e. the chrysin 

radical, is expected to be involved in the reaction of chrysin with ABTS•. 

In contrast to trolox, the relatively stable reaction product that was 

detected with HPLC also reacts with ABTS•. One molecule of chrysin 

finally leads to the consumption of 5.8 molecules of ABTS• in a sequential 

reaction. Thus, the product from chrysin and ABTS•, which was detected 

with HPLC, is capable of consuming 3.8 molecules of ABTS•. This means 

that the product reacts with more ABTS• molecules than chrysin itself. 

Analysis of the data showed that the product also has a higher reactivity 

towards ABTS• than chrysin (Fig. 5). Therefore the product can be 

qualified as a better antioxidant than the parent compound, chrysin. It 

should be noted that in the reaction between the product and ABTS• also 

intermediate products will participate and therefore a straightforward 

comparison between the antioxidant activity of chrysin and the product is 

not possible.  
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In comparing Fig. 1 and Fig. 3 it has to be noted that the initial 

concentration of chrysin in Fig. 1 (5 µM) is different from that of Fig. 3 (2.5 

µM). The ABTS•/chrysin ratio in Fig. 1 is 47/5=9.4. At this ratio in Fig. 3 

(initial concentration of ABTS• ≈ 23 µM) the ABTS• consumed was ca. 14 

µM i.e. 5.6 µM ABTS• per µM chrysin (14/2.5). This nicely corresponds to 

the 5.0 µM ABTS• per µM chrysin (i.e. 25/5) found in Fig. 1, where the 

reaction has not reached completion. As shown in Fig. 3 and Fig. 5, at 

the ABTS•/chrysin ratio used in Fig. 1 the major part of the ABTS• is 

consumed in a reaction with the reaction product (and not in the reaction 

with chrysin). This confirms the substantial contribution of the reaction 

product in the "standard" TEAC assay.  

The product formed from chrysin is expected to be more hydrophylic than 

the parent compound (shorter retention time, as shown in Fig. 4). 

Moreover, the reaction rate of the product with ABTS• exceeds that of 

chrysin with ABTS• by far. In trolox, there is a ring opening to give the 

quinone in the reaction with ABTS•. A comparable ring opening in chrysin 

would yield a chalcone-like product. Recently, it has been reported that 

chalcones are potent antioxidants [11]. Based on this information we 

speculate that the reaction product formed might be a chalcone-like 

product.  

As demonstrated in this study, the TEAC of chrysin is in fact the sum of 

several compounds, including chrysin, chrysin radical and the product 

that was detected by HPLC and other products. The reactivity of these 

products explains the relatively high capacity of chrysin. As shown in this 

study, one molecule chrysin can lead to the consumption of 5.8 

molecules of ABTS• (Fig. 3). Trolox scavenges 1.9 ABTS•. This gives 

chrysin a "true" TEAC value of 3.05 (i.e. 5.8/1.9). This is higher than the 

observed TEAC value of 1.43 reported in literature [12] or 2.2, based on 

the results found in Fig. 1. The lower observed TEAC compared to the 

"true" TEAC is due to the fact that the reactions are not completed under 

the conditions used to determine the TEAC.  

Quercetin is reported to have a TEAC-value of 4.7 [12] to 6.4 [4] 

depending on the assay conditions. This means that one molecule of 

quercetin reacts with at least 4.7–6.4 times as much ABTS• as trolox (i.e. 

4.7×1.9=8.9 to 12.2 molecules of ABTS•) within the time period 

measured. The quercetin radical, a reaction product and probably also 

further reaction products have to contribute to obtain such a high TEAC. 

Previously, it has also been reported that partially oxidized flavonoids can 

have a substantial antioxidant activity [13-15].  

In summary, the TEAC assay measures the antioxidant capacity of the 

parent compound plus that of reaction products. These reaction products 
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may have a considerable contribution to the TEAC. As shown for trolox 

and chrysin, the contribution of products is not similar for antioxidants. 

The relatively high TEAC of chrysin—compared to its moderate 

antioxidant activity—is due to the formation of reaction products that also 

scavenge ABTS•. A reaction product was found that proved to have a 

higher antioxidant capacity than the parent compound. The contribution 

of reaction products hampers the use of the TEAC for constructing SARs; 

in a SAR the activity has to be related to one structure only. 

Nevertheless, TEAC (like-) assays are still frequently applied to rank 

antioxidants or to construct SARs without taking the limitations of the 

assay into account. It should be realized that a similar impediment as we 

described here for the TEAC assay (i.e. the substantial contribution of 

reaction products to the overall observed effect of an antioxidant) may 

also be found in other screenings assays, based on assessing the total 

antioxidant capacity, e.g. the oxygen radical absorbance capacity assay 

(ORAC) [16]. 

Despite its drawbacks, the TEAC assay is a useful tool for tracking down 

unknown antioxidants in complex mixtures. For this application, the TEAC 

assay has been used with success [17,18]; however, one has to be 

aware of possible complications [19]. 
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Abstract 

The trolox equivalent antioxidant capacity (TEAC) assay is a popular 

method for assessing the capacity of a compound to scavenge ABTS 

radicals (ABTS•). Under the conditions in which the assay is performed, 

the reaction between most antioxidants and ABTS• does not reach 

completion within the time span applied. This leads to an underestimation 

of the TEAC of these antioxidants. In the present study, incubations with 

different concentrations of ABTS• and a fixed concentration of antioxidant 

were performed. The decrease in ABTS• concentration in 6 min was 

plotted against the initial concentration of ABTS• and fitted by an 

exponential function. Extrapolation of the fit to an infinite excess of ABTS• 

gives the maximal concentration of ABTS• that can be scavenged by the 

antioxidant at the concentration employed. This can be used to determine 

the actual TEAC of antioxidants, i.e. the total antioxidant capacity.  



A new approach to assess the total antioxidant capacity using the TEAC assay 
 

59 

Introduction 

The trolox equivalent antioxidant capacity (TEAC) assay [1] is widely 

applied to assess the amount of radicals that can be scavenged by an 

antioxidant, i.e. the antioxidant capacity [2-4]. In the most recent version 

of this assay, an antioxidant is added to a pre-formed ABTS radical 

(ABTS•) solution and, after a fixed time period, the remaining ABTS• is 

quantified spectrophotometrically [5-7]. The reduction in ABTS• 

concentration, induced by a certain concentration of antioxidant, is 

related to that of trolox and gives the TEAC value of that antioxidant. The 

assay is rapid, easy and correlates with the biological activity of 

antioxidants [8,9]. 

A major problem associated with the TEAC assay is that substantial 

differences in reported TEAC values of an antioxidant are observed, e.g. 

the TEAC of quercetin varies from 3.1 [6] to 6.4 [5]. The variation cannot 

only be ascribed to differences in procedure. Also, with the same 

procedure, the TEAC of a compound may vary. With the same method, 

the TEAC of quercetin at a concentration of 1.5 or 1.0 µM is reported to 

be 5.6 or 6.4, respectively [5]. The aim of this study is to develop a 

procedure to determine the true total antioxidant capacity of a compound 

that is independent of the concentration of the antioxidant.  

Materials and methods 

Chemicals 

2,2′-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 6-hydroxy-

2, 5,7,8-tetramethylchroman-2-carboxylic acid (trolox), quercetin, chrysin, 

rutin, catechol and resorcinol were obtained from Sigma (St. Louis, USA) 

and potassium persulfate (di-potassium peroxodisulfate) was obtained 

from Merck (Darmstadt, Germany). All other chemicals were of analytical 

grade.  

Preparation of the ABTS• solution 

A 7 mM solution of ABTS in milli-Q was prepared and ABTS• was formed 

after addition of potassium persulfate to the mixture in a final 

concentration of 2.45 mM. After a 12–16 h incubation at room 

temperature, the stock solution was diluted with PBS until an absorbance 

of 0.7 (±0.02) at 734 nm was reached [6].  
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Preparation of the antioxidant solutions 

Solutions of antioxidants were prepared in ethanol. To exclude the 

influence of light, the solutions were prepared in the dark.  

To a fixed concentration of an antioxidant, ABTS• in a variable 

concentration was added. The concentration of ABTS• was varied from 0 

to approximately 45 µM in several different incubations. After a 6 min 

incubation at 37°C, the absorbance at 734 nm was determined. The 

concentration of ABTS• was calculated, using a molar extinction 

coefficient of 1.5×10
4
 M

−1
 [6]. The reduction in ABTS• concentration was 

derived from the absorbance at 734 nm of the reference (only containing 

ABTS•) and the incubation containing the fixed concentration of 

antioxidant plus the same concentration of ABTS•.  

The reduction in ABTS• concentration was plotted against the initial 

concentration of ABTS•. The curve was fitted according to the exponential 

function, y = C(1-e
(-b*x)

) using Sigma Plot (version 4.01) on a conventional 

personal computer. In this formula, y is the reduction in ABTS• 

concentration, x is the initial ABTS• concentration and C is the maximal 

amount of ABTS• scavenged by the antioxidant at the concentration 

tested. In the procedure employed, the maximal initial concentration of 

ABTS• was 45 µM. For accurate results, the antioxidant in the 

concentration used, had to give a value of C between 2.5 and 25 µM. 

When values of C below or above these limits were obtained, the 

concentration of the antioxidant has to be adjusted accordingly. The 

TEAC was determined by dividing C by the concentration of antioxidant 

and by 1.9. The latter factor (1.9) is the number of molecules that can be 

scavenged per trolox [10]. It should be noted that, in the literature, the 

TEAC of a compound is often incorrectly expressed as mM. As can be 

inferred from the procedure described above, the TEAC of a compound is 

a relative value and has no dimension.  

Results 

Various antioxidants behave differently in the TEAC assay. The reference 

compound in the TEAC assay is trolox. Trolox reacts instantaneously with 

ABTS• (Fig. 1). Within the time needed to put the sample into the 

spectrophotometer, the reaction of trolox with ABTS• is completed. 

Already, with a small excess of ABTS•, the total amount of ABTS• that 

reacts with trolox can be determined. It was found that 1.9 µmol ABTS• 

was consumed per µmol trolox [10]. The TEAC value of trolox is 
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independent of the concentration of trolox, as was also previously 

reported [5].  

Rutin reacts more slowly than trolox with ABTS• and, within 6 min, the 

reaction is not completed (Fig. 1). To quantify the total amount of ABTS• 

that can be scavenged by rutin, the initial concentration of the antioxidant 

was kept constant and the initial concentration of ABTS• was varied from 

0 µM up to approximately 45 µM ABTS•. Six minutes after starting the 

reaction, the absorbance of the ABTS• at 734 nm was measured. The 

difference in the concentration of ABTS• between the reference 

(containing a variable amount of ABTS• and no rutin) and that of the 

sample (containing both the fixed concentration of rutin and the same 

concentration of ABTS• as the reference) was determined. This was used 

to determine the reduction in ABTS• concentration in the sample.  
 
 

 

Fig. 1. Reaction of trolox and rutin with ABTS•. The absorbance at 734 nm, due to ABTS• is 
followed in time. The initial concentration of trolox and rutin are 5 and 1 µM, respectively.  
 
 

Fig. 2 shows that an increase in the initial concentration of ABTS• results 

in a higher ABTS• consumption. This effect decreases at higher initial 

concentrations of ABTS•. The curve is fitted according to an exponential 

function. This fit gives the total amount of ABTS• that can be scavenged 

by rutin at the concentration tested, i.e. "C" in the formula described in 

Section 2. Regression analysis of the value of C, obtained at different 

concentrations of rutin, plotted versus the concentration of rutin (range 

0.5 to 1.5 µM), showed a linear fit (C=10.7× [Rutin]; R=0.99). This gives a 

TEAC value of rutin of 5.66. For accurate results, the concentration of 

Time (min)

0 2 4 6

A
b
s
o
rb
a
n
c
e
 (
7
3
4
 n
m
)

0,4

0,5

0,6

0,7

0,8

0.4

0.5

0.6

0.7

0.8

0 642

Time (min)   

A
b
s
o
rb
a
n
c
e
 (
7
3
4
 n
m
)

blank

5 µM trolox

1 µM rutin

Time (min)

0 2 4 6

A
b
s
o
rb
a
n
c
e
 (
7
3
4
 n
m
)

0,4

0,5

0,6

0,7

0,8

0.4

0.5

0.6

0.7

0.8

0 642

Time (min)   

A
b
s
o
rb
a
n
c
e
 (
7
3
4
 n
m
)

Time (min)

0 2 4 6

A
b
s
o
rb
a
n
c
e
 (
7
3
4
 n
m
)

0,4

0,5

0,6

0,7

0,8

0.4

0.5

0.6

0.7

0.8

0 642

Time (min)   

A
b
s
o
rb
a
n
c
e
 (
7
3
4
 n
m
)

blank

5 µM trolox

1 µM rutin



Chapter 5 
 

 

62 

antioxidant used, has to give a value of C between 2.5 and 25 µM. Table 

1 shows the total antioxidant capacity values of several antioxidants 

according to this procedure.  

 
Fig. 2. Consumption of ABTS• by 0.5 µM rutin (open symbols) or 1 µM rutin (closed 

symbols) with a variable initial concentration of ABTS•. The data were fitted with the 
exponential function as described in the material and method section. This gives a TEAC of 
rutin of 5.53 (10.5/1.9) and 5.79 (5.5/(1.9×0.5)) from the data obtained with 1 and 0.5 µM, 
respectively.  
 
 
Table 1. "New" and previously reported TEAC of several compounds. 
 

The "new" TEAC was determined according to the procedure determined in the present 
paper. Various concentrations of each antioxidant were tested and the TEAC is expressed 
as mean ± SD. The concentration range was 0.2–0.5 µM for quercetin, 0.5–1.5 µM for rutin, 
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Compound “new” TEAC Previously reported TEAC 

Quercetin    6.24 ± 0.07    3.10 ± 0.05   [Re et al., 1999] 

4.43 ± 0.02   [Williamson et al., 1999 ] 

4.72 ± 0.10   [Rice-Evans et al., 1996] 

4.91 ± 0.22   [Miller et al., 1997] 
11
 

6.43 ± 0.27   [Van den Berg et al., 1999] 

Rutin    5.66 ± 0.14    2.40 ± 0.06   [Rice-Evans et al., 1996]
 

2.75 ± 0.05   [Benavente-Garcia et al., 2000]
12
 

Chrysin    2.43 ± 0.17    1.43 ± 0.07   [Rice-Evans et al., 1996] 

Catechol    1.42 ± 0.11    1.18 ± 0.09  

1.4   ± 0.1
 
 

Resorcinol    2.60 ± 0.20    2.33 ± 0.10 

2.49 ± 0.02 
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1–5 µM for chrysin, 5–10 µM for catechol and 1–5 µM for resorcinol. The number of 
concentrations tested varied from 2 to 4. The TEAC values appeared to be independent of 
the concentration. The previously reported TEAC values are taken from the indicated 
references. Various procedures and concentrations have been used. The values of catechol 
and resorcinol have been obtained in our laboratory using the procedure described by Van 
den Berg et al. [5] at a concentration of 10 and 5 µM (first value) or 5 and 1 µM (second 
value), respectively. 

Discussion 

The TEAC assay is widely applied to assess the total amount of radicals 

that can be scavenged by an antioxidant, i.e. the antioxidant capacity. 

TEAC values reported in the literature are variable. It appears that the 

TEAC value largely depends on the assay conditions [5]. The most 

important reason for this variation is that the reaction of an antioxidant 

with ABTS• usually does not reach completion within the time span 

applied. This results in an underestimation of the actual TEAC.  

Therefore, we adjusted the assay. In the procedure employed to assess 

the actual TEAC, the total amount of ABTS• that can be scavenged by a 

certain amount of antioxidant, is calculated by extrapolating to conditions 

where the reaction between the antioxidant and ABTS• has reached 

completion, i.e. to an infinite excess of ABTS•. 

The major limitation of this procedure is that the concentration range of 

the antioxidant, that can be used, is relatively small. A too high 

antioxidant concentration would need too much ABTS•, giving a too high 

absorbance for a reliable fit of the curve. A too low concentration of the 

antioxidant would result in a decrease in ABTS• absorbance too low to be 

measured accurately. Since the antioxidant capacity of compounds 

varies, the concentration range of different compounds in this assay 

differs. In the procedure we employed, the maximum concentration of 

ABTS• was 45 µM, giving an absorbance of 0.7. The minimal 

concentration of antioxidant in this assay that gives accurate results has 

to give at least 2.5 µM reduction in the ABTS• concentration; the maximal 

concentration of antioxidant in the assay has to give a maximal 25 µM 

reduction in the ABTS• concentration.  

The total antioxidant capacity represents the sum of the antioxidant 

capacity of the parent compound and that of the oxidation product(s) of 

the parent compound [13]. The role of oxidation products of antioxidants 

that are formed, due to scavenging of reactive species, is becoming 

better understood. On the one hand, these oxidation products might be 

toxic [14], on the other hand, a residual antioxidant activity of these 

oxidation products might make a substantial contribution to the 

therapeutic effect of the parent compound [13]. Previous procedures to 



Chapter 5 
 

 

64 

determine the total antioxidant capacity by the TEAC assay give an 

underestimation of the TEAC. The new procedure gives the actual total 

antioxidant capacity and includes the potential scavenging effect of 

oxidation products. 
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Abstract  

The effect of antioxidants is often executed in complex biological mixtures 

where various interactions may take place. Therefore, the antioxidant 

capacity of antioxidants in blood plasma is examined. The assay used is 

the trolox equivalent antioxidant capacity (TEAC). This method gives the 

antioxidant capacity of a compound by measuring spectrophotometrically 

the disappearance of the blue/green stable ABTS [2,2′-azinobis-(3-

ethylbenzothiazoline-6-sulfonic acid)] radical (ABTS•), caused by 

scavenging. The results show that the antioxidant capacity of quercetin, 

rutin, catechin or 7-monohydroxyethylrutoside (monoHER) and blood 

plasma is not additive. This is partly due to interactions between the 

antioxidant and plasma proteins. However, the antioxidant capacity of α-

tocopherol, which also binds to protein, is not affected by the interaction. 

This means that besides the antioxidant capacity of the compound itself, 

the environment in which the antioxidant has to execute its function is 

important. 
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Introduction 

Free radicals can have a noxious effect on cells, and it is believed that 

free radical damage is involved in the etiology of several diseases. The 

radicals are a (by)product of various endogenous processes that can be 

stimulated by external factors, such as irradiation and xenobiotics [1]. 

Antioxidants protect against these radicals, and it is important to balance 

an enhanced radical production with a sufficient supply of antioxidants.  

In their protection, the antioxidants form an intricate network [2]. Two 

antioxidants may interact, resulting in a synergistic effect. An example of 

such interplay is the co-operation between α-tocopherol (vitamin E) and 

ascorbic acid (vitamin C) in the inhibition of lipid peroxidation. In this 

case, vitamin E acts as the primary antioxidant, and subsequently the 

resulting vitamin E radical reacts with vitamin C to regenerate vitamin E 

[3]. We also find antagonistic effects. For example, glutathione 

potentiates the pro-oxidant activity of vitamin C under certain 

circumstances [4]. A popular method used to evaluate an antioxidant is 

the trolox equivalent antioxidant capacity (TEAC) assay. In this assay the 

capacity of a compound to scavenge the stable ABTS [2,2′-azinobis-(3-

ethylbenzothiazoline-6-sulfonic acid)] radical (ABTS•) gives the 

antioxidant capacity [5,6]. The TEAC is used for evaluating the 

antioxidant capacity of both single compounds as well as antioxidant 

mixtures [7], for example blood plasma. Little is known about the effect of 

interactions between different ingredients in complex mixtures on the 

TEAC. In the present study this interaction was studied by adding 

antioxidants to plasma and assessing the antioxidant capacity of the 

mixture.  

Materials and methods 

Chemicals 

ABTS and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid 

(Trolox) were obtained from Aldrich Chemical Co. Bovine serum albumin 

(BSA fraction V), (+)-α-tocopherol, 3,3′,4′,5,7-pentahydroxy-flavone 

(quercetin), rutin and (+)-catechin were obtained from Sigma and 

potassium persulfate (di-potassium peroxydisulfate) and trichloroacetic 

acid (TCA) from Merck. 7-Monohydroxyethylrutoside (MonoHER) was a 

generous gift of Novartis (Nyon, Switzerland). All other chemicals were of 

analytical grade purity.  
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Blood plasma 

Human blood was collected in sterile tubes containing EDTA. Plasma 

was then isolated immediately by centrifugation at 1000 g (5 min at 4°C) 

and stored at −80°C. Deproteinating the plasma was done by adding an 

equal volume of 10% TCA followed by centrifugation at 1000 g (5 min at 

4°C).  

TEAC assay 

The TEAC assay described by Re et al. [5] (1998) was used with minor 

modifications. The TEAC assay assesses the total radical scavenging 

capacity based on the ability of a compound to scavenge the stable 

ABTS radical. The absorbance of this blue/green radical, produced 

through the reaction between ABTS and potassium persulfate, was 

spectrophotometrically determined at 734 nm. The ABTS• solution was 

diluted with PBS, pH 7.4, to a final absorbance of the control of 0.70 

(±0.02) at 734 nm at 37°C. Adding antioxidants to this radical solution 

gives a decolorization by scavenging the radical. The degree of the 

decolorization gives the antioxidants capacity. TEAC values were 

calculated by dividing the antioxidant-induced reduction in absorbance of 

the ABTS• solution by the trolox-induced reduction in absorbance of the 

ABTS• solution (0.0257 µM/cm).  

The masking is defined as the relative difference between the measured 

increase in antioxidant capacity due to addition of an antioxidant 

compared to the calculated increase based on an additive effect at t=30 

min.  

Stock solutions of α-tocopherol, trolox, quercetin, monoHER, rutin and 

catechin were prepared in ethanol. BSA was dissolved in Milli-Q water. 

Ten microliters of an antioxidant containing solution and 10 µl plasma or 

10 µl albumin solution was added to PBS (final volume 500 µl) and 

incubated for 10 min at 37°C. For the determination of the antioxidant 

capacity, 500 µl ABTS• solution was added. Immediately after mixing the 

compounds, the absorbance was measured in time. Experiments were 

performed on a Perkin-Elmer spectrophotometer with cell changer fitted 

with Peltier temperature control.  

Results and discussion 

Blood plasma itself has a large antioxidant capacity (at t=80 min 2000 

times diluted plasma has a TEAC of 10 µM) because it contains a high 

concentration of various radical scavengers [7]. Plasma appears to 
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contain antioxidants that show a fast reaction with ABTS•. The major 

antioxidant capacity, however, is due to a relatively slow reaction with the 

ABTS•.  

Fig. 1(A) shows the effect of the addition of α-tocopherol, a lipophilic 

antioxidant that shows a fast reaction with ABTS•, on the total antioxidant 

capacity. After addition of α-tocopherol to plasma, the total capacity is 

enhanced with the capacity of α-tocopherol, which means the effect of α-

tocopherol addition is additive.  

 
Fig. 1. Effect of (A) α-tocopherol and (B) quercetin on the antioxidant capacity of plasma. 

The reduction of the ABTS• concentration expressed as the decrease in absorbance at 734 
nm is followed in time. The curves are: 1, blank; 2, antioxidant [either α-tocopherol (5 µM) or 
quercetin (0.5 µM)]; 3, plasma (2000 times diluted); 4, plasma spiked with antioxidant; 5, 
(dotted) calculated value obtained by counting the effect of plasma and antioxidant.  
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Fig. 1(B) shows the effect of quercetin on the antioxidant capacity of 

plasma. Quercetin itself first shows a fast reaction and subsequently a 

slow reaction with the ABTS•, as also reported previously [6]. It is 

observed that the antioxidant capacity of the plasma is enhanced after 

addition of quercetin, but the increase is much smaller than the 

antioxidant capacity that quercetin itself has. This means that a part of 

the antioxidant capacity is masked. A comparable masking as for 

quercetin was found for other flavonoids such as rutin, catechin and 

monoHER (Fig. 2).  

 
 

 
Fig. 2. Masking, the procentual difference between the measured increase in antioxidant 
capacity due to addition of an antioxidant compared to the calculated increase based on an 
additive effect, at t=30 min after the addition of various flavonoids to plasma (2000× diluted). 
Quercetin is tested in a final concentration of 1.0 or 0.5 µM. The other flavonoids are all 
tested in final concentrations of 1.0 µM. The data are expressed as mean ± S.E.M. of at 
least triplicate determinations.  
 
 

Interactions between (poly)phenols and proteins have been described [8-

12]. Little is known about the influence these interactions might have on 

the antioxidant capacity. To determine whether this masking is caused by 

interactions with plasma proteins, the experiment with α-tocopherol and 

quercetin with deproteinated plasma was repeated (Fig. 3A,B). The 

antioxidant capacity of blood plasma is drastically reduced by 

deproteination (400 times diluted deproteinated plasma has a TEAC of 6 

µM).  
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Fig. 3. Effect of (A) α-tocopherol (5 µM) and (B) quercetin (0.5 µM) on the antioxidant 

capacity of deproteinated plasma. The reduction of the ABTS• concentration expressed as 
the absorbance at 734 nm is followed in time. The conditions are as in Fig. 1 with the only 
difference that deproteinated plasma (400 times diluted) was used. 
 
 

The addition of α-tocopherol to deproteinated plasma, as shown in 

Fig. 3A, remains additive, that is, the calculated antioxidant capacity of 

the mixture is identical to the observed antioxidant capacity. Addition of 

quercetin (Fig. 3B) also increased the antioxidant capacity. As was also 

observed in normal plasma, this increase is smaller than the capacity of 

quercetin itself. So even in deproteinated plasma, a part of the 

antioxidant effect is masked. The masking is, however, much smaller in 
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deproteinated plasma than in normal plasma (Fig. 1B). This 

demonstrates that a large part of the masking in normal plasma is caused 

by interaction of quercetin with protein.  

The most abundant protein in blood plasma is albumin. Albumin binds 

many endogenous and exogenous compounds. This protein, which itself 

possesses antioxidant capacity, is present in human plasma in 

concentrations of 35–50 g/l. Fig. 4 shows that a combination of albumin 

and quercetin results in masking. This masking also occurred with 

catechin, monoHER and rutin (Fig. 5).  

 
Fig. 4. Effect of quercetin on the antioxidant capacity of bovine serum albumin (BSA). The 

reduction of the ABTS• concentration expressed as the absorbance at 734 nm is followed in 
time. The curves are: 1, blank; 2, quercetin (0.5 µM); 3, albumin (0.05 mg/ml); 4, albumin 
spiked with quercetin; 5, (dotted) calculated value obtained by counting the effect of albumin 
and quercetin; 6, quercetin with albumin added at t=45 min; 7, albumin with quercetin added 
at t=60 min.  
 
 

When one compound was allowed to react with ABTS• and subsequently 

the other compound was added, the masking was reduced (Fig. 4). This 

indicates that binding is involved in the masking. To further assess the 

role of protein binding in plasma, plasma was deproteinated first. 

Quercetin or α-tocopherol was added and subsequently the spiked 

plasma was deproteinated. Surprisingly, the time course of ABTS• 

decolorization by deproteinated plasma spiked with either quercetin or α-

tocopherol was identical to the decolorization by deproteinated normal 

plasma. The most plausible explanation for this lack of effect of either 

quercetin or α-tocopherol is that both antioxidants bind to protein and 

coprecipitate during deproteination. TCA was found not to influence the 
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antioxidant capacity of quercetin and α-tocopherol (data not shown). So 

both α-tocopherol and quercetin bind to plasma proteins. In the case of α-

tocopherol, this interaction has no effect on the antioxidant capacity. In 

the case of quercetin, a major part of the antioxidant capacity is masked. 

Other interactions also take place because in deproteinated plasma 

spiked with quercetin, substantial masking was still observed. Interactions 

between (poly)phenols and amino acids or polysaccharides have been 

described [9], and these interactions might also influence the antioxidant 

capacity.  

Based on our results, it can be concluded that the major part of the 

masking flavonoids tested is due to binding of the flavonoid to protein. In 

our experiments we used a relatively low concentration of plasma (2000 

times diluted) and a relatively high concentration of flavonoid. These 

conditions were based on the antioxidant effect found in the TEAC assay. 

The relative masking of 0.5 µM quercetin was identical to that of 1 µM 

quercetin (Fig. 2 and Fig. 5).  

 

 
Fig. 5. Masking, the relative difference between the measured increase in antioxidant 
capacity due to addition of an antioxidant compared to the calculated increase based on an 
additive effect, at t=30 min after the addition of various flavonoids to albumin (final 
concentration 0.05 mg/ml). Quercetin has final concentrations of 1.0 and 0.5 µM. The other 
flavonoids all have final concentrations of 1.0 µ. The data are the means ± S.E.M. of 
triplicate determinations.  
 

The masking of lower concentrations of quercetin could not be evaluated 

due to the relatively low antioxidant capacity of quercetin in this 
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flavonoids or increasing the concentration of the protein will not reduce 

the fraction of flavonoid bound and thus not reduce the masking. 

Therefore we expect that at higher protein concentration or at lower 

flavonoid concentration the masking is at least the same; however, this 

cannot be demonstrated by the TEAC assay.  

Romay et al. tested the effect of adding antioxidants on the antioxidant 

capacity of serum and albumin [13]. In this study, it was concluded that 

the contribution of different antioxidants is additive. The masking of the 

antioxidant capacity by the interaction of flavonoids with protein, found in 

the present study, demonstrates that this general statement is incorrect.  

Smith et al. also found that binding of phenolic compounds, such as 

quercetin, fisetin, myricetin and morin, to albumin can influence their 

activity [12]. Instead of the antioxidant activity, they examined the 

prooxidant activity, which is also reduced by the interaction with albumin.  

A practical implication for the masking can be found in clinical studies. 

We recently performed a clinical study in which a preparation containing 

2 g of flavonoids (Venoruton Forte; Zyma, Nyon, Switzerland) such as 

quercetin, rutin and monoHER was administered to seven healthy male 

volunteers. A problem we envisaged was the expected low bioavailability 

of the flavonoid and the formation of unknown metabolites that might 

have antioxidant activity. Therefore we used the TEAC assay to 

aselectively detect the efficacy of the flavonoid containing preparation on 

the antioxidant capacity. We found that no significant increase in 

antioxidant level in the plasma occurred due to the flavonoid intake 

[TEAC just before administration: 3.79 mM ± 0.123, TEAC 2 h after 

administration: 4.00 ± 0.134 (average ± S.E.M.)]. Taking the data from 

the present study into consideration, the effect of absorbed antioxidants 

may have been masked. It is therefore not correct to use the TEAC assay 

for evaluating the effect of the flavonoid containing preparation.  

Recently, Boyle et al. also reported that both a single dose (500 mg rutin) 

as well as prolonged supplementation of a flavonoid (daily 500 mg rutin 

for 6 weeks) did not result in a detectable effect on the antioxidant 

capacity in plasma of female volunteers [14]. Beside a possible low 

bioavailability, masking may also have played an important role in this 

study. Based on the results presented in our study, we may conclude 

that, except for the antioxidant capacity of a compound itself, the matrix in 

which the antioxidant has to execute its job is important.  
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Abstract  

Flavonoids are potent antioxidants. It is also known that flavonoids bind 

to proteins. The effect of the interaction between tea flavonoids and 

proteins on the antioxidant capacity was examined. Their separate and 

combined antioxidant capacities were measured with the Trolox 

equivalent antioxidant capacity (TEAC) assay. It was observed that the 

antioxidant capacity of several components of green and black tea with  

α-, β-, and κ-casein or albumin is not additive; that is, a part of the total 

antioxidant capacity is masked by the interaction. This masking depends 

on both the protein and the flavonoid used. Components in green and 

black tea, which show the highest masking in combination with β-casein, 

are epigallocatechin gallate and gallic acid. The results demonstrate that 

the matrix influences the efficacy of an antioxidant.  



Interactions between flavonoids and proteins: Effect on the total antioxidant capacity 
 

81 

Introduction 

The intake of flavonoids has been associated with lower incidence of 

various diseases such as cancer, stroke, and cardiovascular diseases [1-

3]. The positive health effects of these secondary plant metabolites are 

probably related to their strong antioxidative properties [4,5]. Tea, the 

second most commonly consumed beverage in the world after water, is 

rich in flavonoids [6]. Tea is produced predominantly in two forms, both 

originating from Camellia sinensis: green tea, which is prepared from the 

fresh tea leaf and contains mainly catechins, and black tea, which 

contains mainly thearubigins and theaflavins due to an extra enzymatic 

oxidation step during manufacturing [7].  

The way tea is consumed varies among populations. In the United 

Kingdom, Ireland, and Canada tea is consumed with a substantial 

amount of milk in it [8]. Milk contains various proteins, and interactions 

between polyphenols and proteins have been reported [9,10]. The 

question arises as to what the effect of such an interaction on the 

antioxidant capacity is. The aim of the present study is to determine the 

effect of the interaction between flavonoids and proteins on the total 

antioxidant capacity [Trolox equivalent antioxidant capacity (TEAC)].  

Materials and Methods 

Chemicals 

2,2'-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), bovine serum 

albumin (BSA fraction V), and α-, β-, and κ-casein (from bovine milk) 

were obtained from Sigma. The tea and tea fractions were gifts from 

Lipton (Englewood Cliffs, NJ) except epicatechin, which was from Aldrich 

(Zwijndrecht, The Netherlands). All other chemicals were of analytical 

grade purity.  

TEAC assay 

To measure the antioxidant capacity, the TEAC assay, described by Re 

et al. (11), has been used with minor modifications. This method is based 

on the reaction of the blue/green stable ABTS radical (ABTS•), which is 

formed through the reaction between ABTS and K2O8S2, with 

antioxidants. In the reaction with an antioxidant, the blue/green color 

disappears because the ABTS• reacts with the antioxidant. This 

decolorization is determined spectrophotometrically at 734 nm after 30 
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min. The reduction in absorbance is related to that of Trolox, a synthetic, 

hydrophilic vitamin E analogue, which gives the TEAC value. The TEAC 

is calculated as moles of Trolox equivalents per gram of solid. The 

relative contribution of an ingredient to the TEAC of tea is calculated from 

the TEAC of this ingredient multiplied by its relative content (%w/w) and 

divided by the TEAC of tea.  

Masking of total antioxidant capacity is, as in Arts et al. [10], defined as 

percent difference between the measured increase in antioxidant 

capacity due to addition of an antioxidant compared to the calculated 

increase based on an additive effect at t = 30 min.  

Stock solutions of all tea components and Trolox were prepared in 

ethanol. BSA and the caseins were dissolved in Milli-Q water. The 

antioxidant and the protein were added to phosphate-buffered saline 

[(PBS), a 0.01 M phosphate buffer, pH 7.4, containing 154 mM NaCl] 

buffer and incubated for 10 min at 37°C. For the determination of the 

antioxidant capacity, a concentrated ABTS• solution was added, resulting 

in an absorbance of the blank between 0.68 and 0.72. Immediately after 

the addition of the ABTS• solution to the incubation mixture, the 

absorbance was followed in time. Experiments were performed on a 

Perkin-Elmer spectrophotometer with cell changer fitted with Peltier 

temperature control. The final concentration of tea and tea components 

was 1 µg/mL for green tea and the mixed theaflavins and 0.75 µg/mL for 

black tea. The final concentration of the proteins (α,β, and κ-casein and 

albumin) was 25 µg/mL. The results are expressed as mean ± SD.  

Proline ratio 

The amino acid sequences of the different caseins are presented in the 

Swissprot database [by the Swiss Institute of Bioinformatics (SIB) and the 

European Bioinformatics Institute (EBI), Switserland]. The proline ratio of 

a protein was calculated by dividing the total number of proline groups by 

the total number of amino acids of the protein.  

Results 

The composition of the freeze-dried green and black tea extracts used in 

this study is given in Figure 1. In the production of black tea, most 

catechins are oxidized, giving other types of polyphenols such as 

theaflavins and thearubigins [7]. Therefore, the catechin content of green 

tea is higher than that of black tea. The oxidation is probably also the 

reason for the higher antioxidant capacity (7.3 mmol of TEAC/g of freeze-
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dried tea) of green tea compared to black tea (5.8 mmol of TEAC/g of 

freeze-dried tea).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 1. Relative content of several ingredients in green and black tea. The values, 
expressed as percentage (w/w) in, respectively, green and black tea, are as follows: 
catechin (C), 1.3 and 0.3%; epicatechin (EC), 4.2 and 0.8%; epicatechin gallate (ECG), 5.8 
and 1.4%; epigallocatechin (EGC), 7.9 and 1.2%; epigallocatechin gallate (EGCG), 11.8 
and 2.8%; gallic acid (GA), 0.2% (not shown) and 0.8%. The theaflavin (TF) content of black 
tea is 1.2%, whereas this type of compound is not present in green tea.  
 
 

Figure 2 shows the relative contribution of several ingredients to the 

TEAC values of green and black tea. It can be calculated that the 

antioxidant capacity of green tea is 93% due to catechins. Other tea 

components that make up 69% of the total weight hardly contribute to the 

antioxidant capacity (7%). In black tea, only a small part of the antioxidant 

capacity is due to catechins (34%). The other tea components in black 

tea, which make up 91.5% of the total weight, have a much higher 
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contribution to the TEAC value (66%) than they have in green tea. 

Probably tannins, polymers of oxidized polyphenols [9], have a significant 

contribution to the antioxidant capacity of black tea. These tannins are 

not present in green tea. The relative contribution of the various 

components of green tea on the total antioxidant capacity is in 

accordance with the results previously reported by Rice-Evans [12]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Relative contribution of the polyphenols to the TEAC of green and black tea. The 
values are as follows: catechin (C), 3.9 and 1.2%; epicatechin (EC), 13.4 and 3.2%; 
epicatechin gallate (ECG), 14.5 and 4.5%; epigallocatechin (EGC), 28.8 and 5.6%; 
epigallocatechin gallate (EGCG), 31.6 and 9.6%; gallic acid (GA), 1.2 and 8.0%. Theaflavins 
(TF) contribute 2.0% to the TEAC black tea. TEAC values of green and black tea are 7.3 
and 5.8 mmol of TEAC/g, respectively.  
 
 

The effect of the interaction between flavonoids and proteins on the total 
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catechin to β-casein increases the antioxidant capacity of the β-casein 
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catechin itself. Twenty percent of the antioxidant capacity was masked 

(Figure 3). 
 

 
Fig. 3. Masking of the antioxidant capacity of catechin with different proteins.  
 
 

This masking has been determined for four different proteins in 

combination with catechin (Figure 3). The masking of the antioxidant 

capacity of catechin was most pronounced with albumin (21.1 ± 4.1%) 

and β-casein (20.0 ± 3.5%), whereas the masking with α- and κ-casein 

was less. The high masking observed with β-casein compared to α- and 

κ-casein can be explained by the relatively large amount of proline 

groups in the protein. Proline groups have a strong affinity for the 

hydroxyl groups of catechin [13]. β-Casein, which consists of 224 amino 

acids of which 35 are prolines, has a proline ratio of 0.156. The proline 

ratios of α-casein and κ-casein are 0.075 and 0.105, respectively. The 

rank order of masking observed with these three proteins is identical to 

the rank order of the proline ratio of the proteins, indicating that the 

proline groups are indeed involved in the masking.  

Masking not only depends on the protein, it also greatly depends on the 

flavonoid (Figure 4). Different tea components display different extents of 

masking with β-casein. A gallate group coupled to the flavonoid on 

position 3 increases the extent of masking (epicatechin gallate, 30.0 ± 

2.3%); however, a 5'-OH group, converting ring B into a pyragollol group 

similar to that in gallate, decreases the extent of masking 

(epigallocatechin, 8.8 ± 2.6%). In epigallocatechin gallate, containing both 

a gallate group at position 3 and a pyragollol group in ring B, the opposite 

effect of both structural modifications appears to level out. The masking 

of the antioxidant capacity of green and black tea by β-casein is, 

respectively, 14.1 ± 2.6 and 31.4 ± 2.1%.  
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Fig.4. Masking of tea and several tea fractions with β-casein. Tea components examined 
are catechin (C), epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC), 
epigallocatechin gallate (EGCG), gallic acid (GA), theaflavins (TF), green tea (GT) and 
black tea (BT).  
 
 

The relative contributions to the masking of green and black tea by the 

interaction of different tea components with β-casein can be calculated on 

the basis of the relative abundance of the components and their masking 

(Figure 5). Possible synergistic or antagonistic interactions between the 

components that may occur are not incorporated in this estimation. The 

masking of green tea can for almost 80% be explained by the masking of 

catechins in the tea. In black tea these catechins play a much smaller 

role (16%). In green tea almost half of the masking is due to 

epigallocatechin gallate and epicatechin gallate. In black tea gallic acid 

has the highest contribution of the compounds that were examined. 

 

 

 

 

 
Fig. 5. Relative contribution of the polyphenols to the masking of green and black tea with 
β-casein. The values are as follows: catechin (C), 4.5 and 0.7%; epicatechin (EC), 14.5 and 
1.7%; epicatechin gallate (ECG), 19.1 and 2.9%; epigallocatechin (EGC), 11.4 and 1.1%; 
epigallocatechin gallate (EGCG), 26.2 and 4.0%; gallic acid (GA), 1.2 and 4.2%. The 
contribution of theaflavins (TF) to the masking of black tea is 0.6%.  
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Discussion 

The aim of the present study is to determine the effect of the interaction 

between flavonoids and proteins on the total antioxidant capacity. It was 

found that the antioxidant capacity of a mixture of flavonoids and proteins 

is less than the sum of the antioxidant capacity of flavonoid and protein 

separately. The degree of this masking depends on both the type of 

polyphenol and the type of protein.  

The result of this masking is in the first place that the antioxidants do not 

reach their optimum scavenging capacity in the matrix. For example, 

addition of milk to tea is expected to reduce the antioxidant capacity of 

the antioxidants present in tea. This might also occur in other products 

containing both polyphenols and proteins. The decreased antioxidant 

capacity is expected to result in a faster oxidation of the product.  

Another consequence of the interaction with proteins might be a 

decreased bioavailability of the antioxidants. The interaction, resulting in 

protein-polyphenol complexes, can be both reversible and irreversible 

depending on pH, temperature, and protein and flavonoid concentrations 

[13]. The fate of these complexes in the gastrointestinal tract is not 

known. Serafini et al. found that addition of milk to black tea abolishes the 

increase of the antioxidant potential observed when tea is consumed 

without milk [14]. However, other studies show no or no relevant effect of 

proteins on the bioavailability or on the antioxidant capacity of tea 

polyphenols [4,15].  

After absorption in the gastrointestinal tract, the antioxidants enter the 

bloodstream. Here the matrix also affects the antioxidant capacity. 

Binding to albumin results in a substantial masking of the antioxidant 

capacity of flavonoids [10]. Recently, Van den Berg et al. reported that 

the antioxidant capacity correlates well with physiological processes such 

as protection against lipid peroxidation [16]. Binding also decreases the 

free concentration of the antioxidant. This means that in addition to the 

intrinsic activity of a compound, bioavailability and metabolism, the 

binding to proteins also has to be considered for the efficacy of a 

flavonoid in vivo.  

In conclusion, the interaction of flavonoids with proteins affects the 

antioxidant efficacy of the flavonoids. Although the effect on the 

bioavailability is not equivocal, the interaction will reduce the antioxidant 

capacity of the flavonoids both in products and in vivo. Apparently, the 

matrix influences the efficacy of antioxidants. 
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Abstract 

Diabetes Mellitus (DM) is characterized by elevated levels of glucose in 

the blood. The disorder is associated with oxidative stress, due to a 

relatively low level of antioxidants and a relatively high production of 

reactive oxygen species (ROS). Of these ROS, the hydroxyl radical is the 

most reactive one. In most theories on the development of diabetic 

complications this radical has acquired a prominent role.  

Glucose is an excellent hydroxyl radical scavenger. The results show that 

in a glucose-rich environment, such as in poorly regulated DM, hydroxyl 

radicals are readily converted into reactive glucose-derived species 

(RGS). The antioxidant protection against these RGS appeared to differ 

markedly from the protection against hydroxyl radicals. Some compounds 

that efficiently protected against hydroxyl radicals even appeared to 

enhance the RGS production, indicating that these "antioxidants" might 

be contraproductive in DM. The results demonstrate that the efficacy of 

an antioxidant strongly depends on the type of radical. The implication of 

our findings for the application of antioxidants in DM is discussed. 
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Introduction 

Diabetes Mellitus (DM) is a chronic and widespread disease caused by 

insulin resistance, inadequate insulin production or a combination of both. 

The disorder is characterized by elevated levels of glucose in the blood 

and is associated with oxidative stress due to a relatively low level of 

antioxidants and a relatively high production of reactive oxygen species 

(ROS) [1]. Of these ROS, the hydroxyl radical is the most reactive one. 

Partially due to this high reactivity, the hydroxyl radical has acquired a 

prominent role in most theories on the development of diabetic 

complications. 

Many antioxidants, such as vitamin E, vitamin C and flavonoids, are able 

to scavenge hydroxyl radicals, preventing the toxicity of this ROS from 

harming human cellular components [1]. In addition, glucose is also an 

excellent scavenger of hydroxyl radicals [1]. Based on the relatively high 

concentration of glucose in the blood, especially in poorly regulated DM, 

hydroxyl radicals will predominantly be scavenged by glucose. It is often 

not realized that products of scavengers that are formed during the actual 

antioxidant activity are potentially toxic [2]. Indeed, the formed antioxidant 

metabolite usually retains some reactivity of the radical it has scavenged. 

During the scavenging of the hydroxyl radical by glucose, reactive 

glucose-derived species (RGS) are formed. Surprisingly little is known on 

the reactivity of RGS, but it’s likely that they are involved, for instance, in 

protein glycosylation, a major toxic process in DM. 

The aim of the present study is to determine whether protection against 

RGS is similar to that of hydroxyl radicals or that a different strategy is 

needed. 

Materials and methods 

Chemicals 

Catechol, phenol, lipoic acid, caffeic acid, para-coumaric acid (p-CA), 

glucose, and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were obtained 

from Sigma Chemical Company (St. Louis). FeSO4 and hydrogen 

peroxide 30% (H2O2) were purchased from Merck. 7-

Monohydroxyethylrutoside (MonoHER) was a generous gift of Novartis 

(Nyon, Switzerland). All other chemicals were of analytical grade purity. 
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Electron spin resonance spectroscopy 

Electron spin resonance (ESR) spectra were recorded at room 

temperature using a Bruker EMX 1273 spectrometer equipped with an 

ER 4119HS high sensitivity cavity and 12 kW power supply. The software 

program used was WIN EPR. Instrument settings were the following: 

center field, 3488 G; sweep width, 65 G; modulation amplitude, 1.0 G; 

microwave frequency, 9.86 GHz; sweep time, 20.972 s; time constant, 

40.96 ms. The number of scans depended on the type of radical that was 

recorded, i.e. 3 scans for hydroxyl radicals and 10 scans for Reactive 

glucose-derived species (RGS). Hydroxyl radicals were generated by the 

Fenton reaction and RGS were formed by addition of glucose to the 

Fenton reagent. The pH was kept constant at 7.4. DMPO was used for 

trapping the generated radicals. Fifty microliters 9.8 mM H2O2, 50 µl 250 

mM DMPO, 50 µl milliQ or 50 µl 500 mM glucose, 50 µl buffer (control) or 

50 µl 100 mM antioxidant and 50 µl of 5 mM FeSO4 were mixed and 

transferred to a 200 µl capillary glass tube. Exactly 90 seconds after 

addition of the FeSO4, ESR spectra of the DMPO spin adducts were 

recorded. Subsequent data analysis was performed using the WIN EPR 

spectrum manipulation program by measuring the relative peak height of 

the 2
nd
 peak and relate it to the blank. Corrections using adequate blanks 

have been made.  

Statistical analyses 

Differences in ESR signal peak areas between antioxidants and the blank 

were analyzed by Student t test. P values of 0.01 or less were considered 

as statistically significant. Results are reported as means ± SD. 

Results 

Hydroxyl radicals are generated using the Fenton reaction, in which H2O2 

and Fe
2+
 are the radical source. These hydroxyl radicals can be trapped 

with DMPO resulting in the four-peak DMPO-OH radical signal that is 

shown in figure 1A.  

Addition of glucose to a solution of Fenton mixture produces RGS, which 

can also be trapped by DMPO giving rise to a characteristic 6 peak 

carbon-centered signal, shown in figure 1B. The height of the DMPO-OH 

signal is drastically reduced by the addition of glucose. Besides the 

DMPO-RGS signal and the DMPO-OH signal, another signal, designated 

the DMPO-unknown-radical spin adduct, was detected. 
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Fig.1. ESR spectra of the DMPO-adducts. The incubation mixture contained 2 mM H2O2 
and 1 mM Fe

2+
. Without (A) or with 500 mM glucose (B). Details are given in the Materials & 

Method section. o: DMPO-OH spin adduct; x: DMPO-RGS spin adduct; •: DMPO-unknown-
radical spin adduct 
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Raising the concentration of glucose in the range of 0 – 100 mM results 

in a decreasing DMPO-OH signal and an increasing DMPO-RGS signal, 

as can be seen in figure 2. This indicates that in the presence of glucose, 

hydroxyl radicals are effectively converted into RGS, confirming the 

potent hydroxyl radical scavenging activity of glucose. 

 

Fig. 2. Scavenging of hydroxyl radical by glucose and formation of RGS. The height of the 
DMPO spin adduct signal after addition of a variable concentration of glucose to the Fenton 
reagent (H2O2 and Fe

2+
) is depicted. The DMPO-OH signal is related to that of incubation 

without glucose. The DMPO-RGS signal is related to that of incubation containing 500 mM 
glucose.  
 
 

Antioxidants, such as catechol, phenol, lipoic acid, p-coumaric acid, 

caffeic acid and monoHER are able to scavenge hydroxyl radicals 

(figure 3). Lipoic acid gives the largest effect. The signal of the DMPO-

OH spin adduct with lipoic acid is only 10% of that of the blank. 

Remarkably, the effect of some of the studied antioxidants on the 

scavenging of RGS differs drastically from that of the scavenging of the 

hydroxyl radial (figure 4). Only two compounds, namely lipoic acid and p-

coumaric acid, appear to scavenge RGS, which is deduced from the 

lower DMPO-RGS signal when these compounds were present in the 

incubation mixture. The other antioxidants tested either do not reduce the 

DMPO-RGS signal or even enhance it. 
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Fig. 3. Scavenging of hydroxyl radical by catechol, phenol, lipoic acid (LA), p-coumaric acid 
(p-CA), caffeic acid (CA) and monoHER. The DMPO-OH signal with the antioxidant is 
related to that of the control. The lower the value, the higher the scavenging activity. The 
concentration of antioxidant was 20 mM, except for monoHER that was present in a 
concentration of 10 mM. The data are mean ± SD of at least six determinations. Statistically 
significant deviations relative to the control are represented by * P<0.01.  
 
 

 
Fig. 4. Scavenging of RGS by catechol, phenol, lipoic acid (LA), p-coumaric acid (p-CA), 
caffeic acid (CA) and monoHER. The DMPO-RGS signal is related to that of the control. 
The lower the value, the higher the scavenging activity. The concentration of antioxidant 
was 20 mM, except for monoHER that was present in a concentration of 10 mM. The data 
are mean ± SD of at least six determinations. Statistically significant deviations relative to 
the control are represented by * P<0.01.  
 
 

To determine whether the antioxidant effect on DMPO-RGS was not a 

result of scavenging of the hydroxyl radical, thus due to a decreased 

RGS production, a control experiment was performed. This was done by 

assessing the effect of diminishing the glucose concentration on the 

scavenging of p-coumaric acid, the most potent RGS scavenger of the 

series tested. When the concentration of glucose was 500 mM, p-

coumaric acid (20 mM) lead to a DMPO-RGS signal that was 37 ± 5% of 
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the same experimental results in the absence of p-coumaric acid. If 

hydroxyl radical scavenging alone were to be responsible for the effect of 

p-coumaric acid, then the percentage of the DMPO-RGS signal with 250 

mM glucose would have been 18.5% of the control. If only RGS 

scavenging plays a role, this percentage would remain at approximately 

37%. 

It was found that with p-coumaric acid at 250 mM glucose concentration, 

the DMPO-RGS signal is 44 ± 9% of the control, indicating that the 

antioxidant effect is predominantly the result of RGS scavenging. This 

result could have been anticipated since the glucose concentration 

(250mM or 500mM) exceeds the concentration of p-coumaric acid (20 

mM) by far. In such a relatively low concentration, this antioxidant could 

not compete effectively with glucose for the hydroxyl radical, since 

glucose was at a high concentration and readily reacted with hydroxyl 

radical. The inability of antioxidants to compete with glucose in our test 

system is comparable with the in vivo situation in poorly regulated 

diabetes where the concentration of glucose is also much higher than the 

maximally achievable antioxidant concentration. 

 

Discussion 

Oxidative stress is caused by an imbalance between antioxidants and 

reactive oxygen species (ROS). Of these ROS, the hydroxyl radical is the 

most reactive. It is not generally appreciated that glucose is an excellent 

scavenger of hydroxyl radicals. At 30 mM glucose (the EC50), the DMPO-

OH signal was reduced to 50% of that of the incubation in the absence of 

glucose. At a concentration of 250 mM, no DMPO-OH signal at all was 

detected. The composition of the incubation mixture used in the present 

study was effectively designed to obtain clear-cut responses. The 

glucose concentration in this in vitro assay appears high compared to the 

physiological range, which may exceed 15 mM in poorly regulated 

diabetes. However, it should be noted that in the described experiments 

the reaction rate of glucose with the hydroxyl radical is relative to that of 

DMPO with the hydroxyl radical. DMPO reacts reasonably quickly with 

hydroxyl radicals and is used at a relatively high concentration of 50 mM. 

The ostensible activity of glucose in the assay could be easily boosted by 

lowering the concentration of DMPO or by using a spin trap that reacts 

slowly with hydroxyl radicals. The EC50 values obtained in in vitro 

experiments are not equal to the EC50 values in the in vivo situation [3]. 

Extrapolation from in vitro to in vivo should be based on the reaction rate 
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constants, which are identical in vitro and in vivo, and on the 

concentrations. 

The rate of the reaction of glucose with hydroxyl radicals (1.5 * 10
9 
[4]) is 

relatively high. The concentration of glucose is also relatively high, 

especially in poorly regulated DM. This indicates that the reaction with 

glucose is a major pathway for hydroxyl radicals formed in diabetics, 

despite the relatively high EC50 value of glucose to reduce the DMPO-OH 

signal in the in vitro experiment. 

The scavenging of hydroxyl radicals by this sugar leads to the formation 

of reactive glucose-derived species (fig. 2). These RGS have, 

comparable with hydroxyl radicals, a reactivity that is high enough to 

damage cells by reacting with important cellular components, such as 

proteins, lipids and DNA. Advanced glycosylation end products (AGEs) 

can be formed from RGS after reaction with proteins. Formation of the 

AGEs will consequently impair protein and cellular function. Binding of 

AGEs to AGE receptors can lead to adverse modification of cell signaling 

and enhance production of ROS [5,6]. In diabetes, these harmful 

processes, summarized in figure 5, are involved in the development of 

complications such as cardiovascular disease, nephropathy, retinopathy 

and neuropathy [1,5,6]. Since non-enzymatic glycation is due to an 

oxidation process, intervention with antioxidants appears to be a logical 

strategy. 

 

 
Fig. 5. The involvement of RGS in Diabetes Mellitus mediated toxicity. High glucose levels 
result both directly and indirectly in the formation of AGEs and cellular toxicity. In this 
process RGS plays a pivotal role.  
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Generally speaking, catechol and catechol containing antioxidants, 

including numerous flavonoids and other polyphenols, qualify as good 

antioxidants. That catechol and the catechol containing compounds 

caffeic acid and monoHER protect against hydroxyl radicals, while under 

the same conditions they enhance RGS formation, was a somewhat 

surprising observation. This indicates that the underlying mechanism for 

increasing DMPO-RGS formation by these compounds is not increased 

hydroxyl radical production and requires further investigation. The 

differing nature of RGS, which is a carbon-centered-radical, compared to 

the hydroxyl radical, which is an oxygen-centered-radical, is probably 

involved. 

In vivo, a prooxidant effect of catechol, caffeic acid and monoHER on 

RGS formation is unwanted and the use of these “antioxidants” might 

therefore be contra-indicated in diabetes. Lipoic acid and p-coumaric acid 

could be of value as they protect against both the hydroxyl radical and 

RGS. The findings concerning lipoic acid are consistent with previously 

published observations in which lipoic acid was shown to be protective in 

diabetes in vivo [7-10]. Interestingly, the possible involvement of RGS 

scavenging by lipoic acid has been shown in this report to be a plausible 

process which may occur in vivo and it has not been previously 

addressed.  

In summary, it should be noted that glucose itself is an efficient hydroxyl 

radical scavenger and that, especially at high glucose concentration, 

RGS appear to be more relevant to eventual reactive species formation 

than the hydroxyl radical itself. Antioxidant strategies in DM should 

therefore be more specifically aimed at the protection against RGS, as 

this report shows that protection offered by antioxidants against RGS 

markedly differs from their protection against hydroxyl radicals. The 

reported beneficial effects of some antioxidants in DM, such as lipoic 

acid, might involve the scavenging of RGS. 
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Abstract 

The ingredients of beer contain a high concentration of poly unsaturated 

fatty acids (PUFAs), such as linolic and linolenic acid. These compounds 

are readily oxidized, resulting in the formation of lipid-derived products 

that reduce the taste and quality of beer enormously. During mashing 

relatively high amounts of PUFAs are exposed to atmospheric oxygen at 

a relatively high temperature. This makes mashing a critical step in the 

brewing process with regard to the formation of lipid-derived off taste 

products. F1 phytoprostanes (PPF1s), changes in antioxidant capacity 

and mono-hydroxy-fatty acids (OH-FAs) were used as markers for the 

detection of oxidative damage to fatty acids during the mashing. The 

observed pattern of OH-FA formation indicates that enzymatic oxidation 

of PUFAs is more important than non-enzymatic oxidation during the 

mashing process. Nevertheless, substantial non-enzymatic radical 

formation is evident from the increase of specific OH-FAs and PPF1s.  

It was found that a low oxygen tension reduces oxidative damage and 

gives a higher antioxidant capacity of the mashing mixture. This indicates 

that mashing should be done under low oxygen pressure. 
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Introduction 

Beer is a complex mixture of various compounds, introduced to it by the 

ingredients hop, malt, i.e. germinating barley, water and yeast. In the 

ingredients of beer, as well as in the intermediate products of the first 

steps of the brewing process, a high concentration of poly unsaturated 

fatty acids (PUFAs) is present [1]. 

The quality of beer is negatively influenced by oxidation. For example, off 

taste products are formed by oxidation of lipids and other beer 

components. The most vulnerable step, with regard to lipid oxidation, in 

the production of beer is the mashing. This process involves increasing 

the temperature of the mash, i.e. a mixture of malt and water, to the 

optimum temperature for the desired enzymes, and maintaining a rest 

(i.e. holding for a period of time) at that temperature. Besides the 

elevated temperatures during the mashing, the mixture is also exposed to 

atmospheric oxygen which promotes oxidative damage. These conditions 

in combination with the presence of a high concentration of easily 

oxidized products such as poly-unsaturated fatty acids (PUFAs) [2], 

makes the mashing a critical step in the brewing process. 

The most abundant PUFAs in the ingredients of mash are linoleic acid 

(C18:2) and linolenic acid (C18:3) [1]. The latter PUFA is the most 

sensitive to oxidation due to its three double bonds. Oxidation of these 

PUFAs will result in the formation of hydroperoxides. These 

hydroperoxides are reactive and degrade easily, forming mono-hydroxy 

fatty acids (OH-FAs), phytoprostanes and other products, such as 

carbonyls, aldehydes and ketons (figure 1).  

Apart from autoxidation, OH-FAs can also be formed by photooxidation 

[3] and enzymatic oxidation. It is possible to differentiate between these 

routes of formation since enzymatically conversions solely give 9(S)-

products [4] and 13(S)-products, due to the specificity of the 

lipoxygenases (LOX) [5-7]. Barley is reported to contain two LOX 

enzymes. LOX-1, mainly present in ungerminated barley [8], is 

responsible for the production of 9-products, whereas the 13-product is 

mainly formed by the other iso-enzyme LOX-2 [9], that appears during 

germination [8].  

The non-enzymatic processes produce racemic compounds, giving all 

isomers (9-, 12-, 13- and 16- OH-FAs) in almost the same yield [4]. This 

makes 12- and 16- OH-FAs formation specific for non-enzymatic 

oxidation [10]. Ten- and 15- OH-FAs are selectively used as markers of 

photooxidation (unpublished data).  
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F1-phytoprostanes (PPF1s) are cyclic oxylipins that are chemically stable 

end products of autoxidation of linolenic acid [11]. These plant-derived 

compounds are equivalent to the mammalian isoprostanes, but differ in 

the length of the carbon chain (18 carbons versus 20 carbons), and in the 

amount of double bonds (PPF1s contain one double bond less) [12]. 

Hydroperoxides can also directly degrade into low molecular weight 

compounds, such as carbonyls, ketones and acids [13]. These products 

can cause a stale, cardboard ((E)-2-nonenal) or papery off-flavour 

[1,2,13,14].  

It is known that during mashing antioxidants, such as tannins and 

anthocyanogens, are released from the barley and are dissolved into the 

extract solution [1]. The total antioxidant capacity of these compounds, 

that protects the mash against non-enzymatic oxidation, can be 

measured with the Trolox Equivalent Antioxidant Capacity (TEAC) assay. 

 

The aim of this study is to evaluate the role of oxidative lipid degradation 

during the most critical step in the brewing process, i.e. the mashing. In 

order to achieve this, several parameters, such as the OH-FAs, PPF1s 

and changes in the TEAC, were measured during the mashing process. It 

has been reported that OH-FAs are mainly formed during mashing [15]. 

To evaluate the role of oxygen on oxidative stress during the mashing 

process, the measurements will be done in an oxygen-rich and an 

oxygen-poor environment. 
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Material & Methods  

Chemicals 

Butylated hydroxytoluene (BHT), triphenylphosphine (TPP), 

(trimethylsilyl)diazomethane and 2,2’-azinobis-(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) were obtained from Aldrich Chemical Compagny. 

N,O bis(trimethylsilyl)-trifluoroacetamide (BSTFA was purchased from 

Pierce, Rockford, IL, USA. Potassium persulfate (di-potassium 

peroxydisulfate) and trichloroacetid acid (TCA) were obtained from Merck 

and 15-hydroxyeicosatetraenoic acid from Cayman Chemicals, Ann 

Arbor, USA. All other chemicals were of analytical grade purity. 

Preparation of the mashing samples 

To assess the influence of oxygen, part of a batch of malt was milled 

under oxygen and another part was milled under argon. After millning, 

both malt parts were incubated with pre-heated water of 58°C (t= 0 min) 

in a laboratory mash bath with a malt:water ratio of 1:3.5 (w/v). The 

oxygen-rich milled malt was mixed with aerated water and the mixture 

was continuously exposed to oxygen (100% oxygen, 1 atm.) while the 

oxygen-poor milled malt was mixed with twice de-aerated water and was 

kept under argon (1 atm.). A temperature-program was started, raising 

the temperature in several steps and rests to 76°C at 120 min.  

At the time-points t= 0, 5, 30, 60 and 120 min three 25 ml aliquots of each 

mixture were taken for measuring PPF1s and OH-FAs. To two aliquots 

125 µl of a 30 mg BHT/ml-solution and 10 mg of triphenylphosphine was 

added. Subsequently these samples were centrifuged (5 min, 2000xg, 

4°C) and the supernatant was frozen under liquid nitrogen. The third 

aliquot was directly frozen under liquid nitrogen without any additions. In 

this aliquot the TEAC was assessed. All samples were stored at -80° C 

until analysis. 

Mono-hydroxy fatty acid and phytoprostanes 

Hydroxy fatty acid and phytoprostane extraction, purification and 
hydrogenation [16] 

Mash supernatant (5 mL) was transferred into a 50 mL Falcon tube. 15-

hydroxyeicosatetraenoic acid (15-HETE) and 
18
O-labeled F1-

phytoprostanes were added as internal standards (100 ng of both for the 

analysis of free hydroxy fatty acids and free F1-phytoprostanes). 

Saturated NaCl solution (10 ml), 1 M citric acid (0.5 ml), ethyl acetate (25 

ml containing 0.005% (w/v) butylated hydroxytoluene as antioxidant) and 
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triphenylphosphine (50 mg) was added to the frozen sample. The mixture 

was homogenized for 3 min with a high performance disperser (Ultra-

Turrax T 25 at 24,000 rpm, IKA-Werk, Germany). After centrifugation (10 

min, 2000g), the ethyl acetate phase was removed and applied directly to 

an aminopropyl solid-phase extraction column (500 mg). The column was 

washed with 3 ml of chloroform/isopropanol, 2/1 (v/v) and OH-FAs were 

eluted with 6 ml of diethyl ether/acetic acid, 98/2 (v/v). Subsequently 

PPF1s were eluted with 6 ml of diethyl ether/ methanol/ acetic acid, 

90/20/2 (v/v/v). Both samples were taken to dryness at 40°C under a 

stream of nitrogen. 

 
Fat hydrogenation 

Two to 5 mg of PtO2 hydrate catalyst was added to each sample. 

Samples were then suspended in 1 ml of methanol and stirred vigorously 

for 20 min under an atmosphere of hydrogen. The catalyst was filtered off 

by passing the suspensions through a pipette tip packed with glass fiber 

filter. The methanol solutions were taken to dryness and derivatized for 

GC-MS analysis. 

 
Derivatization of hydroxy fatty acids 

The sample was methylated by adding 50 µl of methanol, 200 µl of 

diethyl ether and 5 µl of (trimethylsilyl)diazomethane (2 M solution in 

hexane). After 5 min of incubation at room temperature, the sample was 

taken to dryness under a stream of nitrogen and suspended in 100 µl of 

chloroform. After addition of 50 µl of N,O-Bis-(trimethylsilyl)-

trifluoracetamid (BSTFA) the sample was heated at 40°C for 1 hour, 

taken to dryness and reconstituted in 20 µl of hexane. An aliquot, 2 µl, 

were analyzed by GC-MS. 

 
Derivatisation of F  1-phytoprostanes 

The hydrogenated sample was reconstituted in 200 µl of chloroform and 

treated with 10 µl of PFB bromide and 10 µl of N,N-diethylisopropylamin 

at 40°C for 1 hour. The mixture was taken to dryness, reconstituted in 2 

ml of chloroform and applied to a silica solid phase extraction column. 

The column was washed with 3 ml of diethyl ether. F1-phytoprostane PFB 

esters were eluted with 6 ml of diethyl ether/ methanol, 90/10 (v/v). The 

sample was taken to dryness and TMS ether derivatives were prepared 

by addition of 50 µl BSTFA. After incubation at 40°C for 1 hour, the 

sample was dried under a stream of nitrogen and reconstituted in 20 µl of 

hexane. 

 



Chapter 9 
 

 

108 

GC-MS 

Hydroxy fatty acids and phytoprostane derivatives were analyzed on a 

HP-5 column (30 m x 0.25 mm), linear He flow at 23 cm/s. For OH-FA 

analysis a column temperature step gradient 225°C at 20°C/min, 225-

275°C at 5°C/min, 275-300°C at 20°C/min, 300°C for 5 min was applied. 

The injector of the splitless mode was set at 280°C. Data were collected 

in the EI mode. For analysis of F1-phytoprostanes the column 

temperature was programmed from 175°C to 285°C at 30°C/min and 

285°C to 300°C at 2.5°C/min., data were collected in the NICI mode. 

Results are presented as the mean of at least two independent 

experiments. The error bars represent half of the range. 

Trolox Equivalent Antioxidant Capacity (TEAC) assay 

Preparation of the ABTS• solution. 

A 7 mM solution of ABTS in milli-Q was prepared and ABTS• was formed 

after addition of potassium persulfate to the mixture in a final 

concentration of 2.45 mM. After a 12-16 hour incubation at room 

temperature, the stock solution was diluted with PBS till the desired 

concentration was reached [17]. 

 
TEAC asssay 

The mashing samples were thawed at room temperature and centrifuged 

for 5 min at 3400 rpm (at 4°C). The supernatant was used for the TEAC 

assay. To exclude the influence of light, the handling was done in 

reduced light.  

To a fixed volume of 50 µl supernatant, ABTS• in a variable concentration 

was added. The concentration of ABTS• was varied from 0 to 

approximately 45 µM in several different incubations. After a 6 min 

incubation at 37 ºC, the absorbance at 734 nm was 

spectrophotometrically determined. The concentration of ABTS•  was 

calculated using a molar extinction coefficient of 1.5 * 10
4
 M

-1
 [17]. The 

reduction in ABTS• concentration is derived from the absorbance at 734 

nm of the reference (only containing ABTS•) and the incubation 

containing the fixed volume of supernatant plus the same concentration 

of ABTS•. 

The reduction in ABTS• concentration is plotted against the initial 

concentration of ABTS•. The curve is fitted according to the exponential 

function y = C (1- e
(-b*x)

) using Sigma Plot (version 4.01) on a standard 

personal computer. In this formula y is the reduction in ABTS• 

concentration, x is the initial ABTS• concentration and C is the maximal 

amount of ABTS• scavenged by the supernatant in the volume tested 
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[18]. Results are presented as the mean of at least two independent 

experiments. The error bars represent half of the range. 

Results 

In a mash mixture, consisting of malt and water (1:3.5, w/w), exposed to 

atmospheric oxygen, OH-FAs were measured at t = 5 and t = 120 min. 

Figure 2 shows that enzymatic OH-FA formation (reflected by 9- and 13- 

OH-FA formation) plays a more dominant role compared to the non-

enzymatic autoxidation (reflected by 10-, 12- and 16-OH-FA formation) 

through photo-oxidation and free radical catalyzed oxidation. 

 

Fig. 2. OH-FA concentrations in supernatants of mash, produced under high oxygen 
pressure, at 5 and 120 min. The non-enzymatically produced OH-FAs are represented by 
12- and 16-OH-FAs, photo-oxidation yields 10-OH-FA. Enzymatic oxidation results solely in 
9- and 13-OH-FAs.  
 
 

F1-phytoprostanes (PPF1s) are chemically stable end products of non-

enzymatic oxidation of linolenic acid [12]. The presence of these 

compounds before the actual mashing (figure 3) indicates that PPF1s are 

already present in the malt. PPF1 concentration increases in time. This 

indicates that non-enzymatic oxidation also occurs in the mashing 

process. Maximum PPF1 formation takes place during the first five 

minutes of the mashing process. After this rapid increase in PPF1 

concentration, a plateau is reached. Oxygen pressure affects PPF1 
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formation. At 120 minutes the plateau with high oxygen (100 % O2, 1 

atm.) is twice as high as that with low oxygen pressure (100% Ar, 1 atm.).  

 
Fig. 3. PPF1-concentration of both oxygen poor and oxygen rich mash in the course of time. 
 
 

During mashing, the TEAC in both oxygen-rich and oxygen-poor mixture 

raises (Fig. 4a en b). A faster increase in TEAC is observed in the 

oxygen-rich mash. Nevertheless, the TEAC in the oxygen-poor mash is 

higher at the end of the mashing period (Fig. 4b), indicating that oxygen-

poor mash has finally a higher antioxidant capacity than the oxygen-rich 

mash. 

Discussion 

During mashing the easily oxidizable PUFAs in malt are subjected to high 

temperatures and excess of oxygen. This makes mashing a critical step 

in the brewing process.  

The results obtained from OH-FA and PPF1 formation indicate that 

oxidative damage of lipids indeed takes place. The OH-FAs (Figure 1) 

are mainly formed by LOX-catalyzed oxidation, indicated by formation of 

mainly 9- and 13- OH-FAs.  

0

10

20

30

0 20 40 60 80 100 120

O2-rich

O2-poor

O2-rich

O2-poor

[P
P
F
1
] 
(n
g
/m
l)
 

Time (min)

0

10

20

30

0 20 40 60 80 100 120

O2-rich

O2-poor

O2-rich

O2-poor

O2-rich

O2-poor

[P
P
F
1
] 
(n
g
/m
l)
 

Time (min)



Oxidative degradation of lipids during mashing 

111 

 
Fig. 4A. Consumption of ABTS• by 50 µl supernatant of mash at four different time-points, 

produced under low oxygen tension, with a variable initial concentration of ABTS•. The data 

of the ABTS• consumption were fitted with an exponential function as described in the 
material and method section. A typical example out of three independent experiments is 
shown. This approach gives the actual TEAC value [23].   
4B: The TEAC values of low and high oxygen tension mash in time.  
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The intermediate products in OH-FA formation are hydroperoxides, which 

easily generate radicals. These radicals might inflict damage to several 

targets such as proteins. This indicates that the enzymatic oxidation of 

PUFAs to hydroperoxides will also give rise to non-enzymatic radical 

formation. Radical formation is also evident from the increase of OH-FAs 

and PPF1s, markers of non-enzymatic hydroperoxide formation, in time 

during the mashing process.  

 

It is expected that during an oxidative process, such as mashing, 

antioxidants are being consumed. Surprisingly, the total antioxidant 

capacity, reflected by the TEAC, increases in time during this process. 

Possible explanations for this rise in TEAC are: 

1. The formation of reaction products that might have a higher TEAC 

value [18]. 

2. The release of phenolic -OH groups, that had been bound to a sugar 

due to enzymes that are capable of splitting off sugars. In general, the 

aglycon is a better antioxidant than the sugar containing compound, 

which leads to a higher TEAC value [19]. 

3. A higher solubility of compounds by the elevated temperature. During 

mashing antioxidants, such as tannins and anthocyanogens, are released 

from the barley and are dissolved into the extract solution [1], which will 

lead to a higher TEAC. 

4. The denaturation of proteins leading to protein unfolding, which allows 

previously inaccessible antioxidant aminoacids to participate in the 

scavenging process (unpublished data).  

5. The reduced binding of antioxidants by protein denaturation, resulting 

in less masking and a subsequently higher TEAC [20]. 

 

All above mentioned processes might have a contribution to an increase 

of the TEAC during the mashing, but it is unknown to what extent. The 

faster increase in TEAC in the oxygen-rich mash, compared to the 

oxygen-poor mash, can be explained by (i) the faster formation at high 

oxygen pressure of reaction products that have paradoxally a higher 

TEAC [18] and (ii) by faster protein denaturation leading to less 

antioxidant protein binding and unfolding of proteins. The paradoxal rise 

in antioxidant capacity at this stage of the brewing process is 

advantageous since antioxidants prevent excessive oxidative damage 

during the mashing process. 

The higher TEAC of the oxygen-poor mash at the end of the mashing 

period can be explained by a lower oxidative consumption of antioxidants 

compared to the oxygen-rich mixture. As expected, at high oxygen 



Oxidative degradation of lipids during mashing 

113 

pressure the PPF1-formation is higher than at low oxygen pressure. This 

indicates that lipid oxidation is indeed higher at a higher oxygen tension, 

which is in line with the lower TEAC at the end of the mashing under high 

oxygen pressure. Thus, at low oxygen pressure, oxidative damage during 

mashing is relatively low and the final antioxidant capacity is relatively 

high. 

Conclusion 

Enzymatic oxidation appears to be the main route of oxidation of the 

PUFAs during the mashing. Hydroperoxides formed by lipoxygenases 

might give rise to the formation of free radicals, that in turn are 

responsible for the observed non-enzymatic lipid oxidation yielding, 

among other products, PPF1s and a series of OH-FA. 

Based on these conclusions, it can be hypothesized that PPF1s might be 

used as quality markers of mashing mixture. Possibly, these compounds 

can also be used as markers for oxidative damage during the production 

of beer, especially during the mashing, since they are not degraded. No 

changes in PPF1 concentration were detected during storage of beer 

(unpublished results), indicating that during the oxidative processes that 

take place during storage of beer no PPF1s are being formed. This could 

have been anticipated since there are practically no PUFAs, i.e. the 

precursors of PPF1s, present in the beer [21,22].  

 

Mashing under low oxygen tension results in less oxidative damage and 

a higher antioxidant capacity than mashing under high oxygen tension, as 

shown by the PPF1 reduction. This indicates that mashing should be 

done under low oxygen pressure to minimize oxidative damage and 

preserve antioxidants. 
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Summary and Perspective 

The aim of the thesis is to examine several factors that describe and 

determine the efficacy of antioxidants. In chapter 3-5, the contribution of 

reaction products is determined, in chapter 6-7 the influence of the 

matrix is studied and in chapter 8 the dependency on the type of radical 

is examined. In chapter 9 the oxidative processes during mashing in the 

brewing process are discussed. 

 

In chapter 3 the Trolox Equivalent Antioxidant Capacity (TEAC) assay, a 

frequently applied assay for assessing antioxidants, has critically been 

evaluated on its applicability to characterize the antioxidant capacity of 

antioxidants. In this assay the antioxidant reacts with a relatively stable 

radical, the ABTS•. In this reaction the blue/green ABTS• is converted into 

the colorless ABTS and the antioxidant is oxidized. The amount of ABTS• 

scavenged by a certain amount of antioxidant gives the TEAC.  

The applicability of the TEAC assay was tested by comparing the results 

of the assay to those of other in vitro screening assays. Catechol, 

resorcinol and hydroquinone, compounds that are structurally closely 

related, were used for this comparison. Resorcinol had the lowest activity 

in the inhibition of lipid peroxidation as well as in the scavenging of 

superoxide radicals or peroxynitrite. On the contrary, resorcinol had the 

highest TEAC. A comparable discrepancy between the screening assays 

is found with flavonoids, compounds with a relatively complex chemical 

structure. A relatively high TEAC might be explained by the formation of 

products from the antioxidant during the TEAC assay. Some of these 

products might be able to react with the ABTS•. This is illustrated by the 

antioxidant activity of the product of resorcinol which has a substantial 

antioxidant capacity. The TEAC of resorcinol is in fact the TEAC of 

resorcinol plus the TEAC of the reaction product(s) of resorcinol. The 

TEAC reported in literature is therefore an overestimate of the actual 

TEAC of resorcinol itself. The reaction products of several other 

antioxidants (such as catechol and hydroquinone) do not react with the 

ABTS• and therefore do not contribute to the TEAC of these compounds. 

 

The fact that the TEAC doesn’t necessarily reflect the antioxidant 

capacity of only one structure is also demonstrated in chapter 4. In this 

chapter the behaviour of the antioxidants trolox and chrysin in the TEAC 

was studied in detail, including the formation and contribution of reaction 

products formed during the TEAC. HPLC analysis of the reaction mixture 
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obtained after scavenging of ABTS• by the flavonoid chrysin, showed the 

formation of a reaction product that was also able to react with ABTS•. 

The product appeared to react relatively fast, also having a higher TEAC 

than the parent compound, chrysin. In contrast, the reaction product of 

trolox, i.e. the trolox quinone, didn’t react at all with ABTS•. 

The experiments described in chapter 3 and 4 show that the TEAC is the 

antioxidant capacity of the parent compound plus the potential antioxidant 

capacity of the reaction product. The possible contribution of more than 

one compound to the TEAC hampers the applicability of this assay for 

ranking antioxidants and for the construction of SARs. The fundament of 

a SAR is that the activity has to be attributed to a single and well defined 

molecular structure. Nevertheless, TEAC-based SARs have frequently 

been constructed. Examination of these (Q)SARs in detail, as has been 

done in chapter 3, reveals, as expected, various inconsistencies.  

Under the conditions used in the assay, the reaction of most antioxidants 

(or their products) with ABTS• doesn’t reach completion within the time 

span of the assay. This leads to an underestimation of the TEAC of these 

compounds. Moreover, the time span and conditions that have been 

used, are variable. These flaws partly explain the inaccurate and 

imprecise TEAC values reported in literature. 

 

In chapter 5 a modified TEAC is proposed. Incubations with different 

concentrations of ABTS• and a fixed concentration of antioxidant were 

performed. The decrease in ABTS• after 6 minutes was plotted against 

the initial concentration of ABTS• and fitted by an exponential function. 

Extrapolation of the fit to an infinite excess of ABTS• resulted in the 

maximal concentration of ABTS• that can be scavenged by the 

antioxidant at the concentration employed. This can be used to determine 

the actual TEAC of antioxidants, i.e. the total antioxidant capacity, 

representing the sum of the antioxidant capacity of the parent compound 

and that of the oxidation product(s) of the parent compound. 

 

The impact of the matrix on the antioxidant effect is examined in 

chapters 6 and 7. In chapter 6 the interaction between different 

ingredients in complex mixtures was studied by adding antioxidants to 

blood plasma and assessing the antioxidant capacity of the mixture. The 

results show that the antioxidant capacity of several flavonoids and 

bloodplasma is not additive, but that it is less than the sum of the 

antioxidant capacity of flavonoid and plasma separately. In chapter 7, it 

was shown that the antioxidant capacity of several components of green 

and black tea with α-, β-, and κ-casein also showed lower total 
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antioxidant capacity than expected. This masking of antioxidant capacity 

appeared to depend both on the protein and the flavonoid used and was 

partly due to interactions between the antioxidant and proteins. However, 

the antioxidant capacity of some hydrophobic compounds, e.g. α-

tocopherol, is not affected by the interaction.  

 

As depicted in chapter 8, it was observed that in a glucose-rich 

environment, such as in poorly regulated Diabetes Mellitus (DM), 

hydroxyl radicals immediately are converted into reactive glucose-derived 

species (RGS). The protection against these RGS appeared to differ 

markedly from the protection against hydroxyl radicals. Some 

“antioxidants” that efficiently protected against hydroxyl radicals, even 

enhanced the RGS production, indicating that these antioxidants may be 

contra-indicated in the protection against oxidative stress in DM. The 

results demonstrate that the efficacy of an antioxidant strongly depends 

on the type of radical.  

 

In chapter 9, F1-phytoprostanes (PPF1s), changes in antioxidant capacity 

and mono-hydroxy-fatty acids, markers for the detection of oxidative 

damage to fatty acids during the mashing in the brewing process were 

studied. Based on the formation of specific markers, it was found that 

enzymatic oxidation is the main route of oxidation during mashing. 

Nevertheless, substantial non-enzymatic oxidation of PUFAs also takes 

place. It was observed that mashing preferably should be done under low 

oxygen tension to minimize oxidative damage and preserve antioxidants.  

Perspective 

Besides the relatively well known aspects that influence an effective 

antioxidant protection, such as the reactivity of the antioxidant with the 

oxidative species and the amount of antioxidant added, other aspects 

that are important for antioxidant activity are:  

 

Reaction products. As shown in chapter 3-5, reaction products may 

display antioxidative activities, enhancing the antioxidant capacity and the 

protection offered by the parent compound itself. However, reaction 

products sometimes have prooxidant effects or appear to be toxic, as 

described in chapter 2.  

 

The matrix. Masking, caused by the environment of the antioxidant(s), 

might result in less total antioxidant capacity than is expected based on 
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the sum of the separate capacities (chapter 6-7). This reduces the 

protection against free radicals.  

Another potential problem is the lipophilicity of antioxidants. The local 

concentration of antioxidants in e.g. lipid membranes largely depends on 

the lipophilicity of the compound. In lipid peroxidation, not only lipophilicity 

but also the amphiphilic character of compounds seems to play a role. 

The concentration of an antioxidant at the precise site of action in two-

phase systems usually is not well evaluated or understood. This hampers 

a straightforward comparison of compounds, since activity is directly 

related to the concentration at the site of action. It is often incorrectly 

assumed that the concentration in the aqueous solution is identical to the 

concentration at the site of action (chapter 2). 

 

The type of radical. Some efficient scavengers of hydroxyl radicals, show 

no or low protection against reactive glucose-derived species (chapter 

8), indicating that different types of radicals require different types of 

antioxidants. Depending on the type of radicals formed, site specific 

scavenging can take place (chapter 2). 

 

Future studies on antioxidants should also address the formation and 

properties of the antioxidant reaction products, compartmentalization, the 

influence of the matrix and other types of reactive species. A better 

understanding of these aspects will lead to a more accurate 

characterization of antioxidant activity and a more complete 

understanding of the activity of antioxidants. In this way the health effects 

and the actual mode of action of different antioxidants can be elucidated. 

Ultimately, this offers the opportunity to rationalize and optimize 

antioxidant intervention. 
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Samenvatting 

Antioxidanten spelen een belangrijke rol in tal van biochemische 

processen, variërend van het ontstaan van ziekten tot het verouderen 

van voedingsmiddelen. Om deze rol accuraat te kunnen evalueren, dient 

de activiteit van de antioxidant op de juiste manier gekarakteriseerd te 

worden. In dit proefschrift wordt onderzoek naar enkele factoren die de 

effectiviteit van antioxidanten bepalen, beschreven.  

 

In de hoofdstukken 3-5 wordt de bijdrage van de reactieproducten 

behandeld, in de hoofdstukken 6 en 7 wordt de invloed van de matrix op 

de antioxidant capaciteit beschreven en in hoofdstuk 8 wordt nagegaan 

of effectiviteit van antioxidanten ook afhankelijk is van het type radiaal. 

 

In hoofdstuk 3 is het Trolox Equivalent Antioxidant Capacity (TEAC) 

assay, een veelvuldig toegepaste methode om de capaciteit van 

antioxidanten te bepalen, kritisch bekeken. De focus ligt op de 

toepasbaarheid van het assay in het karakteriseren van de antioxidant 

effectiviteit. In dit assay reageert een antioxidant met een relatief stabiel 

radicaal, het ABTS•. Gedurende deze reactie wordt het groen/blauwe 

ABTS• in het kleurloze ABTS omgezet door de antioxidant, welke zelf 

hierbij geoxideerd wordt. De hoeveelheid ABTS• die door een bepaalde 

hoeveelheid antioxidant wordt weggevangen, geeft de TEAC. 

De bruikbaarheid van het TEAC assay wordt getest door de resultaten 

van dit assay te vergelijken met die van andere in vitro screeningsassays. 

Hiervoor worden de verbindingen catechol, resorcinol en hydroquinon, 

die qua structuur op elkaar lijken, gebruikt. Resorcinol heeft van de 

geteste verbindingen de laagste activiteit in zowel het inhiberen van lipide 

peroxidatie als in het wegvangen van superoxide radicalen en 

peroxinitriet. Daarentegen blijkt resorcinol de hoogste TEAC te hebben. 

Een vergelijkbare discrepantie tussen de resultaten van deze assays met 

het TEAC assay wordt ook gezien bij qua structuur meer complexe 

antioxidanten, zoals bij de flavonoïden. Een relatief hoge TEAC zou 

verklaard kunnen worden door het vermogen van producten, gevormd 

tijdens het TEAC assay uit deze antioxidanten, om ook ABTS• weg te 

vangen. Een voorbeeld hiervan is het reactieproduct van resorcinol dat 

ook een antioxidant capaciteit bezit. De TEAC van resorcinol is dus in 

feite de TEAC van resorcinol plus de TEAC van resorcinol’s 

reactieproduct(en). De gerapporteerde TEAC van resorcinol is derhalve 

een overschatting van de eigenlijke TEAC van resorcinol zelf. De 

reactieproducten van andere antioxidanten (zoals catechol en 
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hydroquinon) reageren niet met het ABTS• en dragen derhalve niet bij 

aan de gevonden TEAC. 

 

Dat de TEAC niet altijd toe te schrijven is aan de antioxidant capaciteit 

van één enkele structuur, wordt ook aangetoond in hoofdstuk 4. In dit 

hoofdstuk wordt de vorming en bijdrage van reactieproducten van de 

antioxidanten trolox en chrysine in het TEAC assay gekwantificeerd. 

HPLC analyse laat bij chrysine de vorming van een reactieproduct zien 

dat in staat is om met ABTS• te reageren. Uit nadere analyse blijkt dat het 

product relatief snel reageert en dat het een hogere TEAC heeft dan de 

moederverbinding chrysine. Daarentegen reageert het reactieproduct van 

trolox, het trolox quinon, niet met het ABTS•. 

De experimenten beschreven in hoofdstuk 3 en 4 tonen aan dat de 

TEAC de antioxidant capaciteit van de moederverbinding plus de 

mogelijke antioxidant capaciteit van de reactieproducten 

vertegenwoordigt. De mogelijke bijdrage van meer dan één verbinding 

aan de TEAC belemmert de toepassing van dit assay voor het vergelijken 

van antioxidanten en voor het maken van structuur activiteits relaties 

(SARs). Het fundament van een SAR is dat de activiteit gekoppeld kan 

worden aan één enkele en goed gedefinieerde moleculaire structuur. 

Niettemin zijn talloze op TEAC gebaseerde SARs opgesteld. 

Nauwgezette analyse van deze SARs, zoals heeft plaatsgevonden in 

hoofdstuk 3, laat inderdaad diverse tegenstrijdigheden zien tussen de in 

deze SAR voorspelde waarde en de daadwerkelijke gevonden activiteit 

van antioxidanten.  

Naast de bijdrage van reactieproducten is een andere belangrijke 

tekortkoming van het TEAC assay de tijdsduur waarbinnen de antioxidant 

met het ABTS• kan reageren. Deze is relatief kort waardoor de reactie 

tussen antioxidanten en ABTS• niet volledig is voltooid binnen de 

tijdsduur van de meting. Dit leidt tot een onderschatting van de TEAC van 

deze verbindingen. Bovendien zijn de condities waaronder de TEAC 

bepaling in diverse protocollen plaats vindt variabel. Deze zwakke 

plekken verklaren grotendeels de verschillen in TEAC waarden, die in de 

literatuur gerapporteerd worden. 

 

In hoofdstuk 5 wordt een wijziging in het TEAC assay voorgesteld. In de 

nieuwe procedure dienen incubaties met verschillende concentraties 

ABTS• en een vaste concentratie antioxidant te worden uitgevoerd. De 

afname in ABTS• na 6 minuten wordt vervolgens uitgezet tegen de begin 

concentratie van ABTS• en gefit met behulp van een exponentiële functie. 

Extrapolatie van de fit naar een oneindige overmaat aan ABTS• resulteert 
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in de maximale concentratie ABTS• die weggevangen kan worden door 

de antioxidant in de gebruikte concentratie. Deze strategie kan gebruikt 

worden voor het bepalen van de werkelijke TEAC van antioxidanten, 

namelijk de totale antioxidant capaciteit. Dit is de som van de antioxidant 

capaciteit van de moederverbinding en de hieruit gevormde product(en). 

 

De invloed van de matrix op het antioxidant effect wordt onderzocht in de 

experimenten beschreven in hoofdstukken 6 en 7. In hoofdstuk 6 

werden antioxidanten aan bloed plasma toegevoegd. De toename in 

TEAC van het bloed werd vergeleken met de TEAC van de antioxidant.  

De resultaten leerden dat de TEAC van verscheidene flavonoïden en 

bloedplasma niet additief is, maar minder is dat de som van de 

afzonderlijke TEAC waarden (van het flavonoïd en het plasma). 

Hoofdstuk 7 liet zien dat de TEAC van diverse componenten van groene 

en zwarte thee met α-, β-, en κ-caseïne lager was dan op basis van de 

afzonderlijke componenten verwacht zou worden. Deze maskering van 

antioxidant capaciteit bleek zowel afhankelijk van het gebruikte eiwit als 

van het flavonoïd en was deels te wijten aan interacties tussen de 

antioxidant en plasma eiwitten. De antioxidant capaciteit van sommige 

hydrofobe verbindingen, zoals bijvoorbeeld α-tocoferol bleek echter niet 

beïnvloed te worden door de interactie.  

 

Met behulp van de experimenten weergegeven in hoofdstuk 8 werd 

aangetoond dat in een glucoserijke omgeving, zoals het geval is in slecht 

gereguleerde Diabetes Mellitus (DM), hydroxyl radicalen snel worden 

omgezet in reactieve, van glucose-afgeleide, deeltjes (RGS). De 

bescherming tegen deze RGS blijkt duidelijk te verschillen van de 

bescherming tegen hydroxyl radicalen. Sommige “antioxidanten” die 

efficiënt beschermen tegen hydroxyl radicalen, vergroten de RGS 

productie zelfs, wat aangeeft dat deze antioxidanten gecontraïndiceerd 

zijn in de bescherming tegen oxidatieve stress in DM. De resultaten laten 

zien dat het effect van een antioxidant zeer sterk afhangt van het type 

radicaal. 

 

In hoofdstuk 9 werden markers zoals F1-fytoprostanen (PPF1s), mono-

hydroxy-vetzuren en veranderingen in antioxidant capaciteit tijdens het 

maischen bestudeerd voor het detecteren van oxidatieve schade aan 

vetzuren gedurende het brouwproces van bier. PPF1s blijken toepasbaar 

te zijn om de mate van oxidatieve schade in het maische mengsel te 

monitoren. Ze zouden kunnen worden gebruikt als kwaliteits marker van 

het maische mengsel. Gevonden werd dat bij maischen verlagen van de 
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zuurstofspanning de oxidatieve schade vermindert en antioxidant 

capaciteit verhoogt. Dit betekent dat maischen bij voorkeur onder lage 

zuurstofspanning uitgevoerd dient te worden.  

 

Perspectief 

Een aantal factoren bepalen de activiteit van antioxidanten. Factoren die 

algemeen onderkend worden zijn de reactiesnelheid van de antioxidant 

met reactieve deeltjes en de toegevoegde hoeveelheid. Factoren waar 

geen of te weinig aandacht naar uitgaat zijn: 

 

Reactieproducten. Zoals aangetoond in hoofdstuk 3-5 kunnen 

reactieproducten ook antioxidant activiteit vertonen. Deze producten 

kunnen in grote mate bijdragen aan de totale antioxidant capaciteit en de 

bescherming. Daarentegen kunnen reactieproducten ook prooxidante of 

toxische effecten hebben, zoals beschreven in hoofdstuk 2. 

 

De matrix. Maskering, veroorzaakt door de interactie van antioxidanten 

met andere bestanddelen van de matrix, kan resulteren in een lagere 

totale antioxidant capaciteit (hoofdstuk 6-7). Dit vermindert de 

effectiviteit van de antioxidanten. Een ander aspect is de lipofiliteit van 

antioxidanten. De lokale concentratie van antioxidanten in bijv. lipide 

membranen hangt primair af van de lipofiliteit van de verbinding. In lipide 

peroxidatie lijkt niet alleen de lipofiliteit maar ook het amfifiele karakter 

van de verbindingen een rol te spelen. De concentratie van een 

antioxidant precies op de plaats waar de antioxidant haar werking uitvoert 

in twee-fase systemen wordt over het algemeen slecht onderkend en 

begrepen. Dit bemoeilijkt een juiste vergelijking van verbindingen, omdat 

de activiteit direct gerelateerd is aan de concentratie op de plaats van 

werking (hoofdstuk 2). 

 

Het type radicaal. Sommige efficiënte scavengers van hydroxyl radicalen 

laten slechts geringe protectie zien tegen reactieve, van glucose-

afgeleide, deeltjes (RGS) (hoofdstuk 8). Dit geeft aan dat verschillende 

typen radicalen andere eisen stellen aan een antioxidant.  

 

In toekomstig antioxidant-onderzoek zou meer aandacht geschonken 

moeten worden aan producten die uit de antioxidant worden gevormd, 

compartimentalisatie, de invloed van de matrix en aan het specifieke 

karakter van reactieve deeltjes waartegen beschermd moet worden. 
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Meer kennis omtrent deze aspecten zal tot een meer accurate 

karakterisering van de activiteit van antioxidanten leiden. Dit draagt er 

tevens toe bij dat het werkingsmechanisme van antioxidanten 

opgehelderd wordt. Dit vormt het fundament om tot een wetenschappelijk 

onderbouwde toepassing van antioxidanten te komen. 
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Bij de totstandkoming van dit proefschrift hebben velen een belangrijke 

rol gespeeld en het is mede dankzij hen dat dit boekje zijn huidige vorm 

heeft gekregen. Een woord van dank is dan ook zeker op z’n plaats.  

 

Allereerst dank aan het promotieteam, bestaande uit promotor Prof. dr. A. 

Bast en copromotores Dr. G.R.M.M. Haenen en Dr. H.-P. Voss.  

Beste Aalt, bedankt dat je me de mogelijkheid hebt geboden om dit 

promotie-onderzoek uit te voeren. Ik denk met veel plezier en waardering 

terug aan onze (nu en dan hoog oplopende) gesprekken en de 

werkbesprekingen met jou en Guido. Deze waren doorgaans zeer 

verhelderend, gaven regelmatig aanleiding tot de nodige (niet altijd even 

relevante) discussies en waren altijd alles behalve saai! Je humor en 

enthousiasme zijn voor mij absoluut een bron van energie en motivatie 

geweest. Dank voor je kundige begeleiding, waar ik “iets” langer gebruik 

van heb mogen maken dan vooraf in de planning lag. In je rol als 

voorzitter van de examencommissie moet het je echter toch deugd doen 

dat je geneeskundestudenten hun studievoortgang zo goed bewaken… 

Beste Guido, elke uitspraak zou te kort doen aan jouw bijdrage tijdens 

mijn AIO-periode. Je bent door je deskundigheid, creativiteit, toewijding 

en enorme betrokkenheid voor mij een grote hulp geweest. Ondanks je 

chronisch overvolle agenda was je altijd bereid tijd vrij te maken om me 

verder te helpen, me een peptalk te geven of om mijn schrijfsels te 

voorzien van je (vaak onleesbaar) kritisch commentaar. Je hebt tijdens 

mijn promotie-onderzoek een meer dan onmisbare rol vervuld, waarvoor 

ik je hartelijk wil bedanken.  

Beste Hans-Peter, als copromotor “op afstand” zagen we elkaar niet heel 

frequent. De momenten dat we afspraken waren daarentegen uitermate 

productief en altijd gezellig. Dank voor de plezierige samenwerking.  

 

Vervolgens wil ik graag mijn collega’s van Humane Toxicologie bedanken 

voor de goede werksfeer en de gezelligheid zowel tijdens als buiten 

werktijd. 

Chris, door mijn eindstage met jou als stagebegeleider ben ik bij  

Humane Toxicologie terechtgekomen. Dit resulteerde vervolgens in de 

mogelijkheid tot het uitvoeren van dit promotie-onderzoek. Hoewel je al 

lang niet meer bij Humane Toxicologie werkzaam bent, hebben we altijd 

leuk contact gehouden. Ik wil je graag bedanken voor de samenwerking, 

en voor de belangstelling die je altijd toont in hetgeen me bezig houdt. 

Gertjan, tegelijkertijd zijn we vanuit Amsterdam naar Maastricht gekomen 

en we hadden meteen een klik. Ik heb je ervaren als een zeer flexibele, 
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buiten het lab. Els, als kersverse doctor loop je een dikke maand op me 

voor. Ik heb genoten van onze wederzijdse peptalks in de afsluitende 
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