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Propositions
1. Quinone/quinone methide isomerisation is involved in the pro-oxidant chemistry of
catechol Bringflavonoids.
(This thesis).

2. ThepHhasasignificant influence onthechemical electrophilicbehaviour ofcatechol
Bringflavonoid quinones/quinonemethides.
(This thesis).

3. Pro-oxidant chemistry of quercetin may occur even under reducing cellular
conditions.
(This thesis).

4. In spite of the use of flavonoid supplements by consumers, the risk-benefit analysis
for these compounds as functional food ingredients or food supplements still needsto
bemade.
5. Quantitative structure-metabolism studies should not be done under sub-saturating
substrateconditions.
Holmes etal., Xenobiotica 25, 1269-81 (1995),Bollard etal, Xenobiotica 26,255-73 (1996), Cupidet
al, Xenobiotica 26, 157-76(1996).

6. The anti-oxidant active moiety in flavonoid anti-oxidants varies with the substituent
pattern.
Jovanovic etal, J. Chem. Soc, Perkin Trans. 2,2497-2504 (1996).

7. The combination of theoretical and experimental approaches in studies on
mechanisms of enzyme catalysis yields interesting differences and shows that a
combination ofthetwowillprovidebetteranswers.
Xu etal.,Biochemistry 40, 12369-78 (2001),Ridder etal, J.A. C. S. 122,8728-8738 (2000).

8. Theterm "biological food" indicates adistinction thatdoesnotexist.
9. Foodmodulation aiming atbeneficial health effects should consider depletion aswell
assuppletion ofbioactive ingredients.
Propositions belonging to the thesis entitled "Studies on The Pro-oxidant Chemistry
ofFlavonoids".
HanemMohamed Awad
Wageningen, 6March 2002
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Introduction

1.1 Flavonoids
Natural polyphenols like flavonoids and their corresponding glycosides are
important constituents of fruits, vegetables, nuts, seeds, tea, olive oil and red wine
(1,2). Flavonoids are a large class of compounds, ubiquitous in plants, and usually
occurring asglycosides. They contain several phenolic hydroxyl functions attached to
ring structures, designated A, B and C (Figure 1)(3). Structural variations within the
rings dividetheflavonoids intoseveralfamilies (Figure 1):
-Flavonols (e.g.quercetin andkaempferol), withthe3-hydroxypyran-4-one Cring.
-Flavones(e.g.luteolin,apigenin andchrysin),lackingthe3-hydroxy group.
-Flavanones (e.g.taxifolin andnaringenin),lackingthe2,3-doublebond.
-Flavanols(e.g.catechin),lackingthe2,3-double bondandthe4-one structure.
- Isoflavones (e.g.genistein),inwhich the Bring is located inthe 3position ontheC
ring.
Common glycosylationpositions inflavonoids are:the7-hydroxylin flavones,
isoflavones and dihydroflavones; the 3- and 7-hydroxyl in flavonols and flavanones;
and the 3-and 5-hydroxyl in anthocyanidins (4).The sugar most usually involved in
the glycoside formation is glucose, although galactose, rhamnose, xylose and
arabinose also occur(4),aswellasdisaccharides suchasrutose.

1.2 Beneficial effects of flavonoids
On average, the daily Western diet contains approximately 1 g of mixed
flavonoids (5), a quantity that could provide pharmacologically significant
concentrations in body fluids and tissues (assuming good absorption from the
gastrointestinal tract). The anti-oxidative properties of these compounds are often
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claimed to be responsible for the protective effects of these food components against
cardiovascular disease, certain forms of cancer and/or photosensitivity diseases.
Furthermore, beneficial health effects in ageing have also been related to antioxidant
action (6-9).
The chemical characteristics of the flavonoids are dependant on their free
radical scavenging activity (10-18). This means the flavonoids may inactivate for
example reactive oxygen species and prevent the deleterious consequences of their
reactions (19). The antioxidant activity of flavonoids is also reflected by their
inhibitory effects on lipid peroxidation (20-22), and on LDL oxidation induced by
copper ions and macrophages (23,24). Flavonoid antioxidants (25,26) may act not
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Introduction
inhibitory effects on lipid peroxidation (20-22), and on LDL oxidation induced by
copper ions and macrophages (23,24). Flavonoid antioxidants (25,26) may act not
onlyby direct quenching ofthe reactive oxygen species,but also in avariety of other
ways including inhibition of enzymes involved in the production of the reactive
oxygen species, chelation of low valent ions (Fe +, Cu+) able to promote radical
formation through Fenton type reactions, and/or regeneration of membrane-bound
anti-oxidants suchasa-tocopherol(vitamine E)(2,27-34).

1.3 Beneficial effects offlavonoids otherthan anti-oxidant action
In addition to their mode of action as antioxidants, flavonoids may inhibit
carcinogenesis by modulation of the metabolism of food-born carcinogens through
inhibition and/orinduction ofphaseIandphase IIbiotransformation enzymes,andby
the suppression of the abnormal proliferation of early, preneoplastic lesions.
Inhibition ofcellproliferation mayresultfrom inhibitionofvariousenzymes involved
in cellular responses to growth factors, including protein kinase C, tyrosine kinase,
phosphatidylinositol 3-kinase and/or the effect of flavonoids on expression of various
tumor-related genes including antioxidant protein genes orthe tumor suppressor gene
p53 (1,35-40). Flavonoids and other plant phenolics are reported to have, in addition
to their free radical scavenging activity, multiple biological activities including
vasodilatory, anticarcinogenic, antiinflamatory, antibacterial, immune-stimulating,
antiallergic, and estrogenic effects, as well as being inhibitors of phospholipase A2,
cyclooxygenase, and lipoxygenase, glutathione reductase, and xanthine oxidase (4154). The flavonoids have also been reported to elicit antiviral activities against HIV,
Herpes simplex, influenza virus, and Rhinovirus, and they can act as inhibitors of
cyclin-dependent kinases from breast carcinoma cells (55-61). Quercetin has also
been shown to mediate the downregulation of mutant p53 in a human breast cancer
cell line (62) and other studies indicate that quercetin-induced growth-inhibitory
activity in ovarian cancer cells may be mediated by modulation of transforming
growth factor beta 1 production(63).
Together these supposed beneficial effects of flavonoids provide the basis for
the present rapidly increasing interest for the use of flavonoids as functional food
ingredients and/or asfood supplements. However, many ofthereported health claims
have been derived from observational epidemiological studies in which specific diets
were shown to be associated with reduced risks on specific forms of cancer,
cardiovascular disease, increased action of the immune system, and/or the reduction
of stress. Identification of the actual ingredient in a specific diet responsible for the
beneficial health effects remains animportantbottle-neck for translating observational
epidemiology to development of afunctional food ingredient.Nevertheless, increased
human exposure to polyphenolic flavonoid-type antioxidants can be expected in the
near future. Also for flavonoids increased future human exposure regimens inducethe
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question ontheirpro-oxidant chemistry, including formation instead of scavenging of
radicalsand/orreactiveelectrophilic intermediates.

1.4 Risk-benefit concerns
In addition to concerns with respect to the existence of scientific support for
the health claims and the proper identification of the active ingredient(s), important
toxicological concerns arise.Paracelsus (1493-1541) already indicated toxicitytobea
matter ofdose,andtoxicological risksmay arisewhen dailydoses ofacompound rise
above a certain threshold limit. For specific food enrichments, for example with
vitamin A (retinoids), vitamin D, folic acid, selenium, copper and zinc, the margin
between the amount functionally required for optimal health and the toxic dose is
known to be small and enrichment of food by these ingredients is at present not
allowed except for food restauration. For the other vitamins and minerals, including
for example the antioxidant vitamins C and E, it is generally assumed that product
enrichments will not lead to increases in doses of consumption by more than 4 to 5
times the daily intake. This may change upon increasing use of functional food
ingredients in a wide range of food items and/or upon the use of isolated compounds
as food supplements.Forantioxidant-type functional food ingredients, athigher doses
toxicpro-oxidant actionsmaybecomeofimportance.

1.5Pro-oxidant chemistry ofortho-dihydroxy substituted aromatics
For a number of or?Ao-dihydroxy substituted aromatic molecules pro-oxidant
chemistry hasbeen documented. Thisholds especially for ort/jo-dihydroxy- (catechol)type metabolites from estrogens and polycyclic aromatic hydrocarbons (64-66).The
possible pro-oxidant toxicity of these catechol-containing compounds has recently
been underlined by studies on the mutagenicity of estrogens. Metabolic activation of
estrogens to redox active and/or electrophilic quinone/quinone methide-type
metabolites has been proposed as one of the mechanisms responsible for the link
between estrogen exposure and the risk of developing cancer (64-66). Especially
catechol (ortAo-diol)-type of metabolites resulting from cytochrome P450 catalyzed
hydroxylation ofestrogensmaybeinvolved(Figure2).
The involvement ofcatechol-type metabolites has also been outlined toplay a
role in the metabolic activation of polycyclic aromatic hydrocarbons (Figure 3)
(67,68). In addition to the conversion of the dihydrodiol metabolites to diol-epoxides
by cytochromes P450, the conversion of the dihydrodiol metabolites of polycyclic
aromatic hydrocarbons by dihydrodiol dehydrogenase may result in formation of
reactive catechol-type metabolites (Figure 3). These catechol-type metabolites are
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suggested to contribute, in addition to the diol epoxides, to the carcinogenicity and
toxicityofthearomatic hydrocarbons.
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Figure3. Metabolic activation ofpolycyclic hydrocarbons tocatechol metabolites (67,68).

Figure 4 presents the mechanism behind the redox chemistry and alkylating
toxicity of catechol-type metabolites. Redox cycling between the catechol and its
quinone generates reactive oxygen species able of damaging cellular macromolecules
like protein and DNA. In addition, oxidation of the catechols to quinones and their
isomeric quinone methides (Figure 4) generates potent electrophiles that could
alkylateproteinsandDNA.
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Figure 4. Schematic presentation of the redox chemistry and alkylating toxicity of catechol-type
metabolites from estrogens and polycyclic aromatic hydrocarbons.
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Taking thistoxic pro-oxidative behaviour of catechol-typemetabolites into account it
is of interest that many flavonoids already contain this catechol-type structural
element without the requirement for an initial bioconversion step. This especially
holds for flavonoids like for example quercetin, taxifolin, luteolin, fisetin and many
others containing a 3',4'-dihydroxy structural elements (Figure 1). For these 3',4'dihydroxyflavonoids their pro-oxidative quinone/quinone methide chemistry is
especially of interest because of their increasing use as functional food ingredients
and/or food supplements.

1.6Roleforcatecholpro-oxidant chemistry inthemutagenicity ofthe flavonoids
Morethan 70 flavonoids havebeentested for mutagenicity indifferent strains
of Salmonella typhimurium in the Ames test (69-72). Only aglycone flavonoids
exhibited appreciable mutagenic activity (61). MacGregor and Jurd (1978) (69)
reported that ten flavonoids, including quercetin, myricetin, kaempferol, tamarixetin
and morin,were mutagenic (Table 1).Among the 16flavonols tested byNagao etal.
(1981) (70), all except the 3-alkoxy derivatives were mutagenic. Among these,
quercetin, rhamnetin and kaempferol were the most mutagenic to Salmonella
typhimurium strains TA 98 and TA 100. Among the 22 flavones tested, only one
compound, wogonin, showed relatively high mutagenicity (70,73,74). Quercetin and
structurally related flavonols (3-hydroxyflavones) are active in both TA 98 and TA
100, the activity being higher in the former. They appear to be activated to DNAreactive intermediates,probably involving initial oxidation of ortho-orpara-hydroxy
groups in the B ring to quinone methide intermediates. A free hydroxyl group at
position 3appears tobe essential for this activity. Quercetin with its vicinal hydroxyl
groups in the B ring, is mutagenic without metabolic activation. Kaempferol, which
has only one hydroxyl group in the B ring, seems to require both an NADPH
generating system and microsomes for activity. Also, the activation of kaempferol
was more efficient in the presence of Aroclor-induced S-9 fraction than of noninduced S-9 fraction, suggesting the involvement of cytochrome P450 in this
mutagenic activation (Table 1). Together the data on mutagenicity of flavonoids
indicate that structural features which are essential for mutagenic activity are a
flavonoid ringstructure with
1)afree hydroxyl group atthe3position(3-OH),
2)adoublebondatthe2,3position(C2=C3),
3)aketogroup atthe4position (C4=0),and
4) astructure which permits theproton ofthe 3-hydroxyl compound totautomerise to
a 3-keto compound.
5) Furthermore, especially compounds with free hydroxyl groups at the 3' and 4'
positions of the B ring exhibit mutagenic activity already without requirement for
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metabolic activation. When free hydroxyl groups are not present in the B ring a
metabolic activating system is required for induction of the mutagenicity (69).
Together these data pointed at the involvement of quinone methides in the
mutagenic activity of flavonoids. In addition to being mutagenic in the Ames test,
quercetin displayed mutagenic activity in tester strains of Escherichia coli and
Saccharomyces cerevisiae (75,76). Quercetin and kaempferol were reported to
increase the frequency of sex-linked recessive mutations in Drosophila melanogaster
(77). Thus with respect to the possible pro-oxidant toxicity it is of interest to notice
that the mutagenic properties of the flavonoid quercetin have been demonstrated in a
variety of bacterial and mammalian mutagenicity tests, and have been related to its
quinone/quinone methide chemistry (1,15,69).

Table 1.Mutagenicity of selectedflavonoidsinSalmonella typhimurium strain TA98 inthepresence
ofS-9mix.Datatakenfromliterature(69).
Flavonoid
quercetin

characteristics
3,5,7,3',4'OH, C2=C3

luteolin

lacks3-OH

fisetin

lacks5-OH

taxifolin

lacks C2=C3

5-O-methylquercetin

conjugated 5-OH

3-O-methylquercetin

conjugated 3-OH

3', 4'-di-0-methylquercetin

conjugated 3'-and 4'-OH

3,3',4'-trihydroxyflavone

lacks 5-and7-OH

kaempferol

lacks 3'-OH

nanomoles/plate mutants/plate
55
706
83
1055
166
2000
166
0
1660
6
166
9
1660
26
166
12
1660
119
166
19
1660
65
166
7
1660
2
166
33
828
15
166
6
1660
3
166
400
1660
117

As regards constituents in foodstuffs, the flavonols quercetin, kaempferol and
myricetin, extracted from green tea and black tea, were suggested to account for the
mutagenic activity of tea in Salmonella typhimurium (78). The fraction containing
astragalin extracted from bracken fern was found to be mutagenic using the Ames test
(79). Quercetin, kaempferol, isorhamnetin-3-sulfate and quercetin-3-sulfate were
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suggested to be the constituents contributing to bacterial mutagenicity in spices and
dill seed (80,81). Several authors have proposed that mutagenic activity of red wine
and other complex mixtures such as tea in the Ames mutagenicity test is due to
flavonols (82,84). However, recent studies using the forward mutation assay, Ara test
(1-arabinose resistance test) of Salmonella typhimurium, considered to be more
sensitive thantheAmestest (85),reported that flavonols may notbethe onlyputative
mutagensincomplexmixtures suchaswine(86).

1.7 Carcinogenicity ofthe flavonoids
Based onthesepositive mutagenicity results inavarietyofbacterial aswell as
mammalian test systems, several studies have investigated the possible
carcinogenicity of especially quercetin. Several animal studies reported no tumor
initiating activity (87-91). In contrast, Pamukcu et al. (1980) (92) reported induction
of intestinal and bladder tumors by quercetin in male and female rats. A study from
the National Toxicology Program (NTP, 1991) (93) in F344/N rats reported some
evidence of carcinogenic activity of quercetin in male rats, based on an increased
incidence of renal tubular cell carcinomas. Erturk et al.(1985) (94) reported bladder
tumors in rats exposed to quercetin. And Dunnick and Haily (1992) (95) reported
quercetintoshowcarcinogenic activityinthekidneyofthemaleF344/N rat.
The mechanism behind this quercetin-mediated toxic effect remains a matter
of debate (96).Ito (1992) (96)suggested apossible factor of special interest tobethe
role of alpha2M-globulin nephropathy in chemically induced renal carcinogenicity, a
nephropathy which isobserved selectively inmalerats only. Suchahypothesis would
be in line with the observations that increased numbers of benign tumors are often
observedinmalebutnotfemale rats(93,95).
Another mechanism which may be of importance for carcinogenicity upon
exposure to quercetin is the hypothesis that overloading the organism with quercetin
may deplete the cofactor for catechol 0-methyltransferases, S-adenosyl-L-methionine
(SAM), because catechol O-methyltransferase metabolism represents an important
metabolic pathway for catechol type flavonoids (97,98).This SAMcofactor depletion
may affect the methylation of catechol estrogens, thereby providing increased
possibilities for estrogen mediated carcinogenesis,because accumulation of catecholtype estrogens in the kidney may stimulate their oxidation to DNA alkylating
electrophilic quinones(65,66,99).

1.8 Objective ofthisthesis
Since flavonoid quinone/quinone methides have been suggested as the major
metabolites and intermediates responsible for the pro-oxidant toxicity and
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mutagenicity of flavonoids, characterisation of fiavonoid quinone chemistry is of
importance. However, little information is available onthe structure and reactivity of
these fiavonoid oxidation products. Therefore, the objective of this thesis was to
investigate the pro-oxidant chemistry of flavonoids and to perform structure activity
studies on the chemical behaviour and toxicity of 3',4'-dihydroxy flavonoids with
special emphasis on the nature and reactivity of the quinone/quinone methide type
metabolites formed. Using the GSH trapping method, HPLC, LC/MS, MALDI-TOF,
1
13
H NMR,
C NMR and quantum mechanical computer calculations the
quinone/quinone methide chemistry of a series of 3',4'-dihydroxyflavonoids could be
characterised. The results provide insight in structure activity relationships for the
chemical behaviour and pro-oxidative toxicity of these electrophilic quinone/quinone
methide metabolites. The results obtained also illustrate that this quinone/quinone
methidechemistry isfarfromstraight forward.
1.9 Outlineofthisthesis
Inordertoobtain better insight onthepro-oxidant chemistry of flavonoids the
pro-oxidant chemistry of quercetin was investigated first. Using the glutathione
trapping method and HNMRthenature and formation ofquercetin quinone/quinone
methides could be demonstrated (chapter 2). In the next step a structure-activity
study on the quinone/quinone methide chemistry of a series of 3',4'dihydroxyflavonoids was performed (chapter 3). Using the glutathione trapping
method followed by HPLC, lH NMR, MALDI-TOF and LC/MS analysis to identify
the glutathionyl adducts,the chemical behaviour ofthe quinones/quinone methides of
the different flavonoids could be deduced. Special emphasis was placed on the
regioselectivity of the GSH conjugation and on the structural requirements in the
flavonoids necessary for quinone/quinone methide isomerisation. Furthermore the
possible pH-dependence of the quinone/quinone methide chemistry of these
flavonoids was investigated with special emphasis on the regioselectivity of the
glutathione addition asafunction ofpH (chapter4).
Whereas chapter 4 describes the mechanism of the pH-dependent chemistry
of fiavonoid quinones/quinone methides, chapter 5 focuses on the reversible nature
and the stability of the thiol conjugate formation with the fiavonoid quinone/quinone
methides. Finally chapter 6 focuses on some initial studies on the possibility to
provide data on the biological relevance of the observed quinone/quinone methide
chemistry inbiological systems.
Finally,the summaryandconclusions arepresented inchapter7.
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2.1 Abstract
The oxidation of quercetin by horseradish peroxidase/r^Ch was studied in the
absence but especially also in the presence of glutathione (GSH). HPLC analysis of
the reaction products formed in the absence of GSH revealed formation of at least
twenty different products, a result in line with other studies reporting the peroxidase
mediated oxidation of flavonoids. In the presence of GSH, however, these products
were no longer observed and formation oftwomajor new products was detected. 'H
NMR identified these two products as 6-glutathionylquercetin and 8glutathionylquercetin, representing glutathione adducts originating from glutathione
conjugation atthe Aring instead ofatthe Bringof quercetin.Glutathione addition at
position 6 and 8 of the A ring can best be explained by taking into consideration a
further oxidation ofthe quercetin semiquinone, initially formed bytheHRP-mediated
one-electron oxidation, to give the or^o-quinone, followed by the isomerization of
theort/io-quinonetoitspara-quinonemethide isomer.
All together the results of the present study provide evidence for areaction chemistry
of quercetin semiquinones with horseradich peroxidase/H202 and GSH ultimately
leading to adduct formation instead of to preferential GSH mediated chemical
reduction toregenerate theparent flavonoid.
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Keywords:quercetin;oxidation; semiquinone;ort^o-quinone;para-quinonemethide;
glutathione adducts

2.2 Introduction
Flavonols are a group of naturally occurring compounds which are widely
distributed innaturewheretheyarefound inglycosylated form primarily invegetables
andfruits (1-3).Anumber ofstudieshavereported notonlyanti-oxidant (1-8)butalso
pro- oxidant (9-11) effects for many of these compounds. Because of its ubiquitous
nature, quercetin has been the most widely studied flavonol. Some of its pro-oxidant
properties have been attributed to the fact that it can undergo auto-oxidation when
dissolved in aqueous buffer (12) resulting in its conversion to semiquinone free
radicals, reactive electrophilic o-quinones and, due to redox cycling, formation of
reactive oxygen species (12-14) (Figure 1).Duetothepresence oftheC4-keto moiety
and the C2-C3 double bond in quercetin, formation of its ort/jo-quinoid type
metabolite provides possibilities for isomerisation to quinone methides, known to be
even more electrophilic than the quinones, and, likethe quinones themselves, capable
of forming adducts with various tissue macromolecules (15-16) (Figure 1). The prooxidant action of flavonoids as well as the electrophilicity of their ortho-qumoneand
quinone methide-type metabolites is of interest especially in the context of
cytotoxicity, mutagenicity and possible carcinogenicity (2). Identification of the
oxidation products of this potential antioxidant may therefore provide deeper insight
into the mechanism of its toxic pro-oxidant action and may form the basis for new
biomarkers forthedetection ofprooxidant activity of flavonoids.
Several literature studies report on the peroxidase-mediated one-electron
oxidation of flavonoids. For quercetin, this one-electron oxidation in peroxidasemediated transformation has been described to lead to incorporation of oxygen into
the flavonoid structure (17-21), followed by enzymatic degradation of the
intermediates to substituted benzoic acids. These acids can be further transformed by
hydroxylation, decarboxylation, and ring fission reactions (22-24), finally leading to
formation of a very complex mixture of polar reaction products (25) (Table I).
Furthermore, peroxidase-mediated metabolism of flavonols is known to result in
oligo- and polymerisation reactions occurring upon the peroxidase-catalysed oneelectron oxidation of the flavonols (10,11). Although peroxidases normally give a
one-electron oxidation (10,11), reaction pathways for oxidation of flavonoids often
include a second one-electron oxidation and/or dismutation of the flavonoid
semiquinone radical, giving rise to quinone-type intermediates (14,26). As a result,
one-electron oxidation processes such as, for example, antioxidant action of a
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flavonoid and/or its conversion by aperoxidase, intheory, may result in formation of
alkylating quinone-typemetabolites.

^ - oxidative stress

OH o
o-semiquinone

^ - oxidative stress

damage through adduct
formation withproteins,
OH

0

o-quinone

O

OH

quercetin5-quinonemethide

GSH, RNA, and DNA

OH OH

quercetin7-quinonemethide

Figure 1. The oxidative pathway of quercetin to quercetin semiquinone, quercetin o-semiquinone and
quercetinpara-quinone methide indicating the formation ofreactive oxygen species and of electrophilic
quinone/quinone methides.

The objective of the present study is to investigate whether the one-electron
oxidation of quercetin, induced by horseradish peroxidase, would give rise to the
formation of quinone-type products. The high reactivity of quinones is known to
21
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Table1-Continued

Name
2-(3,4Dihydroxyphenyl)2hydro--3,5,7-trihydroxy3-methoxy-4H-lbenzopyran-4-one (2
isomers)

2,3-Epoxy-2-(3,4dihydroxyphenyl)-3-40-2(3-hydroxyphenyl)-3,5,7trihydroxy-4H-lbenzopyran-4-onyl-5,7dihydroxy-4H-lbenzopyran-4-one (2
isomers)

A trimer structurally
relatedtothe above
compound

2-(3,4Dihydroxybenzoyl)2,4,6-trihydroxy-3(2H)benzofuranone
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Structural formula
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Oxidizingsystem

Reference

Peroxidase/H202

19

Peroxidase/H202

19

Peroxidase/H202

19

Bulk electrolysis

14
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are based on detection at 290 nm. Product peaks were collected and freeze-dried for
further analysis by *H NMR. Freeze-dried samples were dissolved in 25 mM
potassium phosphate, pH 7.0, made with deuterated water when samples were for 'H
NMRanalysis.
'a NMRmeasurements. 'H NMR measurements were performed on a Bruker DPX
400 spectrometer. A 1.5-s presaturation delay, a 70° pulse angle, and a 2.2 s
acquisition time (7575 Hz sweep width, 32 K data points) were used. The data were
processedusinganexponentialmultiplication of0.5 or 1.0 Hzandzero-filling to64K
datapoints.ResonancesarereportedrelativetoHDOat4.75ppm.

2.3 Results
HPLC analysis of the one-electron oxidation of quercetin. Figure 2a shows the
HPLC chromatogram of the incubation of quercetin in the presence of horseradish
peroxidase and H2O2.The results obtained reveal the formation of more than twenty
products, with one major product (retention time at 22.6 min and Xm^ 295.1 nm)
eluting at a position different from that of quercetin (retention time at 32.2 min and
^max 370.1 n m ) .

Figure 2b shows the HPLC chromatogram of the aqueous fraction of this
incubation remaining after diethyl ether extraction. After this extraction the presence
ofthis major metabolite (at 22.6min) and also thepeak ofquercetin (at32.2min) are
nolonger observed.
The HPLC chromatogram of the diethyl ether fraction of this incubation
(Figure 2c) shows the presence of the majority of products, including the one at
retention time 22.6 min. This means that the majority of products of the peroxidasecatalysed quercetin degradation partitions preferentially into the ether phase instead
of the water phase. Comparing the UV-spectra, it is seen, that the one-electron
oxidation products have maximum absorption at lower wavelength than the parent
compound, indicating decreased conjugation of the aromatic 7C-system (spectra not
shown).
HPLC analysis of glutathione adducts of quercetin. Figure 3a shows the HPLC
chromatogram ofthe incubation performed inthepresence of glutathione. Two major
metabolites canbe detected with retention times at 17.4min and 18.5min and Xmmat
299.9 nm and 295.1 nm, respectively. Clearly, these two products differ from the
oxidation products formed in the absence of glutathione and differ from quercetin as
well.
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Figure 2. HPLC chromatogram of (a) the incubation of quercetin with horseradish peroxidase and
H 2 0 2 in the absence of glutathione, (b) the remaining aqueous layer of the incubation, and (c) the
diethylether extract.

The HPLC chromatogram of the aqueous fraction of this incubation (Figure
3b) showsthe presence ofthetwomajor metabolites with retention times at 15.6min
and 16.7minbecauseofthe acidicmedium.Thismeansthatthesetwometabolites are
watersoluble.
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Figure 3. HPLC chromatogram of (a) the incubation of quercetin with horseradish peroxidase in the
presence of glutathione, (b) the remaining aqueous layer of the incubation, and (c) the diethyl ether
extract.

Figure 3c shows the HPLC chromatogram of the diethyl ether fraction of this
incubation. The two major metabolites are not extracted from the acidic water phase
bydiethyl ether.
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'H NMR characterisationof the quercetin-glutathione adducts. Figures 4a and 4b
showthe ! HNMR spectra ofthe twometabolites collectedfromHPLC. Identification
of the various 'H NMR resonances has been done on the basis of the 'H NMR
chemical shifts andtheir splitting patterns and onthebasis ofcomparison to literature
data for quercetin (14). Table II summarizes the 'H NMR characteristics of the two
metabolites with HPLC retention time at 17.4 and 18.5 min, measured in 25 mM
potassium phosphate inD2O,pD7.0.
Comparison of the 'H NMR spectra of the two quercetin glutathione adducts
to the 'H NMR spectral characteristics of quercetin (spectrum not shown), clearly
revealsthe loss ofthe C6-H and C8-H 'H NMR signals aswell asthe loss ofthe 4JHH
coupling of 1.9 Hzbetween theH6andH8protons.Bothmetabolites still contain the
C5'-H and C6'-H protonsreflected bythetwo doublets with 3JHH= 8.5 Hz inthe6.87.3ppmregion,with theresonance ofC6'-H also showingthe 4JHHcoupling of2.1Hz
with C2'-H. Both metabolites also contain the C2'-H proton giving rise to a signal in
the 7.3-7.4 ppmregionwith a 4JHHcoupling of2.1Hzwith C6'-H. Thus,the 'HNMR
spectrapresented in Figure 4 demonstrate that the two glutathionyl-quercetin adducts
detected in the incubation of quercetin with horseradish peroxidase inthe presence of
glutathione, represent 6-glutathionylquercetin and 8-glutathionylquercetin. This
implies glutathione adduct formation in the A ring instead of in the B ring of
quercetin, even though the orZ/jo-quinone moiety is expected to be formed in the B
ring upon oxidation of the 3'-OH, 4'-OH catechol-like motif upon peroxidasemediated one-electron oxidation of quercetin in the presence of GSH. It also implies
that the adducts formed are identical to the adducts we identified previously upon the
tyrosinase-mediated two-electron oxidation ofquercetin inthepresenceofGSH(30).

2.4 Discussion
Inthepresent study quercetinwasincubated withhorseradishperoxidase/H2C>2
to generate the one electron oxidized quercetin semiquinone. Previous studies have
actually demonstrated the formation of a quercetin ort/io-semiquinone radical upon
the conversion of quercetin by a peroxidase, using stabilisation of the radical by Zn2+
complexation (11). In the present study, the incubation of quercetin with
peroxidase/H202was performed in the absence but especially also inthe presence of
glutathione (GSH). Literature studies generally report arole for GSH in the chemical
reduction ofthe (semi)quinones leading to theparent catechol-type flavonol molecule
(32).However, some studies have reported onthe ability ofGSHtoscavenge possible
quinone-type reaction products formed during reaction (15,27-29). HPLC analysis of
the reaction products formed in the absence of glutathione revealed formation of at
leasttwentydifferent products,aresultinlinewithotherstudiesreporting onthe
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Figure 4.
H NMR spectra of the two metabolites formed in the incubation of quercetin with
horseradish peroxidase in the presence of glutathione and eluting from the HPLC at 17.4 min (8glutathionylquercetin) (a) and 18.5 min (6-glutathionylquercetin) (b), both measured in 25 mM
potassium phosphate in D20, pD 7.0. The number of filled circles and filled triangles indicates the
numberofprotons the signalrepresents.
Table II. 'HNMR Characteristics ofthe Two Metabolites withHPLC Retention Times at 17.4and
18.5min ,Measured in 25mMPotassium Phosphate inD 2 0, pD = 7.0
Structure

HO

7

NMR characteristics
5.88 (s,H6),6.85 (d, 3JHH= 8.5 Hz, H5'),7.25 (dd, 3JHH = 8.5 Hz,
"JHH= 2.1 Hz,H6'), 7.32 (d,4JHH =2.1 Hz,H2'), 1.86 (m,3JHu.H„=
6.5 Hz,3JHp.Ha= 6.9 Hz,3JHp.Ha= 9.0 Hz,Glu-H„),2.14 (tr, 3JH7.Hp=
9.0 Hz,3JHy-Hf5= 6.9 Hz, Glu-Hr), 2.56 (dd, 3JHDI-HC= 9.1 Hz, 2 J H5I .
HP2 = 14.2Hz,Cys-Hu,), 2.68 (dd, 3JHf,2.Ha=4.8 Hz, 2JHp2-HPt = 14.2
Hz,Cys-Hp2), 3.43 (d,2JHai-Ha2= 17.3Hz, Gly-Hal), 3.53 (d,
2
JHa2-Hai = 17.3Hz,Gly-H„2), 3.55 (tr, 3JH«.HP= 6.5 Hz,Glu-Ha) and
4.12 (m, 3JH«-H|S2 = 4.8 Hz, 3JH<X-HPI = 9.1 Hz, Cys-Ha) (Fig.

4a).

6.02 (s,H8),6.80 (d, 3JHH = 8.5 Hz,H5'), 7.23 (dd, 3JHH= 8.5 Hz,
4
JHH = 2.1 Hz, H6'), 7.30 (d, 4 J H H = 2.1 Hz,H2'), 1.90 (m, 3JHp-Ho=
6.9 Hz,3JH|j.Ha= 6.9 Hz,3JH|i-Ha= 8.6 Hz,Glu-Hp),2.23 (tr, ']Hrm =
8.6 Hz,3JHY_Hp= 6.9 Hz,Glu-HY),2.44 (dd, 3JHpi-H<x= 9.8 Hz,2JHp2_
HP,= 14.2Hz, Cys-H,,,), 2.84 (dd, 3JHp2-Ha=4.2Hz,2JHp2.Hpi = 14.2
Hz,Cys-Hp2),3.43 (d,2JHai-Ha2= 17.2Hz,Gly-Hal), 3.53 (d,
'JHOI-HOI = 17.2Hz,Gly-Haj), 3.57 (tr, 3JHa-Hf3= 6.9 Hz,Glu-Ha) and
3.89 (m,3JHa.HD2 = 4.2 Hz, 3JH„-H|ii = 9.8 Hz,Cys-Ha)(Fig.4b).
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peroxidase mediated oxidation of flavonoids, including kaempferol and quercetin
(11,19-25,33,34). Table I summarizes the nature of several of the reaction products
reported in the literature to be formed upon the chemical or enzymatic oxidation of
flavonoids (11,14,22,31,35-38). The general picture emerging from these studies is
that the oxidation of flavonoids is complex, resulting in a wide variety of, in many
cases,unidentified reactionproducts.
Surprisingly, when, in the present study, the reaction between horseradish
peroxidase/H202 and quercetin was performed in the presence of GSH, only two
major products could be detected on HPLC. These two products were shown to be
water soluble, although quercetin itself is relatively insoluble in water surroundings.
The products were purified by HPLC and identified by rH NMR analysis as 6glutathionylquercetin and 8-glutathionylquercetin, representing glutathione adducts
originating from glutathione conjugation at the A-ring instead of at the B ring of
quercetinquinone.
Previous studies incubating flavonoids with peroxidases in the presence of
glutathione have indicated the capacity of GSH to scavenge the flavonoid
semiquinone radical, thereby regenerating the flavonoid and generating reactive
oxygen species leading to toxicity (11,36). This reaction appeared to be especially
efficient for flavonoids like apigenin, naringenin and naringin but not for quercetin
(32). Upon oxidation of quercetin by lipoxygenase in the presence of a 4 fold excess
of GSH over quercetin, there was no measurable regeneration of quercetin (11). The
resultsofthepresent studyshowthatuponperoxidase mediated oxidation ofquercetin
in the presence of GSH two glutathionylquercetin adducts are formed. This provides
an explanation for the lack of significant GSH to GSSG oxidation in these previous
studies.
Products formed as a result of quercetin oxidation by horseradish
peroxidase/H202intheabsence ofglutathione were nolonger observed in incubations
with glutathione. This suggests that the formation of the reaction products in the
absence orpresence of glutathione proceeds throughthe samereactive intermediates.
Thepossibility that inthe incubation with GSH theproducts formed without GSHare
suppressed by electron transfer from GSH canbe excluded, because the 'H NMR and
HPLC data ofatotal incubation of quercetin with HRP inthe presence of GSH show
no indication of significant formation of GSSG (see, for example, Figure 3a inwhich
GSSGshouldgiveapeakat 12.9min).
The nature of the glutathionylquercetin adducts formed in the presence of
glutathione provides indirect evidence for the nature of some of these reactive
quercetin intermediates. Glutathione addition at positions 6 and 8 of the A ring can
best be explained by taking into consideration a further oxidation of the quercetin
semiquinone to give the orf/zo-quinone, followed by the isomerization of the orthoquinone to its para-quinone methide isomer (Figure 5). In contrast to the orihoquinone,thepara-quinonemethide isomer of quercetin quinone contains electrophilic
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character at the C6 and C8 positions in the A ring, providing an opportunity for the
formation of the C6- and C8-glutathione adducts (30). It is known that quinone
methides are even more reactive than the corresponding ortho-quinone isomers
(15,28,39). Such an increased reactivity of the quinone methide as compared to the
ort/ro-quinone will result in a shift of the equilibrium in favour of thepara-quinone
methideanditsC6-andC8-glutathione adducts.
Horseradish peroxidase is known to catalyze one electron substrate oxidation
(10,11). The results of the present study indicate formation of the two-electron
oxidized quinone/quinone methide followed by its efficient conjugation with GSH.
Thistwo-electron oxidizingpathwayapparently competesefficiently withthepathway
leading to GSH mediated one electron reduction ofthe semiquinone toregenerate the
parent quercetin such as observed for other flavonoids like naringenin, naringin, and
asparigin (32). Whether this is due to an efficient second one-electron oxidation step
of the quercetin semiquinone radical by horseradish peroxidase, an efficient
dismutation of two quercetin semiquinone radicals, and/or the redox potential of
quercetin semiquinone, hampering its one electron reduction by GSH, remains to be
investigated. Suchtwo-electron oxidation (i.e.two subsequent one-electron oxidation)
byHRPhavepreviouslybeendemonstrated forothersubstratesaswell(40,41).
Finally, it is of interest tonote that many flavonoid preparations are atpresent
already marketed as herbal medicines or dietary supplements. Results of the present
studyillustratethatthepro-oxidativebehavior oftheseflavonoidsisatpresent still far
from understood. In addition, the results indicate that the behaviour of these
compounds in the presence of enzymes like peroxidases may result in formation of
reactive alkylating reaction products. Some studies have suggested a role for
quinone/quinone methides in the mutagenicity of compounds like quercetin (2,42).
The results of the present study provide experimental evidence for the formation of
such quinone/quinone methide type metabolites form quercetin upon its enzymatic
conversion in one electron oxidation reactions. In addition to the horseradish
peroxidase/H2C>2 system, the antioxidant action of quercetin is another process
generating quercetin semiquinone radicals. Whether the supposed beneficial effect of
quercetin as an antioxidant is also accompanied by formation of the alkylating
quinone methides and to what extent this pro-oxidative toxic potential of quercetin
should be taken into account during the future development ofthe compound as asocalled beneficial functional food ingredient, are questions requiring careful
examination. This holds especially whentaking into account the results of thepresent
study.
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Figure 5.Amechanistic scheme forformation of6- and8-glutathionyl quercetin from thequercetin
quinone methides.
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3.1Abstract
A structure-activity study on the quinone/quinone methide chemistry of a
series of 3',4'-dihydroxyflavonoids was performed. Using the glutathione trapping
method followed by HPLC, ! H NMR, MALDI-TOF, and LC/MS analysis to identify
the glutathionyl adducts, the chemical behavior of the quinones/quinone methides of
the different flavonoids could be deduced. The nature and type of mono- and diglutathionyl adducts formed from quercetin, taxifolin, luteolin, fisetin, and 3,3',4'trihydroxyflavone show how several structural elements influence the
quinone/quinone methide chemistry of flavonoids. In line with previous findings,
glutathionyl adduct formation for quercetin occurs at positions C6 and C8 of the A
ring, due to the involvement of quinone methide type intermediates. Elimination of
the possibilities for efficient quinone methide formation by (i) the absence of theC3OHgroup (luteolin),(ii)theabsence oftheC2=C3 doublebond(taxifolin), or(iii)the
absence ofthe C5-OHgroup (3,3',4'-trihydroxyflavone) results in glutathionyl adduct
formation at the B ring due to involvement of the ortho-quinone isomer of the
oxidized flavonoid. The extent of di-versus mono-glutathionyl adduct formation was
shown to be depend on the ease of oxidation of the mono-adduct as compared to the
parent flavonoid. Finally,unexpectedresultsobtained with fisetin provide new insight
into the quinone/quinone methide chemistry of flavonoids. The regioselectivity and
nature of the quinone adducts that formed appear to be dependent on pH. At pH
valuesabovethepKafor quinoneprotonation, glutathionyl adduct formation proceeds
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at the A or B ring following expected quinone/quinone methide isomerisation
patterns. However, decreasing the pH below this pKa results in a competing pathway
inwhichglutathionyl adductformation occursintheCring oftheflavonoid, whichis
preceeded by protonation of the quinone and accompanied by H2Oadduct formation,
also in the C ring of the flavonoid. All together, the data presented in this study
confirm that quinone/quinone methide chemistry canbe far from straight forward, but
the studyprovides significant new data revealing an important pH-dependence for the
chemicalbehavior ofthisimportant classofelectrophiles.

3.2 Introduction
Flavonoids,whicharewidelydistributed ingreenvegetables, fresh fruits, nuts,
seeds, tea, olive oil, and red wine (1,2), have recently been identified as a major
cancer-preventive component of our diet because of their antioxidative, oxygen
radical scavenging, and anti-inflammatory activities (2-5). There are also claims that
they are anti-artherosclerotic (6,7) and, in addition, may provide beneficial health
effects in ageing (1,4). However, depending on the concentration and OH substituent
pattern,thesepolyphenolic compounds canalso actaspro-oxidants (8-10).This holds
true especially for flavonoids containing a catechol-like 3',4'-dihydroxysubstituent
pattern in their B ring as in, for example, quercetin (Table 1) (9,10). This catechol
moiety provides possibilities for efficient autoxidation and/or enzymatic one- as well
as two-electron oxidation of the flavonoid, all resulting in the formation of
semiquinone- and quinone-type metabolites. These semiquinone- and quinone-type
metabolites mayact aselectrophiles binding tocellular macromolecules and mayalso
resultintheproduction ofreactiveoxygen speciesthroughredoxcycling (11,12). The
ability of quinones toredox cycle and create reactive oxygen species and their ability
to form covalent adductswith cellular macromolecules arethebasis for theirpotential
harmful pro-oxidative effect. The mutagenicity of quercetin is an example of a
harmful effect ascribed to the formation of such alkylating quinone-type metabolites
(2,13,14).Furthermore, the carcinogenic effects of estrogens and polycyclic aromatic
hydrocarbons have recently also been linked to the formation of catechol-type
metabolites which subsequently (auto)-oxidize to reactive quinones, resulting in
similartoxicmechanisms(11-13,15).
Previous studies that included incubating flavonoids with peroxidases in the
presence of GSH have indicated the capacity of GSH to scavenge the flavonoid
semiquinone radical, thereby regenerating the flavonoid and generating oxidized
glutathione and reactive oxygen species leading to toxicity (10,16). This reaction
appeared to be especially efficient for flavones and flavanones containing a phenoltype substituentpattern intheirBring(16,17).TheGSHoxidizing pro-oxidant
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Table1.Substituentpatternsandstructurecharacteristicsoftheflavonoids ofimportancefor
thestudypresenthere

quercetin
taxifolin
luteolin
fisetin
3,3',4'-trihydroxyflavone

3'-OH
+
+
+
+
+

4' -OH
+
+
+
+
+

3-OH
+
+
+
+

C4=0
+
+
+
+
+

5-OH
+
+
+
-

7-OH
+
+
+
+
-

C2=C3
+
+
+
+

OH OH

quinonemethideIII

quinonemethideII

quinonemethideI

Figure1.Quinone/quinonemethideisomerisationofquercetin.

activity of this type of flavones and flavanones seemed to partly correlate with the
high one-electron redox potential of the corresponding phenoxyl radicals (16,18).
Flavonoids containing a catechol-type substituent pattern in their B ring did not cooxidize GSHwhen oxidized byhorseradish peroxidase (HRP),presumably becauseof
their lower one-electron redox potentials, although it was observed that some GSH
depletion did occur without oxygen uptake or GSSG formation (16,18). Thus the
absence of GSH oxidation upon HRP catalyzed oxidation of quercetin may be due to
GSH conjugate formation of the quercetin quinone / quinone methide. Using the
glutathione trapping method for scavenging of the reactive and unstable quinoid-type
metabolites (19-21), we recently identified these glutathione conjugates of the
quinoid-type metabolite of quercetin. The same adducts were formed upon one- or
two-electron oxidation of quercetin catalyzed by HRP (22) or tyrosinase (23),
respectively. Surprisingly, glutathione addition tothe quinoid metabolite of quercetin,
inboth cases,occurred inthe Aring instead of inthe catechol containing Bring. The
formation of 6-glutathionyl- and 8-glutathionylquercetin pointed at efficient
isomerisation of the o?t/io-quinonequercetin metabolite to quercetin quinone methide
37

Chapter3
isomers (Figure 1). It can be foreseen that this non-enzymatic isomerisation of
quercetin o/t/io-quinone to its quinone methides will depend on the structure of the
polyphenol compound. Therefore, theobjective ofthis studywastofurther investigate
the quinone/quinone methide chemistry of a series of 3',4'-dihydroxyflavones using
the GSHtrapping method. Special emphasis was placed onthe regioselectivity ofthe
GSH conjugation and on the structural requirements in the flavonoids necessary for
quinone/quinone methide isomerisation, taking into consideration the role of
especially the C2=C3 double bond, the C3-OH group and the C5- and C7-hydroxyl
moieties of quercetin. Thus, the quinone/quinone methide chemistry of taxifolin,
luteolin, fisetin, and 3,3',4'-trihydroxyflavone was investigated and compared to that
previously elucidated for quercetin.

3.3Materials andMethods
Materials. Quercetin (toxic, exhibits mutagenic activity) was obtained from Acros
Organics (New Jersey, USA). Fisetin (irritant) was from Aldrich (Steinheim,
Germany). Luteolin and 3,3',4'-trihydroxyflavone were from Indofine (Somerville,
USA). Taxifolin was obtained from ICN Biomedicals Inc. (Ohio, USA). Horseradish
peroxidase was obtained from Boehringer (Mannheim, Germany). Glutathione,
reduced form, was purchased from Sigma (St Louis, MO, USA). All substrates were
98-99 % pure. Hydrogen peroxide, potassium hydrogen phosphate, potassium
dihydrogen phosphate, and trifluoroacetic acid were purchased from Merck
(Darmstadt, Germany). Deuterium oxide was obtained from ARC Laboratories
(Amsterdam, The Netherlands). Acetonitrile and methanol were HPLC grade from
Lab-Scan,Analytical Sciences(Dublin,Ireland).
Incubationofflavonoids withglutathione. To a starting solution of flavonoid (final
concentration of 150uMaddedfroma 10mM stock solution inmethanol) in 25mM
potassium phosphate (pH 7.0) containing glutathione (final concentration of 1.0 mM)
was added HRP to a final concentration of 0.1 uM, followed by addition of H 2 0 2
(final concentration of 200 uM added from a 20 mM stock solution in water). Upon
incubation for 8minutesat25°C,theincubation mixturewasanalyzedbyHPLC.
pH-dependencefor incubationoffisetin withglutathione. To a starting solution of
fisetin (final concentration of 150 uM added from a 10 mM stock solution in
methanol) in 25 mM buffer with a pH varying between 3.5 and 11.0 (prepared
according to the literature {24-26)), containing glutathione (final concentration of 1.0
mM) was added HRP to a final concentration of 0.1 uM, followed by addition of
H 2 0 2 (final concentration of 200 uM added from a 20 mM stock solution in water).
Upon incubation for 8 minutes at 25°C, the incubation mixture was analyzed by
HPLC.
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Analytical highperformance liquid chromatography. HPLC was performed with a
Waters M600 liquid chromatography system. Analytical separations were achieved
using anAlltima CI8 column (4.6 mmx 150mm)(Alltech, Breda, TheNetherlands).
The column was eluted at 0.7 mL/min with water containing 0.1 % (v/v)
trifluoroacetic acid.Alineargradient from 0to30%acetonitrile overthe courseof 18
minutes was applied, followed by 2 minutes isocratic elution with 30 % acetonitrile.
Hereafter, a linear gradient from 30to 100%acetonitrile wasused overthe course of
10 minutes. The percentage of acetonitrile was kept at 100 % for an additional 10
minutes. An injection loop of 10 uL was used. Detection was carried out with a
Waters 996 photodiode array detector measuring spectra between 200 and 450 nm.
The chromatograms presented here are based on detection at 290 nm. Product peaks
were collected and freeze-dried for further analysis by H NMR, MALDI-TOF and
LC/MSanalysis.Freeze-dried sampleswere dissolved in25mMpotassium phosphate
(pH7.0),madewithdeuteratedwaterwhen sampleswereusedfor HNMRanalysis.
NMRmeasurements. HNMRmeasurements wereperformed onaBrukerDPX400
orBruker AMX 500 spectrometer. A 1.5 spresaturation delay wasused, along witha
70°pulse angle and a2.2 sacquisition time(7575 Hz sweep width, 32 Kdatapoints,
7°C). The data were processed using an exponential multiplication of 0.5 or 1.0Hz
and zero filling to 64 K data points.Resonances arereported relative to HDO at 4.79
ppm. 13CNMRmeasurementswereperformed inadeuteratedmethanol/D20mixture
at 15°C with a dedicated 5mm 13 C NMR probe (32000 Hz sweep width, 65 K data
points,28000scans).
Liquid chromatography'/mass spectrometry. LC/MS analysis was performed to
further characterize the peaks inthe HPLC elution patternthat couldnotbe identified
asoneofthereference compounds.Aninjection volumeof 10uLfrom the incubation
mixture or from the purified metabolite dissolved in potassium phosphate (pH 7.0)
was used, and separation of the products was achieved on a 150 mm x 4.6 mm
Alltima C18 column (Alltech, Breda, The Netherlands). A gradient from 10to 30 %
acetonitrile in water containing 0.1 % (v/v) trifluoroacetic acid was applied at a flow
of 0.7mL/min overthe course of 13minutes.Thepercentage ofacetonitrile waskept
at 30 % for 2 minutes and then increased to 100 % over the course of 2 min. Mass
spectrometric analysis (Finnigan MAT95,SanJose,CA,USA)wasperformed in the
positiveelectrospray modeusingasprayvoltageof4.5kVandacapillary temperature
of 180°Cwithnitrogen assheath andauxiliarygas.
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MALDI-TOF-mass spectrometry.
A saturated solution of oc-cyano-4hydroxycinnamic acid in 1%trifluoroacetic acid/49.5% acetonitrile/49.5% H 2 0 (v/v)
mixturewasused asthematrix solution. Freeze-dried sampleswere dissolved in20%
(v/v) acetonitrile in water. The dissolved samples were diluted 2-1000-flold in the
matrix solution. A 1(XL volume of the sample/matrix solution was deposited directly
on a welled plate, air-dried, and introduced into the mass spectrometer. Spectra were
measured with a Voyager-DE spectrometer (PerSeptive Biosystems) in the positive
reflector mode. The MALDI spectra were externally calibrated using bradykinin
(monoisotopic m/z of 1060.57) and one matrix peak (dimeric a-cyano-4hydroxycinnamicacid,monoisotopic m/zof379.09).
Molecularorbitalcalculations. Molecular orbital calculations were carried out on a
Silicon Graphics Indigo2 workstation using Spartan 5.0 (Wavefunction Inc.). The
semiempirical AMI method was applied (27). Geometries were fully optimized. The
energy of the highest occupied molecular orbital (EHOMO) of the 3',4'dihydroxyflavonoids under investigation and their corresponding 2'-glutathionyl
adducts was calculated as the parameter to quantify their ease of oxidation, because,
following Koopman'stheorem -EHOMOequals the ionization potential of a compound.
Inthesecalculations,theglutathionylmoietycanbemodeled asCH3S (28-30).

3.4Results
HPLCanalysisofglutathioneadductsofflavonoids. PanelsaandbofFigure2show
the HPLC patterns of the incubation of taxifolin with HRP (0.1 and 0.2 uM,
respectively) in the presence of glutathione. Using a small amount of HRP, not all
taxifolin is converted and only one major metabolite peak (fa 21.9 min) can be
detected eluting at a position different from that of the parent flavonoid. With
increasing HRPconcentration, all taxifolin is converted upon 8min of incubation and
two major metabolite peaks are formed eluting with retention times of 20.1 min and
21.9min, respectively.
Panels c and d of Figure 2 show the HPLC patterns of the incubation of
luteolin with HRP (0.1 and 0.2 ^M, respectively) in the presence of glutathione. In
both cases two metabolites canbe detected eluting at aposition different from thatof
the parent flavonoid, but the ratio between the twoproducts appears to vary with the
amount of HRP added. With a smaller amount of HRP, not all the luteolin is
converted and the metabolite with a retention time of 24.6 min appears to be the one
initially formed. Increasing the HRP concentration from 0.1 to 0.2 |0.M changes the
ratio ofthepeak areas ofthe metabolites eluting at 22.2 min and 24.6min from 0.5 :
1to2 : 1.
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Panels a and b of Figure 3 show the HPLC patterns of the incubations of 3,3',4'trihydroxyflavone and fisetin with HRP in the presence of glutathione. For 3,3',4'trihydroxyflavone, formation of one major metabolite is observed. For fisetin, two
major metabolites with retention times of 15.6 min and 16.5 min can be detected
eluting at a position different from that of the parent flavonoid. For 3,3',4'trihydroxyflavone andfisetin anincrease intheHRPconcentration from 0.1to0.2uM
didnotmodify themetabolite profile.
Identification of the glutathionyl flavonoid adducts. (1) Influence of the C2=C3
doublebondandtheresultsfor taxifolin. The HNMRspectrum ofthe peakwitha
retention time of 21.9 min (Figure 2a) reveals that this peak is a mixture of two
metabolites which could be separated isocraticaly using 10% acetonitrile in water
containing 0.1 %(v/v)trifluoroacetic acid into twometabolites showing a peak area
ratio of 7 : 3 (HPLC chromatogram not shown). LC/MS analysis of the purified
metabolites shows an M+l peak for both metabolites at m/z 610 (data not shown).
This indicates the formation of two different mono-glutathionyl adducts. Table 2
presents the H NMR characteristics of taxifolin and these two major glutathionyl
adducts formed upon incubation oftaxifolin with HRPinthepresence of glutathione
and collected from HPLC. Comparison ofthe HNMRdata ofthe major metabolite
(70 %)to those of taxifolin (Table 2) (31,32) reveals the loss of especially theH2'
signal as well as the loss of the 4JH2'- W coupling of 2.1 Hz. Splitting patterns and
resonances of all other aromatic protons are comparable to those of taxifolin itself.
Comparison ofthe HNMRdataoftheminor metabolite (30%)tothose of taxifolin
(Table 2)(31,32) revealsthelossofespeciallytheH5' signal aswell astheloss ofthe
3
JH5'- H6' coupling of 8.2 Hz. Splitting patterns and resonances of all other aromatic
protons are comparable to those of taxifolin itself. In H NMR measurements, the
H2/H3 resonances of taxifolin and of the adducts are in part invisible due to peak
overlap with the water resonance. However, varying thetemperature from 7to45°C
gradually reveals these resonances indicating the presence of the saturated C2-C3
bond in all compounds. In addition to the aromatic and the H2/H3 H NMR
resonances, the H NMR spectra of the adducts show the H resonances of the
glutathionyl side chain (Table 2).Onthebasis ofthese HNMRcharacteristics and
the LC/MS data these two metabolites canbe identified as 2'-glutathionyl- and5'glutathionyltaxifolin respectively.
When the HRP concentration is increased, all the parent compound was
converted and an additional major metabolite was observed (Figure 2b). LC/MS
analysis ofthe purified metabolite shows anM+l peak atm/z915(data notshown).
This indicates theformation ofa di-glutathionyl adduct. Comparison ofthe HNMR
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Figure 3. HPLC chromatograms of the incubations of (a) 3,3',4'-trihydroxyflavone and (b) fisetin
with HRP inthepresence ofglutathione atpH 7.0.

data of this additional metabolite (retention time of 20.1 min) to those of taxifolin
(Table 2) (31,32)reveals the loss of especially the H2' and H5'signals aswell as the
loss of the 4JH2'-H6' coupling of 2.1 Hz and the 3JHS'-H6' coupling of 8.2 Hz. Splitting
patterns and resonances of all other aromatic protons are comparable to those of
taxifolin itself. On the basis of these H NMR characteristics and LC/MS data this
metabolite canbeidentified as 2',5'-diglutathionyltaxifolin.
Thus, when the absence of the C2=C3 double bond in the flavonoid prevents
extension of the quinoid isomerisation to A ring, the glutathionyl adducts of the
oxidized flavonoid areformed intheBringpreferentially atC2'andsubsequently also
atC5'.
(2)Influence of the C3-OHgroup and the resultsfor luteolin. Using luteolin the
influence ofthe absence ofthe C3-OH onthe quinone/quinone methide isomerisation
was investigated. MALDI-TOF analysis of the purified metabolites from HPLC with
retention times of 24.6 and 22.2 min reveals peaks at m/z 592 and 897, respectively
44

Quinone/quinonemethidechemistryofflavonoids
(datanot shown).Thisindicatestheformation ofamono-andadi-glutathionyl adduct
with retention timesof24.6and 22.2min,respectively (Figure 2c,d).Thedi-adduct is
the onewiththe lowerretention time (22.2min)andalsotheoneformed in increasing
amountsupon increasingtheHRPconcentration (Figure2c,d).

Table 3. HNMR resonances andcoupling constants of luteolin and thetwo glutathionyl
adductsofluteolin(Labeled2'-GS-lutand2',5'-diGS-lut)
luteolin

',5'-diGS-lut (tR=22.2 min)

2'-GS-lut (tR = 24.6 min)

Chemical Coupling
shift
constant
(ppm)
(Hz)

Chemical
shift
(ppm)

H6

5.99 (d)

6.15(d)

4

JH6-H8 = 1 . 9

H8

6.26 (d)

JH8-H6 = 1 . 9

4

H3
H5'

6.40 (s)
6.78 (d)

6.33 (d)
6.29 (s)

H2'

7.25 (d)

H6'

7.28
(dd)

3

JH5<-H6<= 8.4

6.85 (d)

Coupling
constant
(Hz)
T
J

H6-H8

T

—

Chemical
shift
(ppm)

Coupling
constant
(Hz)

2.0

6.10(d)

JH6-H8= 2.0

2.0

6.31 (d)

JH8-H6 =

2.0

6.26 (s)
J

H5'-H6' " = 7.8

JH2'-H6' = 2.1
3

J H 6'-H5'=8.4

6.99 (d)

3r
J
H6'-H5

= 7.8

7.06 (s)

JH6'-H2' = 2.1

GluHp

1.73 (m)

1.66 (m)

Glu Hyl

1.86 (m)

1.80 (m)

G1UHY2

2.06 (m)

1.92 (m)

CysHpM

2.80 (dd)

2.95 (m)

Cys H02

3.13 (dd)

3.03 (m)

Gly H a l

3.40 (d)

3.33 (d)

GlyHa2

3.42 (d)

3.33 (d)

Glu-Ha

3.46 (m)

3.37 (m)

Cys H a

3.71 (m)

4.19 (m)

Table 3 presents the H NMR characteristics of these two glutathionyl
adducts. Comparison of the H NMR data of these two metabolites to those of the
luteolin (Table 3) (31-33)reveals the loss of especially the H2' signal as well as the
loss of the 4JH2'-H6' coupling of 2.1 Hz for the mono-adduct. For the di-glutathionyl
adduct, the data indicate the loss of the H2' and H5' signals as well as of the 4JH2'-H6'
3

1

coupling of2.1Hzandthe JHS'-H6'coupling of 8.4 Hz.In addition tothe aromatic H
resonances, the HNMR spectra of both luteolin adducts show the Hresonances of
the glutathionyl side chain (Table 3). On the basis of these H NMR characteristics
and the MALDI-TOF data, these two metabolites could be identified as 2'-

45

Chapter3
glutathionylluteolin and 2',5'-diglutathionylluteolin. Thus, upon the peroxidase
mediated oxidation of luteolin, the ortho-quinone of luteolin givesriseto glutathionyl
adduct formation intheB-ring ofluteolin initiallyatC2'andsubsequently alsoatC5'.

Table 4. HNMR resonances and coupling constants of 3,3',4'-trihydroxyflavone and the
glutathionyl adducts of 3,3',4'-trihydroxyflavone (Labeled 2'-GS-3,3',4'-triOH-flavone and
5'-GS-3,3',4'-triOH-flavone)

3,3',4'-trihydroxyflavone 2'- GS-3,3',4'-triOH-flavone (major)
Chemical

H5'
H6

H6'

Coupling

Chemical

Coupling

shift

constant

shift

constant

shift

constant

(ppm)

(Hz)

(ppm)

(Hz)

(ppm)

(Hz)

7.33 (tr)

JH6-H8= 1.4

6.83 (d)
7.35 (tr)

7.58
(dd)

Coupling

Chemical

5'-GS-3,3',4' -triOH-flavone (minor)

JHS'-He " = 8.5
4

T

1.3
7.1
8.1
= = 8.5
JH6'-H5'
4
T
= 1.4
JH6-H8~~
3T
JH6-H7~~
3T
JH6-H5~~

6.88 (d)
7.32 (tr)

6.93 (d)

3T
JH5'-H6'

=8.3
4
T
1.2
JH6-H8 ~
3T
7.6
JH6-H7 ~
3T
8.1
JH6-H5 ~
= = 8.3
JH6'-H5'

JH6-H7= 8.6
JH6-H5= 8.2

7.08 (d)
JH6'-H2' = 1 . 5

JH6-H2 "

H8

H7

H2'
H5

7.65
(dd)

4

7.68 (tr)

4

7.75 (d)
8.08
(dd)

GluH(3
GluHy
CysHpl
CysHP2
Gly Hal
GlyHa2
Glu-Ha
Cys Ha
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T
JH8-H6~~

3T
JH8-H7

_

T

1.3
8.5

1.3
7.1
8.5
4
T
= 1.4
4
T
1.3
JH5-H7 _
3T
JH5-H6~~ 8.1
JH7-H5 ~
3T
JH7-H6 _
3T
J
H7-H8 _

7.43 (dd)

7.62 (tr)

4

T

JH8-H6 ~
3T
JH8-H7 ~
4

T
JH7-H5 ~
3T
JH7-H6
JH7-H8

7.97 (dd)

=

4

T

JH5-H7 ~
3T
JH5-H6 ~

1.2
8.7

7.45 (dd)

1.7
7.6
8.7

7.62 (tr)

1.7
8.1

4

JH8-H6=1.4
JH8-H7 = 8.8

JH7-H5 = 1 . 3

JH7-H6 = 8.6
JH7-H8= 8.8

7.19(d)
7.97 (dd)

JH2'-H6' = 1 . 5
JH5-H7 =

1.3

JH5-H6 = 8.2

1.52 (m)
1.85 (m)
2.68 (dd)
3.03 (dd)
3.25 (d)

1.53 (m)
1.84 (m)
2.67 (dd)
3.03 (dd)
3.24 (d)

3.30 (d)
3.40 (m)
3.82 (m)

3.32 (d)
3.41 (m)
3.83 (m)
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(3) Influence of the hydroxyI moieties in the A ring and the results for 3,3',4'trihydroxyflavone and flsetin. Using 3,3',4'-trihydroxyflavone and fisetin (3,7,3',4'tetrahydroxyflavone) the influence of the two hydroxyl moieties in the A ring was
investigated.
LC/MS analysis ofthepurified metabolites of 3,3',4'-trihydroxyflavone shows
an M+l peak for both major and minor metabolites at m/z of 576 (data not shown).
This indicates the formation of two different mono-glutathionyl adducts. Table 4
shows the H NMR characteristics of the major metabolite of 3,3',4'trihydroxyflavone collected from HPLCwith aretention time of23.2min(Figure3a).
Comparison of the H NMR data of this metabolite to those of 3,3',4'trihydroxyflavone (Table 4) (31,34)reveals the loss of the H2' signal as well as the
loss ofthe 4JH2'-H6' coupling of 1.4 Hz. Splitting patterns and resonances of all other
aromatic protons are comparable to those of 3,3',4'-trihydroxyflavone itself.
Comparison of the HNMR data of the minor metabolite with retention time at 19.4
min(Figure 3a)tothoseof 3,3',4'-trihydroxyflavone (Table4)(31,34)revealsthe loss
of the H5' signal as well as the loss of the 3JH5'-m' coupling of 8.5 Hz. Splitting
patterns and resonances of all other aromatic protons are comparable to those of
3,3',4'-trihydroxyflavone itself. In addition to the aromatic H resonances, the H
NMRspectra ofbothadducts exhibitthe Hresonances ofthe glutathionyl sidechain.
On the basis of these H NMR characteristics and LC/MS data, the glutathionyl
adducts can be identified as 2'-glutathionyl- and 5'-glutathionyl3,3',4'trihydroxyflavone.
Finally,panelsaandbofFigure4showthe HNMR spectra ofthetwo major
metabolites of fisetin collected from HPLC with retention times of 15.6and 16.5min
(Figure 3b).Forthese adducts,the HNMR spectra arepresentedbecause, in contrast
to what was observed for the other flavonoid glutathionyl adducts, they reveal the
retention of all the parent compound aromatic protons inboth adducts. This indicates
the formation of glutathionyl fisetin adducts at aposition otherthan C2', C5'and C6'
(Bring) or C5,C6 and C8 (Aring)(Table 5)(31,34).LC/MS analysis of the purified
metabolites shows an M+l peak for both metabolites at m/z 610 and a second major
peak at m/z 593. Because the m/z value expected for protonated mono-glutathionyl
fisetin equalsm/z 592theobservation ofapeakatm/z610forbothmetabolites points
atformation ofmono-glutathionyl adducts which contain anadditional H2Omolecule.
C NMR spectra of the purified metabolites reveal formation of two sp3 C
resonances at 92.0 and 98.4 ppm for the metabolite with aretention time of 15.6min
and at 91.6 and 95.7 ppm for the metabolite with a retention time of 16.5min which
can be assigned to the two sp3 hybridized deshielded C atoms at C2 and C3. In
addition,the 13
CNMR spectra ofboth metabolites eachreveal only oneresonance in
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the carbonyl region (at 189.0 and 189.1 ppm respectively) indicating the presence of
only one carbonyl group for each metabolite (data not shown). Together these data
point atglutathionyl adduct formation accompanied by H2Oadduct formation, both at
the Cring ofthe fisetin ortAo-quinone/quinonemethide.Thefact thattwo metabolites
1
13
with similar MS, H NMR and C NMR characteristics are observed points to
formation ofdifferent (diastereo)isomers ofthesecombined H20/glutathionyladducts.
A detailed further discussion on the structure of these fisetin metabolites is presented
in the discussion. Together, these results point to a reaction of the quinone/quinone
methide of fisetin with glutathione which is surprisingly different from the chemistry
observed forthe otherflavonoid quinones.
pH dependenceforformation ofglutathionylfisetin adducts. Panels aandbofFigure
5 show the pH dependence for the formation of the glutathionyl fisetin adducts. At
lower pH values (pH < 7.0), the two major metabolites with retention times of 15.6
and 16.5min are observed andthe peak intensities of these metabolites decrease with
increasing pH (Figure 5a-d). In addition, the formation of a new metabolite with a
retention timeof22.1mincouldbeobserved. AthigherpHvalues (pH>9.5),thetwo
major metabolites formed atlowerpH arenolonger observed andthemetabolitewith
a retention time of 22.1 min becomes the major metabolite (Figure 5e). The LC/MS
analysis ofthispurified metabolite shows anM+ 1 peak atm/z 592 (data not shown).
Table 5 shows the H NMR characteristics of this major metabolite collected from
HPLC. Comparison of the HNMR data of this metabolite to those of fisetin (Table
5)(31,34) revealsthelossofthe H2'signal aswell asthe loss ofthe 4JH2'-H6' coupling
of 2.1 Hz. Splitting patterns and resonances of all other aromatic protons are
comparabletothose offisetin itself. Inadditiontothearomatic Hresonances,the H
NMR spectrum of the adduct exhibits the H NMR resonances of the glutathionyl
side chain. On the basis of these H NMR characteristics and LC/MS data, the
glutathionyl adduct can be identified as 2'-glutathionylfisetin resulting from
conjugation intheBringinsteadofintheCring.
Calculation of the chemical reactivity toward oxidation of the studied 3',4'dihydroxyflavonoids and their corresponding 2'-glutathionyl adducts. Table 6
presentsthe EHOMOandtherelative difference in EHOMO (A EHOMO)ofthe studied 3',4'dihydroxyflavonoids and their corresponding 2'-glutathionyl adducts calculated using
the semiempirical AMI method. The results reveal that for luteolin the ease of
oxidation of the parent compound and its corresponding 2'-glutathionyl adduct is
almost the same and for taxifolin the oxidation of its corresponding 2'-glutathionyl
adductisevenmoreeasierthanoftheparent compound.
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Figure 4. Aromaticandaliphaticpartsofthe H NMRspectraofthetwomajor metabolitesformedin
theincubationoffisetinwithHRPinthepresenceofglutathione atpH7.0andelutingfrom theHPLC
at 15.6min (a) and 16.5min (b) (2-glutathionyl-fisetin, two diastereoisomers) both measured in25
mMpotassiumphosphate(pD=7.0)inD20.

Table 6. Calculated energies of the highest occupied molecular orbital (EHOMO) and the
relative difference in EHOMO of the investigated 3',4'-dihydroxyflavonoids and their 2'glutathionyl adducts,obtained withtheAMI semiempiricalmethod.

EHOMO

Compound
quercetin
taxifolin
luteolin
3,3',4'-trihydroxyflavone
fisetin
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parent
-8.71
-8.91
-9.09
-8.65
-8.65

(eV)
2'-g utathionyl adduct
-8.97
-8.09
-9.18
-8.93
-8.92

AEH OMO (eV)
-0.26
0.82
-0.09
-0.28
-0.27
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3.5 Discussion
Quinone and quinone methides from a variety of natural and synthetic
compounds, including 3',4'-dihydroxyflavonoids and catechol-type metabolites from
polycyclic aromatic hydrocarbons, estrogens, and compounds such as the anticancer
drugtamoxifen, havebeen classified as likely candidates for reactive metabolites able
to reactwith cellular macromolecules (11,13,35).For 3',4'-dihydroxyflavonoids, with
an intrinsiccatechol moiety,theirpro-oxidative quinone/quinone methidechemistry is
especially important because oftheirincreasing useas functional food ingredients and
food supplements (1,36-38).Recently, the GSH trapping method (19-21)appeared to
be an excellent method for investigating the quinone/quinone methide chemistry of
the flavonoid quercetin (22,23),known to be mutagenic in a variety of bacterial and
mammalian mutagenicity tests presumably through its quinone methide-like
metabolites (2,13,14). The results of the study presented here, in which the
quinone/quinone methide chemistry of an additional series of 3',4'dihydroxyflavonoids was investigated, provide new insight in the quinone/quinone
methidechemistry of 3',4'-dihydroxyflavonoids.
Onthebasis ofthequinone/quinone methide isomerizationchemistry involved
in the formation of the A ring type glutathionyl adducts form quercetin orthoquinone/quinone methide (Figure 1), it can be postulated that especially the C2=C3
double bond, the C3-OH group,the C4-keto group, and the C5-and/or C7-OH group
arerequired for efficient quinonemethide formation andGSH adduct formation inthe
Aring instead ofintheBring. Inthepresent studythishypothesis was investigated in
moredetail.
The formation of 2'-glutathionyltaxifolin is in line with this hypothesis.
Although saturation of the C2=C3 double bond, in theory, does not eliminate the
quinone methide chemistry of the ortAo-quinone of taxifolin to extend to the Cring,
itsconjugation with glutathione appears tobe dominated bythe ort/20-quinone isomer
resulting inpreferential GSHaddition atC2'.
With luteolin which lacks the C3-OH group but still contains the C2=C3
double bond, glutathionyl adduct formation was observed preferentially at the C2'
position, giving rise to 2'-glutathionylluteolin. Elimination of the 3-OH prevents
quinone methide isomerisation since the rearrangement of the proton of the 3-OH
group to generate a 3-keto group (Figure 1) can no longer occur. This restricts the
structure of oxidized luteolin to the ort/jo-quinone isomer and, thus, the glutathione
addition to the B ring (14,39).Preferential formation of 2'-glutathionyl luteolin is in
line with the preferential regioselectivity observed for glutathione conjugation of
taxifolin ortho-qainone. This observation is also in line with the calculations on the
various theoretically possible glutathionyl adducts in the B ring of quercetin orthoquinone, showing C2' inthe flavonoid or?/;o-quinoneto be more reactive than C5' or
C6' (22). Upon subsequent oxidation of both 2'-glutathionylluteolin and 2'-

52

Quinone/quinonemethidechemistryofflavonoids
glutathionyltaxifolin to their corresponding quinones, glutathione addition at the C5'
is observed, resulting in formation of 2',5'-diglutathionyl adducts. One may wonder
aboutthistendency ofespecially 2'-glutathionylluteolin and2'-glutathionyltaxifolin to
compete withthe parent flavonoid for HRP oxidation followed by glutathionyl adduct
formation, since formation of di-glutathionyl adducts was not observed as readily for
any of the other 3',4'-dihydroxyflavonoids. From time-dependent measurements with
luteolin, it follows that especially when the concentration of the 2'-monoglutathionylluteolin reaches the residual concentration of luteolin itself, formation of
the di-adduct starts to compete. Thus, the discrepancy with respect to the ease of diglutathionyl adduct formation, observed toberelatively favored for especially luteolin
and taxifolin, may best be ascribed to the relative tendency of HRP to oxidize the
parent compound as opposed to the 2'-mono-glutathionyl adduct. The reason 2'glutathionylluteolin and 2'-glutathionyltaxifolin oxidation appears to be relatively
efficient can be derived from molecular orbital calculations. For luteolin, the
calculated ionization potential (-EHOMO) and thus the ease of oxidation of the parent
compound ascomparedtothe2'-glutathionyl adductisalmostthe same(Table 6).For
taxifolin, the calculated ionization potential reveals that the oxidation of 2'glutathionyltaxifolin is even easier than the oxidation of the parent compound. This
explains why especially for luteolin and taxifolin and not for the other model
compoundsofthis studydi-glutathionyl adduct formation isreadily observed.
With 3,3',4'-trihydroxyflavone, the lack of the 5-OH group eliminates the
intramolecular hydrogen bond of the 5-OH group to the 4-keto and results in
formation of an alternative intramolecular hydrogen bond of the proton of the 3-OH
group to the oxygen of the 4-carbonyl group (14,39).This hydrogen bond interaction
of the 3-OH moiety has been reported to hamper the tautomerisation of the 3-OH
group toa 3-keto group and, thus,the formation of quinone methides (Figure 1).This
explains why, upon elimination of the C5- and the C7-OH moieties, glutathione
conjugation isdominated bythe or^o-quinone,resulting, asfor luteolin and taxifolin,
inpreferential formation ofthe2'-glutathionyl adductof 3,3',4'-trihydroxyflavone.
Finally, the quinone/quinone methide trapping results of fisetin were different
from what could be expected on the basis of the results with the other 3',4'dihydroxyflavonoids. Thepresence of the C2=C3 double bond and the C3-OH group
but also the C7-OH group, in theory, may allow the quinoid structural element to
extend to the A ring, resulting in a formation of quinone methide I (Figure 1) and
providing possibilities for adduct formation at C6 and C8,as inthe case of quercetin.
However, as in 3,3',4'-trihydroxyflavone, the lack of the 5-OH group might induce a
strong hydrogen bonding of the proton of the 3-OH group to the oxygen of the 4carbonyl group (14,39), which, as for 3,3',4'-trihydroxyflavone, would hamper the
tautomeric shift of the ortho-quinone to the corresponding quinone methide (14)and
wouldgiveriseto adduct formation inthe Bring,leadingto2'-glutathionylfisetin asa
major product. Surprisingly, fisetin quinone behaved quite differently. Two adducts
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were formed which were shown to still contain all six aromatic fisetin protons; i.e.,
H5, H6, and H8 (A ring) and H2', H5', and H6' (B ring) were all still present. This
indicates that glutathione addition to fisetin quinone occurs in the C ring.
Furthermore, the MS data reveal that both adducts, in addition to the glutathionyl
moiety, also contain an additional m/z 18 which must be due to an additional H2O
moiety incorporated in the adduct. Especially this latter observation suggests that the
reactivity of the fisetin quinone may be initially dominated by a type of reactivity
reported previously also for the reaction of quercetin quinone with hydroxyl anions
(40). This reactivity includes protonation of the quinone followed by hydroxyl (OH)
attackatC2intheCringofthe flavonoid quinone(Figure 6).Thishydration resultsin
the 3,4-flavandione, I. In analogy with anthocyanins, a ring-chain tautomeric
equilibrium resulting inthechalcan-trione,II,mayexist,which subsequently maylead
toformation ofthesubstituted 3(2H)-benzofuranone, III.GS~addition atC2ofIIorIII
mayresultinformation ofsetsoftwodiastereoisomeric fisetin adducts.
Clearly, H NMR and MS data of these substituted 3(2#)-benzofuranones
and/or chalcan-triones are unable to discriminate between these possibilities, a
problem reported previously for full identification of 3,4-flavandione (I) derived
13NMR spectra which indicate the formation of
additive products (40).However, C
two sp3 resonances and one carbonyl group for each metabolite clearly reveal
formation of the diastereoisomeric glutathionyl adducts of 3(2//)-benzofuranone (V)
and not those of chalcan-trione (IV) (Figure 6).Nevertheless, the data presented here
for fisetin clearly illustrate two important new aspects of flavonoid quinone/quinone
methide chemistry. First, the data provide an answer to the question of what causes
the differential behavior of fisetin quinone as compared to the other flavonoid
quinones with respect to preferential reactivity with water as compared to GS"
addition. Second,the data answer the question of what makes quercetin quinonereact
with the soft nucleophile GS" at C6 and C8, but with water (H+/OH") at C2. The
results of this study clearly indicate that the answers to those questions can be found
in the actual reaction conditions and subtle differences in pKa of the various
quinone/quinone methides causing differences in the tendency to actually initiate the
protonation and OH"addition pathway as an alternative for GS"addition. Based on
these considerations, Figure 6 gives possible pathways for the formation of theGS"
/OH" adducts of fisetin ortAo-quinone. These pathways explain the unexpected
quinone/quinone methide chemistry observed in the study presented here. A
competition exists between (i) the reaction of the quinone/quinone methide with the
glutathionyl anion (GS) leading to A or B ring adducts and (ii) a protonation of the
quinone/quinone methide leading to water addition as an early event. Differences in
the flavonoid structure may be expected to influence this balance in a subtle way.
Experiments on thepH-dependent glutathione adduct formation of fisetin confirm the
hypothesis thatwith increasingpH,protonation ofthequinonebecomesmore
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Figure 6.Hypothesis forthepH-dependentpathwaysfor formationofthe GS"/ OH" adducts of fisetin
ort/io-quinone.
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difficult, increasing the chances of direct glutathione adduct formation ofthe quinone
inthe BringatC2'asthepreferential sitefor GS"attack onthe quinone. All together,
the results of the present study provide significant new insight into the orthoquinone/quinone methidechemistry of flavonoids and showthe importance ofthepH
for the chemistry of this important class of electrophiles. This pH dependency of
quercetinandotherinvestigated flavonoids ispresentlyunder investigation.
This study identifies the nature of GSH conjugates of several flavonoid
quinones. This opens the way for future studies aimed at investigating the formation
ofthese GSHconjugates andtheir corresponding mercapturic acidsin cellular invitro
and in vivo systems. The actual formation of these glutathionylflavonoid quinone
adducts and of their corresponding mercapturic acids would represent an in vivo
bioactivation pathway of these supposed beneficial functional food ingredients. The
formation of quinone-derived mercapturic acids would be comparable to the
formation of the glutathionyl and ^-acetylcysteine conjugates of estrogens (41).
Recently, o-quinones have been highlighted as active intermediates in the
development of cancer (11,21,41-45), since the presence of o-quinone-DNA
complexes has been confirmed (11,43,44). It has been demonstrated that the oquinonesofestrogensreactwithglutathione,producingN-acetylcysteineconjugates in
an in vitro system using rat liver (46,47). In addition, it has been suggested that the
urinary levels of mercapturate can be used as a biomarker for exposure to active
nucleophilic materials (48-50). Thus, it might be meaningful to determine the urinary
levels of these ^/-acetylcysteine conjugates as marker of quinone-induced
tumorigenesis. However, the actual detection of these conjugates in urine, for
example,requires sensitive detection methods and knowledge onthe stability, nature,
and chemical behavior of the adducts. The results of this present study indicate the
nature ofthe adductstobe expectedupon (auto)oxidation ofaseriesofflavonoids and
provide abasis for thefuture detection oftheirmercapturic acidsinbiological samples
aspossiblemarkerofpro-oxidative flavonoid behavior andtoxicity invivo.
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4.1Abstract
In the present study, the formation of glutathionyl adducts from a series of 3',4'dihydroxy flavonoid o-quinone/p-quinone methides was investigated with special
emphasis on the regioselectivity of the glutathione addition as a function of pH. The
flavonoid o-quinoneswere generated using horseradish peroxidase and upon purification
1
13
by HPLC the glutathionyl adducts were identified by LC/MS as well as H and C
NMR. The major pH effect observed for the glutathione conjugation of taxifolin and
luteolin quinone is onthe rate oftaxifolin and luteolin conversion and, as aresult, onthe
ratio ofmono-todi-glutathione adduct formation. With fisetin, 3,3',4'-trihydroxyflavone,
and quercetin, decreasing the pH results in a pathway in which glutathionyl adduct
formation occurs in the C ring of the flavonoid, being initiated by hydration of the
quinone and H2O adduct formation also in the C ring of the flavonoid. With increasing
pH, for fisetin and 3,3',4'-trihydroxyflavone glutathione adduct formation of the quinone
occurs in the B-ring at C2' as the preferential site. For quercetin the adduct formation of
its quinone/quinone methide shifts from the Cring atpH 3.5,to the Aring atpH 7.0, to
the Bring at pH 9.5, indicating a significant influence of the pH and deprotonation state
on the chemical electrophilic behaviour of quercetin quinone/quinone methide. Together
theresultsofthepresent study elucidatethemechanism ofthepH-dependent electrophilic
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behaviour of B-ring catechol flavonoids, which appears more straight forward than
previously foreseen.

4.2 Introduction
Flavonoids are widely distributed in higher plants and form a natural component
inthehuman diet.Recent interest inthese substanceshasbeen stimulatedbythepotential
health benefits arising from, amongst others, the anti-oxidant activity of these
polyphenolic compounds (1). However a number of studies have reported not only antioxidant (2-9)but also pro-oxidant {10-12) effects of the flavonoids. Themost ubiquitous
and widely studied flavonoid is quercetin, a B-ring dihydroxylated flavonol. Some of its
pro-oxidant properties have been attributed to the fact that it can undergo rapid autooxidationwhendissolvedinaqueousbuffer atphysiological pH.Ithasbeenobservedthat
the rate of auto-oxidation for quercetin is highly pH-dependent and increases with
increasingpH(75).
With respect to possible pro-oxidant toxicity, it is of interest to note that the
mutagenic properties of the flavonoid quercetin in a variety of bacterial and mammalian
mutagenicity tests,hasbeenrelatedtoitsquinone/quinone methidepro-oxidant chemistry
(Figure 1). Especially the electrophilicity of the o-quinone and quinone methide-type
metabolites is of interest in the context of cytotoxicity, mutagenicity and possible
carcinogenicity (3). Identification ofthe oxidationproducts ofquercetin and itsanalogues
may therefore provide deeper insight into the mechanism of their toxic pro-oxidant
action, and may form the basis for new biomarkers for the detection of pro-oxidant
activity of flavonoids. Previous studies that included incubating flavonoids with
peroxidases inthe presence of GSH have indicated the capacity of GSH to scavenge the
flavonoid semiquinone radical, thereby regenerating the flavonoid and generating
oxidized GSH and reactive oxygen species leading to toxicity (12,14). This reaction
appeared to be especially efficient for flavones and flavanones containing a phenol-type
substituentpattern intheir Bring (14,15).The GSHoxidizingpro-oxidant activity ofthis
type of flavones and flavanones seemed to partly correlate with the high one-electron
redox potential of the corresponding phenoxyl radicals (14,16).Flavonoids containing a
catechol-typesubstituentpattern intheirBringdidnot co-oxidize GSHwhen oxidizedby
horseradish peroxidase (HRP), presumably because of their lower one-electron redox
potentials.However, GSHconjugate formation involved theiro-quinone/quinone methide
metabolites(17-20).
We have recently investigated the quinone/quinone methide chemistry of a series
of 3',4'-dihydroxyflavones at pH 7.0 and identified their adducts using the glutathione
(GSH) trapping method (18). Results obtained revealed that, especially for fisetin,
regioselectivity andthenature ofthequinoneadductsformed, appeartobedependent on
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Figure 1. Schematic presentation ofthe formation of quercetin o-quinoneand its isomerization to quercetin
p-quinone methides, shifting the alkylating reactivity from the B to the A ring of quercetin. Quercetin =
3,5,7,3',4'-pentahydroxyflavone, taxifolin lacks C2=C3,luteolin lacks C3-OHand 3,3',4'-trihydroxyflavone
lacks C5-OHand C7-OH.

thepH.WithdecreasingpH,the siteofGSHadduct formation shifted from theBtotheC
ring (18).The objective of the present study wasto further investigate the mechanism of
the pH-dependent chemistry of flavonoid quinone/quinone methides. Thus, the pHdependent quinone/quinone methide chemistry of quercetin, taxifolin, luteolin, and
3,3',4'-trihydroxyflavone was investigated, using the GSH trapping method, HPLC, H
and 13CNMR, andLC/MSanalysistoidentify theglutathionyl adducts.

4.3 Materials andMethods
Materials. Quercetinwasobtained from AcrosOrganics(NewJersey,USA).Fisetinwas
from Aldrich (Steinheim, Germany). Luteolin and 3,3',4'-trihydroxyflavone were from
Indofine (Somerville, USA). Taxifolin was obtained from ICN Biomedicals Inc. (Ohio,
USA). Horseradish peroxidase (HRP) was obtained from Boehringer (Mannheim,
Germany). Glutathione,reduced form, was purchased from Sigma (St Louis,MO,USA).

63

Chapter4
All substrates were of 98-99 % purity. Hydrogen peroxide, potassium hydrogen
phosphate, potassium dihydrogen phosphate, citric acid, tri-sodium citrate dihydrate,
anhydrous sodium carbonate, sodium hydrogen carbonate, and trifluoroacetic acid were
purchased from Merck (Darmstadt, Germany). Deuterium oxide was obtained from ARC
Laboratories (Amsterdam, The Netherlands). Acetonitrile and methanol were HPLC
gradefromLab-Scan,Analytical Sciences(Dublin,Ireland).
pH-dependent incubation of flavonoids with glutathione. To a starting solution of
flavonoid (final concentration 150 uM added from a 10mM stock solution in methanol)
in25mMcitrate,phosphate orcarbonate,depending onthepHwhichvaried between 3.5
and 11.0 (prepared according to literature) {19-21),containing GSH (final concentration
1.0 mM), HRP was added to a final concentration of 0.1 uM, followed by addition of
H 2 0 2 (final concentration of200uMaddedfroma20mMstocksolution inwater).Upon
8minutesincubation at25°C,theincubationmixturewasanalyzed byHPLC.
Analytical high performance liquid chromatography. HPLC was performed with a
Waters M600 liquid chromatography system. Analytical separations were achieved using
an Alltima CI8 column (4.6 x 150 mm) (Alltech, Breda, TheNetherlands). The column
was eluted at 0.7 mL/min with water containing 0.1 %(v/v)trifluoroacetic acid.A linear
gradientfrom0%to 30%acetonitrile in 18minutes was applied, followed by2minutes
isocratic elution with 30 % acetonitrile. Hereafter a linear gradient from 30 % to 100%
acetonitrile wasused in 10minutes.Thepercentage of acetonitrile waskept at 100% for
another 10minutes.Aninjection loop of 10uLwasused. Detection was carried outwith
a Waters 996photodiode array detector measuring spectra between 200nm and 450 nm.
Chromatograms presented are based on detection at 290 nm. Product peaks were
collected and freeze-dried for further analysis by NMR, and LC/MS analysis. Freezedried samples were dissolved in 25 mM buffer, made with deuterated water when
sampleswereusedforNMRanalysis.
1
13
NMR measurements. H and C NMR measurements were performed on a Bruker
DPX 400 or Bruker AMX 500 spectrometer. A 1.5 spresaturation delay wasused, along
with a 70 pulse angle and a 2.2 s acquisition time (7575 Hz sweep width, 32 K data
points).Thedata wereprocessed using anexponential multiplication of0.5or 1.0 Hzand
zero filling to 64 Kdata points. Resonances arereported relative to HDO at 4.79 ppm at
13
7°C. C NMR measurements were performed in deuterated methanol/D20 mixture at
15°Cwith adedicated 5mm
28000scans).
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CNMR probe (32000 Hz sweep width, 64 Kdatapoints,
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Liquid chromatography/mass spectrometry.

LC/MS analysis was performed to further

characterize the peaks in the HPLC elution pattern. An injection volume of 10 uL from
the incubation mixture or from the purified metabolite dissolved in buffer was used and
separation of the products was achieved on a 4.6 x 150mm Alltima CI8 column (Alltech,
Breda, The Netherlands). A gradient from 10 % to 30 % acetonitrile in water containing
0.1 % (v/v) trifluoroacetic acid was applied at a flow of 0.7 mL/min in 13 minutes. The
percentage of acetonitrile was kept at 30 % for 2 minutes and then increased to 100 % in
another 2 min. Mass spectrometric analysis (Finnigan MAT 95, San Jose, CA, USA) was
performed in the positive electrospray mode using a spray voltage of 4.5 kV and a
capillary temperature of 180 °C with nitrogen as sheath and auxiliary gas.

Table 1.TheUVabsorption maxima for the investigated flavonoids andtheir
adducts inA,B,andCring
Compound
taxifolin
2'-glutathionyl taxifolin
5'-glutathionyl taxifolin
2',5'-diglutathionyl taxifolin
luteolin
2'-glutathionyl luteolin
2',5'-diglutathionyl luteolin
quercetin
6-glutathionylquercetin
8-glutathionyl quercetin
2',5'-diglutathionylquercetin
2',5',6'-triglutathionyl quercetin
2-GS-Q-a
2-GS-Q-b
3,3',4'-trihydroxyflavone
2'-glutathionyl 3,3',4'-trihydroxyflavone
2',5'-diglutathionyl 3,3',4'-trihydroxyflavone
2-GS-3,3',4'-tri-OH-flavone-a
2-GS-3,3',4'-tri-OH-flavone-b

X^
290.4
295.1
290.4
285.6
252.5 and 347.6
257.2 and 328.5
261.9and 328.5
252.6 and 370.1
295.1
299.9
252.5,304.6and 347.6
252.5 and 347.6
295.1
295.1
247.7 and 361.1
257.2,285.6and 352.4
233.6,280.9and 333.3
257.2 and 280.9
257.2 and 280.9

4.4 Results
pH-dependent formation of glutathionyl taxifolin adducts.

Figures 2a-c show the pH-

dependent formation of the glutathionyl taxifolin adducts. At pH 7.0 (Figure 2b) two
major peaks are observed with retention times of 20.4 min and 22.3 min. The first peak
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was identified previously as 2',5'-diglutathionyl taxifolin and the second peak as a
mixture of 2'- and 5'-glutathionyl taxifolin (18). Table 1 shows the UV absorption
maxima for these glutathionyl taxifolin adducts. With pH values increasing from 3.5 to
7.0 to 10.5 (Figures 2a-c) the peak intensity of the 2',5'-diglutathionyl adduct decreases,
and a lower extent of taxifolin conversion is observed. This is in line with previous
observations that formation of diglutathionyl flavonoid adducts start to occur when the
mono-adduct, because of its concentration and reactivity, starts to compete as a substrate
with the parent flavonoid. At pH 10.5 (Figure 2c) metabolite formation was no longer
significant. Thus the major effect of increasing pH on HRP mediated taxifolin GSH
conjugation is on the rate of taxifolin conversion and as a result, the ratio of mono- to
diglutathionyl adduct formation.
pH-dependentformation of glutathionyl luteolinadducts. Figures 3a-c show the pHdependent formation of the glutathionyl luteolin adducts. At pH 7.0 (Figure 3b) two
metabolites with retention times of 22.7 min and 25.0 min can be detected which were
identified previously as 2',5'-diglutathionyl and 2'-glutathionyl luteolin (18). Table 1
showsthe UV absorption maxima for these glutathionyl luteolin adducts.Going from pH
3.5 to 11.0 (Figure 3a-c) the ratio between these two metabolites shift in favor of the
mono-adduct due to a decreased overall luteolin conversion. This result is in line with
whatisobserved for thepH-dependent effect ontaxifolin quinone chemistry.
pH-dependentformation ofglutathionylquercetinadducts. Figures 4a-d show the pHdependent formation of glutathionyl quercetin adducts. At pH 7.0 (Figure 4b) the
formation of two major metabolites with retention times of 17.1 min and 18.1 min,
identified previously as 8-glutathionyl and 6-glutathionyl quercetin (19,20) is observed.
The LC/MS spectra of these peaks obtained with the relatively soft electrospray
ionization show in contrast to previous more harsh ionized MALDI-TOF mass spectra,
that the 8- and 6-glutathionyl adducts are present in their hydrated forms with M + 1
peaks at m/z 626.0. The occurrence of the water addition in the two metabolites clearly
follows from the LC/MS analysis, and may result from a peroxidase/F^Ch catalysed
reaction resulting inwater addition asreported inthe literature (24).The UV spectrum of
the 6-glutathionyl and the 8-glutathionyl quercetin adducts reveal a shift in their UV
absorption maxima from 370.1 nmto 295.1 nm and 299.9 nm respectively reflecting the
lossoftheconjugation betweentheketone oftheCringandBring(Table 1)(17,25).The
peak intensities of these 6-glutathionyl and 8-glutathionyl quercetin metabolites decrease
with increasing pH (Figures 4c+d). This is accompanied by the formation of at least two
new metabolites withretention times of21.5minand 23.8min.AtpH >9.5 the hydrated
6-glutathionyl and 8-glutathionyl quercetin adducts are no longer observed and the two
newmetabolitesbecomethemajor ones(Figure4d).
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Figure 2. HPLC chromatograms of the incubation of taxifolin with HRP in the presence of GSH at (a) pH
3.5 (b)pH 7.0 and (c)pH 10.5.
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Table 1 showstheUVabsorption maxima for these glutathionyl adducts.LC/MSanalysis
of these metabolites with retention times of 21.5min and 23.8 min reveals M+ 1 peaks
at m/z 913.0 and 1218.0 respectively. This indicates the formation of a di- and a triglutathionyl quercetin adduct respectively. Table 2shows the HNMR characteristics of
these two major metabolites collected from HPLC. Comparison of the H NMR data of
these twometabolites tothose of quercetin (Table 2)(19,20,26-28) reveals the lossofthe
H2' and H5' signal as well as the loss of the 4JH2'-H6- coupling of 2.1 Hz and the 3JHS'-H6'
coupling of 8.5 Hz for the H6' for the di-glutathionyl adduct. For the tri-glutathionyl
adduct the HNMR data indicate the loss of the H2', H5' and H6' signal. In addition to
the aromatic Hresonances the HNMR spectra of the two adducts shows the HNMR
resonances of the glutathionyl side chain. On the basis of these HNMR characteristics
and LC/MS data the two metabolites can be identified as 2',5'-diglutathionyl-quercetin
and 2',5',6'-triglutathionyl-quercetin resulting from conjugation intheBinstead ofinthe
Aring.This glutathionyl addition inthe Bring isnot accompaniedbyhydration sincethe
m/z signals exactly matche the di- and tri-glutathionyl adduct. At pH values < 7.0 two
major peaks with almost the same retention times as the hydrated 6-glutathionyl- and 8glutathionyl-quercetin metabolites are observed (Figure 4a). Surprisingly, however, the
H NMR spectra of these two metabolites are different from those of the metabolites
formed at pH 7.0 (Figure 5). The H NMR spectra reveal the retention of all the parent
compound aromatic protons in both metabolites formed at pH 3.5, including the protons
at C2', C5', and C6' (B ring) and at C6 and C8 (A ring) (Figure 5a+b) (Table 2)
(19,20,26-28). In addition tothe aromatic Hresonances the HNMR spectra ofthe two
adducts shows the HNMR resonances of the glutathionyl side chain. LC/MS analysis
of the purified metabolites shows an M + 1 peak for both metabolites at m/z 626.0.
Because the m/z value expected for protonated mono-glutathionyl quercetin equals m/z
608.0,the observation of apeak at m/z 626.0 for both metabolites points at formation of
mono-glutathionyl adductswhich contain anadditional H2Omolecule.TheUV spectraof
these adducts reveal an absorbance peak at 295.1 for both metabolites and disappearance
of the absorbance peak at 370.1 nm for quercetin (Table 1) indicating the loss of the
13 spectra of the two
conjugation between the A ring and the B ring (17,25). C NMR
313
purified metabolites (Figure 6, Table 3) reveal formation of two sp C resonances
at
92.5 and 99.2 ppm for the metabolite with a retention time of 17.1 min and at 90.4 and
94.6ppmforthemetabolitewith aretention timeof 18.1minwhich canbeassignedto
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the two sp3 hybridized deshielded C atoms at C2 and C3. In addition, both C NMR
spectraofthemetabolites revealonlyoneresonance inthecarbonylregion(at 192.0 ppm
and at 190.0 ppm respectively) indicating the presence of only one carbonyl group for
each metabolite. Together these datapoint at glutathionyl adduct formation accompanied
byH 2 0 adduct formation, both atthe Cring of the quercetin o-quinone/quinone methide
similar towhat was recently observed for fisetin at lowpH values (18)and in agreement
with the reported literature (28) (see discussion). The fact that two metabolites with
1
13
similarMS,UV, HNMRand CNMRcharacteristics areobservedpointsat formation
ofdifferent (diastereo) isomersofthesecombined FhO/glutathionyladducts.
Altogether theadduct formation ofquercetin quinone/quinone methide shifts from
the C ring at pH 3.5, to the A ring at pH 7.0, to the B ring at pH 9.5, indicating a
significant influence of the pH on the regioselectivity of glutathione conjugation to
quercetinquinone/quinone methide.
pH-dependentformation ofglutathionyl 3,3',4'-trihydroxyflavone adducts. Figure 7a-d
show the pH-dependent formation of the glutathionyl 3,3',4'-trihydroxyflavone adducts.
At pH 7.0 (Figure 7c) only onemajor metabolite with retention time of23.7min canbe
detectedwhichwasidentified previously as2'-glutathionyl 3,3',4'-trihydroxyflavone (18).
At pH> 7.0 formation of a second major metabolite was observed with retention time at
22.0 min (Figure 7d). LC/MS analysis of this purified metabolite reveals M + 1peak at
m/z881.0.This indicatesthe formation ofadi-glutathionyladduct.Table 1 showstheUV
absorption maxima for these glutathionyl adducts of 3,3',4'-trihydroxyflavone. Table 4
shows the H NMR characteristics of this major metabolite collected from HPLC.
Comparison of the HNMR data ofthis metabolite to those of 3,3',4'-trihydroxyflavone
(Table 4) (18,26,29)reveals the loss of the H2' and H5' signal as well as the loss of the
4
JH2'-H6' coupling of 1.4 Hz and the 4JHS'-H6' coupling of 8.5 Hz for the H6' signal. In
addition to the aromatic H resonances the H NMR spectrum of the adduct shows the
H NMR resonances of the glutathionyl side chain. On the basis of these H NMR
characteristics and LC/MS data, this metabolite can be identified as 2',5'-diglutathionyl3,3',4'-trihydroxyflavone. At pH values < 7.0 the peak intensity of the 2'-glutathionyl
adduct decreases with decreasing pH values, and the formation of two new major
metabolites with retention times of 18.8 min and 19.8 min can be observed. At very low
pH value the 2'-glutathionyl adduct is no longer observed and the two new metabolites
become the major metabolites detected (Figure 7a). HNMR spectra ofthesetwo major
metabolites of 3,3',4'-trihydroxyflavone collected from HPLC with retention times of
18.8min and 19.8 min (Figure 7a) reveal the retention of all parent compound aromatic
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Table3. 13
C-NMRchemicalshifts ofquercetinandtheCringglutathionyl adductsofquercetin
labeled2-GS-Q-aand2-GS-Q-b.

C2
C3
C4
C5
C6
C7
C8
C9
CIO
CI'
C2'
C3'
C4'
C5'
C6'

Quercetin

2-GS-Q-a

Chemical shift
(ppm)
147.4
136.7
176.7
161.9
98.6
165.0
93.8
157.6
103.9
123.5
115.4
145.6
148.2
115.6
121.1

Chemical shift
(ppm)
92.5
99.2
192.0
163.8
98.6
167.7
98.5
159.4
101.6
127.8
116.5
144.7
146.1
118.2
123.0
27.2
31.6
32.2
42.2
54.3
54.9
173.8
173.8
174.1
175.3

Cys-CP
Glu-Cp
Glu-Cy
Gly-Ca
Glu-Ca
Cys-Ca
Cys-CON
Glu-COO
Glu-CON
Gly-COO

_

—

2-GS-Q-b
Chemical shift
(ppm)
90.4
94.6
190.0
161.7
96.8
165.6
96.5
157.4
99.7
127.1
114.5
142.5
144.0
115.9
120.3
25.1
29.3
30.2
41.3
51.7
53.2
171.2
173.0
173.4
173.7

protons in both adducts (Table 4). This indicates the formation of glutathionyl 3,3',4'trihydroxyflavone adducts at another position than C2', C5' and C6' (B ring) or C5,C6,
C7 and C8 (A ring) (Table 4) (26,29). The UV spectra of these adducts reveal an
absorbance peak at 280.9 nm for both metabolites and disappearance of the absorbance
peak at 361.1 nm for 3,3',4'-trihydroxyflavone (Table 1) indicating the loss of the
conjugation betweentheAringandBring (17,25).LC/MS analysis ofthese two purified
metabolites revealsaM+ 1 peakforbothmetabolites atm/z594.0.Becausethem/zvalue
expected forprotonatedmono-glutathionyl3,3',4'-trihydroxyflavone equals576.0the
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Figure 7. HPLC chromatograms of the incubation of 3,3',4'-trihydroxyflavone with HRP in the presence of
GSH at (a) pH 3.5 (b) pH 5.5 (c) pH 7.0 and (d) pH 8.5.
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observation of a peak at m/z 594.0 for both metabolites points at formation of monoglutathionyl adductswhich containanadditional H2O molecule.Togetherthese datapoint
at glutathionyl adduct formation accompanied by H2O adduct formation, both at the C
ring of the 3,3',4'-trihydroxyflavone o-quinone/quinone methide similar to what was
previously observed for fisetin (18,28) and quercetin (above). The fact that two
metabolites with similar MS and H NMR characteristics are observed points at
formation of different (diastereo)isomers of these combined HaO/glutathionyl adducts.
Together these results point at a reaction of the quinone/quinone methide of 3,3',4'trihydroxyflavone with glutathione which is similar to the reaction of fisetin with
glutathione discussedpreviously (18,28) andquercetin (above).
Table 4. H NMR resonances and coupling constants of the glutathionyl adducts of 3,3',4'trihydroxyflavone, labeled 2-GS-3,3',4'-tri-OH-flavone-a, 2-GS-3,3',4'-tri-OH-flavone-b and
2',5'-diGS-3,3',4'-tri-OH-flavone,isolatedfromHPLC(Figure 6).
2-GS-3,3' 4'-tri-OH-flavone-a

H5'
H8

Chemical
shift
(ppm)
6.79 (d)
7.01 (dd)

Coupling
constant
(Hz)
3

JH5-.H6-= 8.4
Jm-H6 = 1 . 0

2-GS-3.3' 4'-tri-OH-flavone-b
Chemical
shift
(ppm)
6.74 (d)
7.18(dd)

Coupling
constant
(Hz)
3

JH8-H6= 1-0

JH8-H7 8.8

7.05
(tr)

JH6-H8 = 1 0
3

JH6-H8= 1.0

3

7.30 (d)
7.52 (tr)

JH6'-H2' = 2.0
4

JH7-H5= 2.0

JH6'-H2' =

7.26 (d)
7.56 (tr)

3

3

JH7-H5 = 1 - 5

JH7-H8= 8.4

GluH|3
GluHy

1.68 (m)
1.94 (m)

1.81 (m)
2.14(m)

CysHpi

2.45 (dd)

2.26 (dd)

Cys H02

2.62 (dd)

2.66 (dd)

Gly Hal
GlyHa2

3.32 (d)
3.42 (d)

Glu-Ha
Cys Ha

3.55 (t)
3.96 (dd)

3.31 (d)
3.40 (d)
3.50 (t)
3.79 (dd)

7.75 (dd)

3

JH5-H6= 7.9

—

JH6<-H2<= 2.0

JH7-H8= 8.8

7.73 (dd)

JH6-H5= 7.9

7.00 (s)

4

JH7-H6= 7.4

JH5-H7= 2.0

JH6-H7= 7.4

2.0

JH7-H6= 6.9

H5
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J H6 '-H 5 '=8.4

JH6-H8 = 1 . 0
3

JH6-H5= 7.9

7.21 (d)

JH6'-H2' = 2.0

H2'
H7

JH8-H7= 8.4

7.32 (tr)

JH6-H7= 7.4

JH6-H5= 7.9
JH6'-H5'= 8.4

JH8-H6= 1-0

7.43 (dd)

3

JH6.H7= 6.9

7.24 (dd)

Coupling
constant
(Hz)

JH8-H7= 8.4

7.08 (tr)

3

H6'

Chemical
shift
(ppm)

JH5,H6' = 8.4

=

H6

2',5'-diGS-3,3',4'-tri-OH-flavone

JH5-H7 = 1 . 5

7.61 (tr)

JH7-H5 = 1 . 5
3

J„7.H6 = 7.4
JH7-H8= 8.4

7.94 (dd)

JH5-H7 = 1 . 5
3

JH5-H6= 7.9

JH5-H6 = 7.9

1.53 (m)
1.84 (m)
2.21(m)
2.64 (dd)
2.95 (dd)
3.10 (dd)
3.23 (dd)
3.30 (d)
3.43 (d)
3.38 (m)
3.77 (dd)
4.27 (dd)
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Identification of the flavonoid diglutathionyl adducts.
The identification of the
diglutathionyl B ring adducts was generally based on the assumption that the remaining
singletsinthe HNMR spectrapertain toH6'(Tables 2and 3).However, sinceall Bring
protonresonances areclose,intheorythis single resonance maybe ascribed toallthreeB
ring protons, indicating formation of 2',5'- or 2',6'- or 5',6'-diglutathionyl adducts.
Therefore additional experiments were performed inwhich the 2'-glutathionyl adducts of
the studied flavonoids were incubated with HRP/H202 in the presence of GSH. This
resulted in the formation of metabolites with the same retention times, the same UV
spectra,the samemass andthe same HNMR spectra asthe compounds identified asthe
2',5' -diglutathionyl adducts. The formation of these products from the 2'-glutathionyl
adducts eliminates the possibility of their identification as 5',6'-diglutathionyl adducts.
Nevertheless their formation from 2'-glutathionyl conjugates may still point at either the
2',5'- or the 2',6'-diglutathionyl adducts. Unfortunately, like the H5' and H6' resonances
1
13
in HNMR, also the C5' and C6' Cresonances (see for example Figure 6) appear too
close toprovide thepossibility for unequivocal discrimination of the presence of eithera
1 13
C5'-H5'or aC6'-H6'inthe diadducts for byexample a2D H- C-correlation spectrum.
However,previous studieswithtaxifolin haveunequivocally demonstrated the 2'- and 5'asmostreactive sites inthe Bring quinone reflected byformation of2' and 5'-mono- but
nota6'-mono-glutathionyl taxifolin metabolite (18).Furthermore adduct formation atC6'
canbeexpectedtobehamperedbysterical hindrance. Since fortaxifolin isolation ofa5'mono-glutathionyl adduct was feasible. This isolated 5'-mono-glutathionyl adduct was
also incubated with HRP/H202 in the presence of GSH. As for the 2'-mono-glutathionyl
adducts this resulted in the formation of a metabolite with the same retention time, the
same UV spectrum and the same mass and H NMR characteristics as the metabolite
identified asthe2',5'-diglutathionyl taxifolin. Based onthesedataandargumentswehave
assigned all diglutathionyl adductsas2',5'-diglutathionyl adducts.

4.5 Discussion
In the present study, the formation of glutathionyl adducts from a series of 3',4'dihydroxyflavonoid o-quinone/p-quinone methides was investigated with special
emphasis on the regioselectivity of the GSH addition as a function of the pH. The
flavonoid o-quinones were generated with the use of HRP, an enzyme shown before to
catalyse the conversion of flavonoid catechols to their corresponding o-quinones
(11,12,12).The GSH adducts were purified by HPLC and identified by LC/MS and lH
and 13CNMR analysis. Based on the quinone/quinone methide isomerization chemistry
involved inthe formation oftheAringtypeglutathionyl adductsfrom quercetino77
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Figure 8. Schematic presentation of the mechanism for the pH-dependent formation of the
glutathionyl/water adducts of quercetin quinone/quinone methide a) at low pH, b) at neutral pH and c) at
alkaline pH. The deprotonation state and substituent pattern of the flavonoid quinone determines its
quinone/quinone methide isomerisation but alsothe regioselectivity of the GSH addition.
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quinone/quinone methide (Figure 1),it can be postulated that especially the presence of
theC2=C3doublebond,theC3-OHgroup,theC4-ketomoietyandtheC5-OHgroupare
required for efficient quinone methide formation and GSH adduct formation in the A
instead of in the B ring. Furthermore, in our previous work we have reported that
especially forfisetin,regioselectivity andthenatureofthequinoneadductsformed appear
to be dependent on the pH. Depending on pH the site of GSH adduct formation shifted
from the Btothe Cring of fisetin (18).In the present study the pH-dependent chemistry
of flavonoid quinone/quinone methide chemistry, was investigated in more detail using
otherflavonoid model compounds includingthe mostwidely studied flavonoid quercetin.
This results in anew hypothesis describing the pH dependent shift inthe regioselectivity
of GSH addition to the flavonoid quinone/quinone methides. Figure 8 schematically
presentsthismodelfor quercetin.
With quercetin, at low pH, GSH is protonated (thiol form) and thus not
nucleophilic enough to compete with the much more abundant water molecules. Water
addition to the quercetin quinone/quinone methide takes place at C2=C3 in the C ring
(Figure 8a) (30). This hydration results in 3,4-flavandione (I) as reported previously
(18,28).Inanalogywithanthocyanins,aringchaintautomeric equilibrium resulting inthe
chalcantrione (II) may exist, which subsequently leads to formation of the substituted
3(2//)-benzofuranone (III). Ultimately, GSH adds to the C=0 group at C2 of compound
III resulting in formation of a set oftwo diastereoisomeric glutathionylquercetin adducts
intheCring.
At neutral pH, GSH is partially presented in its highly nucleophilic thiolate form
and GS"addition is preferred over water addition. The quercetin o-quinone has lost its
most acidic proton at 7-OH followed by an efficient mesomeric equilibrium of the
quercetin o-quinone mono-anion with its corresponding quinone methide isomers.
Quinone methide formation inthe Aring isthus favored, which gives rise to glutathionyl
adduct formation inthe Aring, leading to 6- and 8-glutathionylquercetin adducts (Figure
8b)(24,30).
At alkaline pH, the quercetin o-quinone has lost its second most acidic proton at
3-OH giving rise to its corresponding quinone di-anion (30). The isomerization of
quercetin o-quinone di-anion to its corresponding/?-quinonemethide is hampered due to
the second deprotonation step at 3-OH. As a result the o-quinone form prevails, which
resultinGS"conjugation intheBringinsteadofintheAring(Figure8c).
With taxifolin and luteolin the absence of the C2=C3 double bond and/or the 3OHgrouphampersthe quinonemethide isomerization oftheiro-quinone atallpH values
and deprotonation states.And,thus,the GSH/GS"addition ispreferentially inthe B-ring.
Formation ofthe2',5'-diglutathionyl adducts for bothtaxifolin andluteolin startstooccur
whentheconcentration andreactivity ofthe2'-monoglutathionyl-adduct startsto compete
as substrate with the parent flavonoid, a process depending on its concentration and
ionization potential (18).Thus the major effect observed for the pH dependent effect on
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HRP mediated taxifolin and luteolin GSH/GS"conjugation in the present study is on the
rate of taxifolin and luteolin conversion and, as a result, on the ratio of mono- to diglutathionyl adduct formation.
In the case of fisetin (18),the absence of the 5-OH introduces a strong hydrogen
bridge between the C4=0 keto and the C3-OH which also prevents isomerization to the
quinone methide thereby diminishing possibilities for A ring adducts. C ring addition,
however is still observed, probably not starting from the quinone methide III but, as
previously indicated, from the quinone itself (18). Upon deprotonation of fisetin at
alkaline pH adduct formation in the B ring is observed as for all other flavonoid
quinone/quinone methides. The pH-dependent chemistry of the quinone of 3,3',4'trihydroxyflavone is in line with what would be expected for the trihydroxyflavonoids
based onFigure 8.Finally,theresults ofthepresent study elucidate themechanism ofthe
pH-dependent electrophilicbehaviour ofB-ring catechol flavonoids
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Quenching ofquercetin quinone/quinone methidesby different
thiolate scavengers:stability and reversibility ofconjugate formation
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5.1 Abstract
Oxidation of flavonoids with a catechol structural motif in their B ring, leads
to formation of flavonoid quinone/quinone methides which rapidly react with
glutathione to give reversible glutathionyl flavonoid adducts. Results of the present
study demonstrate that as a thiol scavenging agent for this reaction cysteine is
preferred over glutathione and Af-acetylcysteine. This preferential scavenging by
cysteine can be ascribed either to cyclization leading to 1,4-benzothiazine formation
or to formation of a stable intramolecular hydrogen bridge both hampering
deconjugation. However, the preferential scavenging by cysteine over glutathione
reported in the present study is not expected to occur inbiological systems, in which
detection of the glutathionyl flavonoid conjugates may be hampered by their
reversible nature.This,becausephysiological concentrations ofGSH are substantially
higher than those of cysteine which was shown to shift the balance in favour of
glutathionyl adduct formation. The cysteinyl quercetin adducts, although not showing
the reversible nature of the glutathionyl conjugates, appeared nevertheless to be
unstable. Thus, as a biomarker for formation in biological systems detection of the
glutathionyl orN-acetylcysteinylconjugates shouldbethemethodofchoice.

5.2 Introduction
Natural polyphenols like flavonoids and isoflavonoids andtheir corresponding
glycosides are important constituents of fruits, vegetables, nuts, seeds, tea, olive oil
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and red wine (1-3). On average the daily western diet contains about 1 gram of
polyphenols (4). The antioxidant properties of these compounds are often claimed to
be responsible for protective effects of these food components against cardiovascular
disease,certain forms of cancer and/or photosensitivity diseases (1,5-9).In addition it
has been proposed that accumulation of oxidative damage is an important contributor
to not only pathological conditions but also to the ageing process. Therefore,
beneficial health effects in ageing have also been related to antioxidant action (1,512). Together these suggested beneficial effects provide the basis for the present
rapidly increasing interest for the use of antioxidants as functional food ingredients.
As a result, increased human exposure to polyphenolic flavonoid-type antioxidants
canbeexpected inthenear future.
Taking into account the facts that many flavonoids already contain in their
structure a catechol moiety, a structural element shown to be involved in the
carcinogenic potential of steroids and polycyclic aromatic hydrocarbons (13-19), and
that quercetin has been reported to be mutagenic in many bacterial as well as
mammalian test systems (20-22) even without metabolic activation (20-22), it
becomes of interest to investigate the pro-oxidative behaviour and alkylating
properties of quercetin and its possible quinone-type metabolites. In a previous study
we demonstrated that the incubation of quercetin with tyrosinase, an enzyme capable
of catalysing a two-electron oxidation of catechol moieties, in the presence of
glutathione (GSH), results in the formation of two GSH adducts, identified as 6- and
8-glutathionylquercetin (23). In subsequent studies itwas demonstrated that alsooneelectron oxidation of quercetin, mediated by horseradish peroxidase, when performed
in the presence of GSH, gave rise to formation of the same 6- and 8glutathionylquercetin adducts (24). This adduct formation in the A instead of the B
ring of quercetin provides evidence for the formation of the highly reactive unstable
quercetin para-qmnonc methide anion from the originally generated quercetin
quinonemono-anion (Figure 1).Time dependent isomerisation oftheisolated 6-or8glutathionyl quercetin adducts to give an equimolar mixture of both isomers, already
pointed atthereversible nature ofthe adduct formation betweenthereactive quercetin
quinone methide and GSH (23). This reversible nature of GSH conjugation is a well
known phenomenon, identified before as a toxicologically relevant mechanism for
transport of reactive electrophilic intermediates to sites in the body distinct from the
site of their formation (25,26). Due to the high reactivity and instability of the free
quercetin quinone methide the reversible nature of the glutathionyl quercetin adducts
ultimately leadstolossoftheadducts.Clearlythiswillhampertheir detection andthe
study onquercetinpro-oxidant chemistry incomplex biological systems.Incontrastto
GSH conjugates cysteine conjugates of quinones have been reported not to be of a
reversible nature due to especially cyclisation to the corresponding 1,4-benzothiazine
(27).
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Preferentialformation ofcysteinyl overglutathionylandN-acetylcysteinylquercetin

OH OH

Figure 1. Schematic presentation of the formation of quercetin o-quinone mono-anion and its
isomerisation to its corresponding p-quinone methides, shifting the alkylating reactivity from the B to
theAring of quercetin.

In the present study the conjugation of quercetin £>ara-quinone methide to
GSH was investigated inmore detail with special emphasis on thepossible reversible
nature of the adduct formation, and adduct formation with two other known thiolbased scavengers, cysteine and^-acetylcysteine. This, in order to investigate in what
way thiol scavenging of the reactive quinone methide type metabolites could be
further exploited as a means to detect the oxidative behaviour and quinone methide
formation ofquercetin inmore complexbiological systems.

5.3MaterialsandMethods
Materials. Quercetin was obtained from Acros Organics (New Jersey, USA).
Glutathione, reduced form, L-cysteine and tyrosinase (EC 1.14.19.1) (from
mushroom) were purchased from Sigma (St. Louis,MO,USA),^-acetylcysteine was
obtained from Aldrich (Steinheim, Germany). Hydrogen peroxide, potassium
hydrogen phosphate, potassium dihydrogen phosphate, and trifluoroacetic acid were
purchased from Merck (Darmstadt, Germany). Deuterium oxide was obtained from
ARC Laboratories (Amsterdam, The Netherlands). Acetonitrile and methanol were
HPLCgrade from Lab-Scan,Analytical Sciences (Dublin,Ireland).
Synthesis of quercetinquinone methide thiol conjugates. To a starting solution of
glutathione, cysteine or ^-acetylcysteine (final concentration of 1 mM) in 25 mM
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potassiumphosphatepH 7.0wasaddedtyrosinase toafinalconcentration of 100units
/ ml, followed by addition of 150 uM quercetin, added from a 10mM stock solution
in methanol. Upon 8 minutes incubation at 25°C, the incubation mixtures were
analysedbyHPLC.
Preference of quercetin quinone methide thiol conjugateformation. To a starting
solution of different combinations of two out of the three different scavenging thiol
reagents (1 mMfinalconcentration each) in 25mMpotassium phosphate pH 7.0 was
added tyrosinase to a final concentration of 100 units / ml, followed by addition of
150(iMquercetin, added from a 10mM stock solution in methanol. Upon 8minutes
incubation at25°C,theincubation mixtureswereanalysedbyHPLC.
Time dependent stability of the quercetin quinone methide thiol conjugates. The
purified L-cysteinyl or glutathionyl quercetin adducts (final concentration of 1mM)
were incubated in 25 mM potassium phosphate pD 7.0 at 25°C. The reaction was
followed by *HNMR.
Reversibilityof quercetinquinonemethide thiol conjugateformation. The purified
glutathionyl quercetin adducts or cysteinyl quercetin adducts (final concentration of1
mM)wereaddedto 1 mMsolutionofrespectively L-cysteine orglutathione in25mM
potassium phosphate pD 7.0, either or not containing tyrosinase (final concentration
of 100units/ml).At different timepoints aliquotsof 10(xlwere analysedbyHPLC,or
the whole sample was analysed by HNMR at 25°C,in order to follow the exchange
reaction.
Analytical highperformance liquid chromatography. HPLC was performed with a
Waters M600 liquid chromatography system. Analytical separations were achieved
using an Alltima CI8 5U column (4.6 mm x 150 mm) (Alltech, Breda, The
Netherlands).Thecolumnwaselutedwithwater containing0.1%(v/v) trifluoroacetic
acid, in a linear gradient with 0-30 % acetonitrile, in 18 minutes, followed by 2
minutes isocratic elution with 30 % acetonitrile, followed by 30-40 % acetonitrile
from 20 to 25 minutes, 40-60 % acetonitrile from 25 to 28 minutes, 60-100 %
acetonitrile from 28 to 30 minutes and 100 % acetonitrile from 30 to 35 minutes. A
flow rate of 0.7 ml/min and an injection loop of 10 ul were used. Detection was
carried out with a Waters 996 photodiode array detector and performed between 200
nmand450nm. Chromatograms presented arebased on detection at290nm. Product
peaks were collected and freeze dried for further analysis by HNMR, MALDI-TOF
and LC-MS analysis. Freeze dried samples were dissolved in 25 mM potassium
phosphate pD 7.0, made with deuterated water when samples were for H NMR
analysis.
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HNMRmeasurements. HNMR measurements were performed on a Bruker DPX
400 spectrometer at 7°C.A 1.5spresaturation delay wasused along with a 70°pulse
angle and a 2.2 s acquisition time (7575 Hz sweep width, 32Kdatapoints).Thedata
wereprocessed usinganexponential multiplication of0.5or 1.0 Hzandzerofillingto
64Kdatapoints.Resonances arereportedrelativetoHDOat4.79ppm.
Liquid chromatography/mass spectrometry. LC/MS analysis was performed to
further characterize thepeaks inthe HPLC elutionpattern that could not be identified
asoneofthereference compounds.Aninjection volumeof 10uLfrom the incubation
mixture or from the purified metabolite dissolved in potassium phosphate (pH 7.0)
wasusedand separation oftheproductswasachieved ona 150x4.6mmAlltimaCI8
column (Alltech, Breda, TheNetherlands).A gradient from 10%to30 % acetonitrile
in water containing 0.1 % (v/v) trifluoroacetic acid was applied at a flow of 0.7
mL/minin 13minutes.Thepercentage of acetonitrile was keptat 30% for 2 minutes
and then increased to 100% in another 2min. Mass spectrometric analysis (Finnigan
MAT 95,SanJose,CA,USA)wasperformed inthepositive electrospray mode using
asprayvoltage of4.5kVandacapillarytemperature of 180°Cwithnitrogen assheath
andauxiliarygas.

5.4 Results
Quercetinquinonemethidethiolconjugateformation. Figures 2a-c show the HPLC
chromatograms of quercetin incubated with tyrosinase in the presence of GSH, Nacetylcysteine or cysteine. Incubation in the presence of GSH results inthe formation
of two major adducts, previously identified as 6-glutathionyl and 8glutathionylquercetin (23). Incubation with ^-acetylcysteine results in the formation
of one major metabolite peak (Fig 2b). The UV spectrum of this major metabolite
peakrevealsanabsorbancepeakat295.1and disappearance oftheabsorbance peakat
370.1 nm of quercetin (Table 1)indicating the loss of the conjugation between theA
and B ring (28,29). LC/MS analysis of the isolated metabolite peak reveals an M+l
peak at m/z 482.0 and also a second peak at m/z 464.0. Because the m/z value
expected for protonated mono-A'-acetylcysteinylquercetinequals464.0theseMSdata
point at formation of a mono-hydrated-JV-acetylcysteinyl adduct of m/z 482.0 which
readily loses this additional H 2 0 molecule. The H NMR spectrum of the product
collected from HPLCrevealsthat itconsistsoftwocompounds.Table2showsthe H
NMR characteristics of these two metabolites. Comparison of the H NMR data of
these metabolites tothose of quercetin (23,24,30-33) reveals the loss ofthe H8 signal
aswell asthe lossofthe 4JH8-H6coupling of 1.9 Hzfor thefirstmetabolite andtheloss
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Figure 2. HPLC chromatogram of incubations of quercetin with tyrosinase in the presence of (a)
glutathione,(b)JV-acetylcysteineand(c)cysteine.

Table 1. The UV absorption maxima for quercetin and its adducts with glutathione, Nacetylcysteine and L-cysteine.
Compound

'nnax

quercetin
6-glutathionyl quercetin
8-glutathionyl quercetin
6- and 8-N-acetylcysteinyl quercetin
6-cysteinyl quercetin
8-cysteinyl quercetin

252.6 and 370.1
295.1
299.9
295.1
295.1
295.1
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of the H6 signal as well as the loss of the 4JH6-HS coupling of 1.9Hz for the second
metabolite. In addition to the aromatic H resonances the H NMR spectra of both
adducts show the H NMR resonances of the JV-acetylcysteinyl side chain (Table 2).
On the basis of these H NMR characteristics UV and LC/MS data these two
metabolites canbe identified as 8-A/-acetylcysteinyland 6-/V-acetylcysteinyl quercetin
withtransient/reversibleH2OadditiontoringC.
Incubation of quercetin with tyrosinase inthe presence of cysteine also results
in formation of two major metabolites (Figure 2c). The UV spectra of these adducts
reveal an absorbance peak at 295.1 nm for both metabolites and disappearance ofthe
absorbance peak at 370.1 nm of quercetin (Table 1) indicating the loss of the
conjugation between the A and B ring (28,29). LC/MS analysis of the two purified
metabolites from HPLCwithretention times at 15.0min and 16.3minrevealsanM+l
peak at m/z 440.0 and also a second peak at m/z 422.0 for both metabolites. Because
the m/z value expected for protonated mono-cysteinyl quercetin equals 422.0 the
observation of apeak at m/z440.0 for both metabolites points at formation ofmonohydrated cysteinyl adducts which readily loose this additional H2O molecule upon
massanalysis.
Table 2 shows the H NMR characteristics of these two major metabolites.
Comparison ofthe HNMR data ofthesemetabolites tothoseofquercetin (23,24,3033) reveals the loss of the H8 signal as well as the loss of the 4JHS-H6 coupling of 1.9
Hz for the first metabolite and the lossof the H6 signal aswell asthe loss ofthe 4JH6H8coupling of 1.9 Hz for the second metabolite. In addition to the aromatic H
resonances the HNMR spectra ofboth adducts showthe HNMRresonances ofthe
cysteinyl sidechain (Figure 3,Table 2).Onthebasisofthese HNMR characteristics
UV and LC/MS data these two metabolites can be identified as 8-cysteinyl and 6cysteinylquercetin withtransient/reversibleH 2 0 additiontoringC.
In MALDI-TOF analysis, the two glutathionyl quercetin adducts reveal
formation of an M+l peak at m/z of 608.0 for both metabolites which is identical to
the mass expected for protonated mono-glutathionyl quercetin adduct (23). However,
the appearance of an additional M+l9 peak in LC/MS analysis of both Nacetylcysteinyl andcysteinyl quercetin adducts andnotintheMALDI-TOF analysisof
glutathionyl quercetin adducts which wasperformed in ourprevious work (23) ledus
toperform an additional mass analysis underthe less aggresive LC/MS conditions for
the glutathionyl quercetin metabolites. The LC/MS data obtained indeed reveal an
M+l peakwith m/z626.0inadditiontothem/z608.0peak for both metabolites. This
pointsatadditional incorporation ofawater molecule inthese C6and C8 glutathionyl
quercetin adducts which is readily lost upon mass analysis. Figure 4 represents the
possible structural formulas forthethiol adductsofquercetin quinone/quinone
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Figure 3. Aromatic and aliphatic parts of the H NMR spectra for a) 6-cysteinyl quercetin and b) 8cysteinyl quercetin revealing the retention ofall the cysteinyl aliphatic protons. The resonances ascribed
to the 6-cysteinyl quercetin adduct are marked with 9 , and those ascribed to the 8-cysteinyl quercetin
with A.

methide, as well as the reversible addition/loss of the water molecule adduct (34-37).
Based on the fact that all B ring aromatic proton resonances and in all cases one A
ring aromatic proton resonance are present in the H NMR spectra of the various
thiol-quercetinadductsthiswater additionmustbeintheCringaspresented inFigure
4. This water addition to the C2=C3 double bond is in line with literature data that
report the HRP/H202 or Cu(II)/ROH or sodium periodate/methanol catalysed water
addition to the C2=C3 double bond in the flavonoid quercetin. Apparently tyrosinase
iscapableofcatalysingthe samereaction.
Preference of quercetin quinone methide thiol conjugateformation. In order to
establish the preference for conjugate formation with the thiol model compounds,
incubations wereperformed inthepresence of 1mMof combinations ofthe different
scavenging thiol reagents. Table 3 quantifies the relative amounts of the adducts
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formed as determined by H NMR, showing preferential formation of especially the
cysteine conjugates.

OH
OH

OH O

tyrosinase
HO
HRP/H202(34)
Cu(U)/ROH(35,36)
sodiumperiodate/MeOH(35,31)
<«
—
-H20
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OH 0 H
(M+18)
n

OH

OH O

tyrosinase
HRP/H 2 0 2 (34)
Cu(H)/ROH(35,36)
sodiumperiodate/MeOH (35,37),
-<
-H,0

T onAf
^RsA\+OH
OH O M

(M+18)

Figure 4. Structural formulas for the water-thiol scavenging adducts with quercetin and their reversible
water addition equilibria. RS = glutathionyl or JV-acetylcysteinyl or cysteinyl. The munbers between
brackets at the arrows refer to literature references describing the water addition to the C ring of the
flavonoid quercetin.

Table 3. Ratio of adduct formation in incubations of quercetin with tyrosinase in the
presence of equimolar concentrations of different thiol scavenger molecules as determined by
H NMR GSH = glutathione, CYS = cysteine, and NAC = ^-acetylcysteine.

Incubationwith
GSH+NAC
GSH+CYS
NAC+CYS
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ratioofadduct formation
GSH:NAC
GSH:CYS
NAC:CYS

1.00:0.29
0.00:1.00
0.00:1.00
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Stabilityof thequercetinquinonemethidethiolconjugates. Incubation of 1mM of
the purified 6-glutathionyl conjugate intime in potassium phosphate buffer pD 7.0 at
25°C was followed by H NMR. Figure 5a presents the results obtained. In time, a
decrease inthe relative amount ofthe6-glutathionyl adduct isobserved, accompanied
byformation ofasmall amount ofthe free glutathione (amountnot shown) (24, figure
3) and an increasing amount (about 30% of total intensity) of the 8-glutathionyl
adduct. Loss of some intensity (about 30 after 24 hours) was also observed. These
results indicate that intime the C6 adduct isomerizesto give a 55:45%mixture ofthe
C6- and C8-adducts (Fig 5a). When the same experiment was repeated starting with
the 8-glutathionyl adduct, formation of a similar isomeric mixture was observed (Fig
5b). These data corroborate but also quantify previous observations on the reversible
nature of the glutathionyl quercetin adducts, and reveal the unstable nature of the
glutathionyl quercetin adducts.
Similar incubations ofthepurified cysteine quercetin conjugates (1 mM)were
performed and analysed by H NMR (Figure 5c and d). In contrast to what was
observed for the glutathione quercetin adducts the 6-cysteinyl and 8-cysteinyl adduct
do not show isomerisation but, instead, the conjugates slowly disappear from the
medium (Figure 5candd).Upon24hoursincubation of6-cysteinyl quercetin alossof
about 50% of the intensity was observed (Figure 5c). The 8-cysteinyl adduct
disappeared from the incubation at even higher rate showing a 50%reduction already
after about 5hoursofincubation (Figure5d).
Reversibilityofconjugateformation. Based on the reversible nature ofthe GSH and
not of the cysteine adducts and on the preference for cysteine over GSH conjugation
thepurified glutathione conjugates ofquercetin were incubated with 1 mMcysteinein
orderto further investigate the possibility for cysteine quenching oftheunstable GSH
adducts. Figure 6presents the results from time-dependent H NMR analysis of this
incubation, showing the time dependent conversion of the 6-glutathionyl conjugate
first into both the 6- and 8-cysteinyl adduct, finally resulting in an incubation
containing the 6-cysteinyl adduct only.Whenthe experiment wasrepeated withthe 8glutathionyl adduct this also ultimately resulted in an incubation containing only the
6-cysteinyl quercetin ( HNMRspectranot shown).Lossofsomeintensity duetoside
reactions is also observed reflected by decreased signal to noise and formation of
unidentified metabolites with broad H NMR resonances reflecting polymerisation
products ofincreased molecularmass(Figures 6c+d).Theresultsobtained corroborate
the reversible nature of the GSH adduct formation, providing possibilities for release
ofthe glutathione and an alkylatingpara-quinone methide capable of interacting with
other cellular macromolecules but inthe present incubations preferentially scavenged
bycysteine.
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Figure 6. Time-dependent H NMR spectra (aromatic region) of the incubation of 1 mM of 6glutathionyl quercetin with 1 mM of cysteine in potassium phosphate pD 7.0 at 25°C, showing the
reversible nature ofthe adduct formation after (a) 0min (b) 100min (c) 180min and (d) 300min. The
resonances ascribed tothe 6-glutathionyl quercetin adduct aremarked with • , and those ascribed to the
6-and 8-cysteinyl quercetin with A and T respectively.
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When the reverse experiment was performed, i.e. incubating the purified cysteinyl
quercetin adducts with glutathione, no exchange of the thiol moiety was observed.
Ratheronlylossofsignalintensitywas observed intime (datanotshown).
Influence of thiol concentration. Finally, because physiological concentrations of
GSH are expected tobe higher than those of cysteine it was investigated whether the
preference for cysteine over GSH would still be observed at relatively higher GSH
than cysteine concentrations. Thus, incubations were performed in the presence of
combinations of GSH and cysteine (ratio = 10 : 1and 100 : 1).Theresults reveal that
already at 10 fold excess of GSH over cysteine, the glutathionyl quercetin adducts
alreadydominatetheadduct formation completely, eliminates thepreferential cysteine
over glutathione adduct formation observed at equimolar concentration of the two
thiol scavengers.

5.5 Discussion
The conjugation of GSH with a variety of chemicals and/or reactive
metabolites usually results in the detoxication of the reactive electrophiles and
facilitates their excretion into urine as the corresponding mercapturic acids. Recently,
however, several examples have been reported where conjugation of quinones with
glutathione fails to eliminate their biological or toxicological reactivity (38,39). This
can be ascribed to various mechanisms. First of all, quinone thioethers may maintain
the ability to redox cycle with the concomitant generation of reactive oxygen species
(38,40,41). In addition, quinone thioethers have been shown to be substrates for and
inhibitorsofavarietyofenzymesthatutiliseeitherquinones and/orGSHas substrates
andcosubstrates (38,42-48).Alsoithasbeenreported that thereaction ofthiols(GSH
and cysteine) with isothiocyanates was readily reversible. As a result, GSH and
cysteine can be regarded as transporting agents for the isothiocyanates through the
body,andinitialdetoxication canultimatelyresultinreleaseofthereactive compound
at some other site (25). The results of the present study clearly reveal that this
reversible character alsoholds for the conjugation of quercetinpara-quinone methide
to thiol-based scavengers. Clearly this reversible and reactive nature of the
glytathionyl and JV-acetylcysteinyl quercetin conjugates can be expected to hamper
theirdetectionuponformation incomplexbiological systems(49).
Compared to the glutathionyl and ,/V-acetylcysteinyl quercetin adducts
the cysteinyl quercetin adductswere showntobe of irreversible nature.Thisresultsin
preferential cysteine over GSH andAf-acetylcysteine conjugation ofquercetin quinone
methide atequimolar concentrations ofthedifferent thiol scavengers. The preferential
formation of cysteinyl over glutathionyl adducts can not be ascribed to the difference
in the concentration of the deprotonated cysteine as compared to the deprotonated
GSH since their respective pKa values vary by only 0.33 unites (cysteine pKa = 8.33
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and GSH pKa = 8.66). The resistance of the cysteinyl adducts to isomerisation can
rather be explained by the hypothesis that in case of the cysteinyl conjugates of
quercetin, the proton of the NH2 group of the cysteinyl residue is hydrogen-bonded
(20,50) to one of the oxygen atoms in the molecule (structures II and III, Figure 7).
This would result in decreased chances on deconjugation of the cysteine adducts as
compared to adducts with GSH, or /V-acetylcysteine. Based on this hypothesis it can
be anticipated that formation of cysteinyl adducts will also be favored over proteinthiol adduct formation. However, the splitting patterns and chemical shift values for
the protons of the cysteinyl moiety in the cysteinyl quercetin adducts differ
significantly from those of GSH, the GSH adducts or cysteine itself (Table 2 and
Figure 3) (23,24,30).Thismaypoint at astructure significantly differ from the adduct
itself. As an alternative to intramolecular hydrogen bond formation, it could be
suggested that the reaction of cysteine with quercetin quinone/quinone methide
involves an intramolecular cyclization and 1,4-benzothiazine formation via an
intramolecular 1,4 Michael addition, resulting in structures IV or V followed by the
tyrosinase catalysed water additiontothe Cring (Figure 7) (27,34,38).This would be
a mechanism similar to what has been reported for other quinones, shifting the
equilibrium of (de)conjugation in favour of the conjugated form, thereby stabilizing
the adduct (27,38). Since such a cyclization requires a free NH2 moiety it would
explain why it is observed for the cysteinyl but not for the glutathionyl or Nacetylcysteinyl quercetin adducts. This intramolecular cyclisation would also provide
an explaination for the observation that formation ofthecysteinyl quercetin adductsis
irreversible in cintrast to glutathionyl or 7V-acetylcysteinyl quercetin adducts. The
nature of the cyclic cysteine adducts could be elucidated as follows. The H NMR
spectra of the cysteinyl quercetin adducts reveal the retention of all the cysteinyl
residue aliphatic protons (i.e., Cpl, Cp2 and Ca) in both adducts. Especially the
presenceofthecysteinyl Ca proton inthe adductseliminates the 1,4-benzothiazine IV
as a possibility for the final structure. The LC/MS analysis of the two purified
metabolites also exclude structure IV as the possible cyclic metabolite. This because
the LC/MS data reveal an M+l peak for both metabolites at m/z440.0 and a second
M+l peak for bothmetabolites atm/z422.0.Since strucureIVwouldhave M+l peaks
of m/z 402.0 and 420.0 for the water adduct, respectively, the LC/MS data exclude
structure IV as the metabolite formed. Alternatively, isomerisation of the initial
product form ring closureto intermediate V followed byoxidation andwater addition
would result in a cyclic product VI which has m/z440.0. Formation of product VI as
well as intermediate V may explain the unstable nature of the cysteinyl adducts
compaired to the GSH adducts (Figure 5) because similar structures were reported
before to be highly unstable (35,37). Based on the unstable nature and the marked
changes in the H NMR of the cysteinyl adducts formation of the cyclic adduct VI
seems to be favoured over the explanation suggesting an adduct with a strong
intramolecular hydrogenbond(II).Ultimateprooffor thischoicehastocome from
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13C NMR analysis which appeared unfortunately to be hampered by the
unstablenatureoftheadducts.
Finally,thepreferential scavenging bycysteine overglutathione reported inthe
present study cannotbeexpected tooccurinbiological systems,inwhich detectionof
the glutathionyl flavonoid conjugates may be hampered by their reversible nature.
This, because physiological concentrations of GSH are higher than those of cysteine
which was shown to shift thebalance again in favor of glutathionyl adduct formation.
And alsobecause the cysteinyl quercetin adducts,although not showingthe reversible
nature of the glutathionyl conjugates, appeared nevertheless to be equally unstable.
Thus,asabiomarker for formation inbiological invitroand invivosystems detection
oftheglutathionyl or7V-acetylcysteinylconjugates shouldbethemethod ofchoice.
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6.1 Abstract
The formation of the quinone/quinone methide metabolites of quercetin,
reflected by the formation of the glutathionyl quercetin adducts as authentic
metabolites, was investigated in an in vitro cell model (B16F-10 melanoma cells)
using the methods previously developed for detection and identification of the
glutathionyl adducts. Results of the present study clearly indicate the formation of
glutathionyl quercetin adductsinabiologically relevant model.Thedataobtained also
support that the adducts are formed intracellular and subsequently excreted into the
incubation medium. Thus, the results of the present study, reveal, for the first time,
evidence for thepro-oxidative metabolism ofquercetin inacellular invitromodel.

6.2 Introduction
Quinone and quinone methides from a variety of compounds, including 3',4'dihydroxyflavonoids, catechol-type metabolites from estrogens and polycyclic
aromatic hydrocarbons, andcompounds likethe anticancer drugtamoxifen, have been
classified as likely candidates for reactive metabolites able to react with cellular
macromolecules (1-3). For 3',4'-dihydroxyflavonoids, with an intrinsic catechol
moiety, their pro-oxidative quinone/quinone methide chemistry is especially of
importance because of their increasing use as functional food ingredients and food
supplements (4-7). Recently the glutathione (GSH) trapping method (8-10) appeared
an excellent method to investigate the quinone/quinone methide chemistry of the
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flavonoid quercetin (11,12), known to be mutagenic in a variety of bacterial and
mammalian mutagenicity tests presumably through its quinone methide like
metabolites(13-15)
In previous studies we identified the nature of the GSH conjugates of several
flavonoid quinones (11,12,16,17). This opens the way for studies investigating the
formation of these GSH conjugates and their corresponding mercapturic acids in
cellular in vitro and in vivo systems. The actual formation of these glutathionyl
flavonoid-quinone adducts and of their corresponding mercapturic acids would
represent an in vivo bioactivation pathway of these supposed beneficial functional
food ingredients. The formation of quinone-derived mercapturic acids of flavonoids
would be comparable to the formation of the glutathionyl and N-acetylcysteine
conjugates of estrogens (18). Recently, estrogen-induced o-quinones have been
highlighted as active intermediates in the development of cancer (1,10,18-22), since
the presence ofo-quinone-DNA complexes hasbeen confirmed (1,20,21).Ithasbeen
demonstrated that the o-quinones of estrogens react with glutathione, producing Nacetylcysteine conjugates in an in vitro system (23,24). In addition, it has been
suggested that the urinary levels of mercapturic acids can be used as abiomarker for
exposure to active nucleophilic compounds pointing at possible risks for quinoneinduced tumorigenesis (25-27). However, the actual detection of these conjugates in
for example urine requires sensitive detection methods and knowledge on the
stability, nature and chemical behavior of the adducts. The results of our previous
studies indicate that the flavonoid glutathione adducts,like other GSH adductshavea
reversible nature resulting in a limited stability (12). This implies that their detection
in body fluid is generally considered difficult due to 1) the relatively low levels of
formation of these reactive metabolites and 2) their high reactivity and limited
stability (18). However, because the formation of these adducts would represent an
important bioactivation pathway of supposed beneficial functional food ingredients,
the detection of these GSH adducts as authentic metabolites in cellular in vitro or in
vivo models is certainly of interest. As a first step in the search for the biological
relevance of quinone methide-type pro-oxidant chemistry of flavonoids the objective
of the present study was to investigate the possible formation of especially quercetinglutathione adducts as authentic metabolites in an in vitro cell model using the
methods now developed for detection and identification of the GSH adducts. The in
vitro system used consists of mouse melanoma cancer cells (B16F-10). These cells
were chosen because they have been reported to contain significant levels of
tyrosinase (28,29). Tyrosinase was shown before to catalyse flavonoid metabolism to
quinone/quinone methide-type metabolites leading to glutathionyl-flavonoid adducts.
Thus the B16F-10 melanoma cell line was considered an excellent model system to
investigate the possible formation of quercetin-glutathionyl adducts in cells exposed
toquercetin.
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6.3MaterialsandMethods
Materials. Quercetin was obtained from Acros Organics (New Jersey, USA).
Glutathione, reduced form, and tyrosinase (EC 1.14.19.1) (from mushroom) were
purchased from Sigma (St. Louis,MO,USA). All substrates were of 98-99 %purity.
Potassium hydrogen phosphate, potassium dihydrogen phosphate, citric acid, trisodium citrate dihydrate, anhydrous sodium carbonate, sodium hydrogen carbonate,
and trifluoroacetic acid were purchased from Merck (Darmstadt, Germany).
Acetonitrile and methanol were HPLC grade from Lab-Scan, Analytical Sciences
(Dublin,Ireland).
Synthesisofquercetin quinonemethideglutathioneconjugates. Toastarting solution
of glutathione (final concentration of 1mM) in 25 mM potassium phosphate pH 7.6
was addedtyrosinase to afinal concentration of 100units/ml, followed by addition of
150 |lM quercetin, added from a 10mM stock solution in methanol. Upon 8minutes
incubation at37°C,the incubationmixturewasanalysedbyHPLC.
Quercetin exposure and glutathionyl adductformation. Mouse melanoma cancer
cells(B16F-10)were obtained from ATCC (Manassas,VA).B16F-10melanoma cells
were cultured in Dulbecco's MEM (obtained from Gibco BRL) with 25 mM Hepes,
4500mg/1 glucose,pyridoxine andwithout sodium pyruvate, supplemented with 10%
Fetal Calf Serum and 50 mg/1gentamicin (obtained from Gibco BRL), at 37°C in a
humid atmosphere containing 5% CO2. For each experiment, approximately
20*104/mL cells were plated onto a 24-wells tissue cluster (Costar, Cambridge MA,
USA) and cultured until a semiconfluent monolayer was obtained (in about 2 days).
Cells were exposed to quercetin in quadruplicate for one hour, 6hours, and 24 hours
at 37°C in (a) DMEM medium described above or (b) Hanks balanced salt solution
(HBSS without phenol red and NaHCC>3, obtained from Gibco) to which NaHC03
was added to a final concentration of 0.35 g/L. The final volume of the medium was
0.5 mL. The concentration range of quercetin used throughout the experiments was
10, 25, 50,75 andlOO\\M. Quercetin was always added from a freshly prepared 200
times concentrated stock solution in DMSO. Exposure to quercetin was performed
either in the absence or presence of vitamine C (final concentration of 1 mM) as
indicated. Controlled incubations were included containing only the solvent, DMSO,
atafinal concentration of0.5%inmedium.
Analytical highperformance liquid chromatography. HPLC was performed with a
Waters M600 liquid chromatography system. Analytical separations were achieved
using an Alltima CI8 column (4.6 x 150mm) (Alltech, Breda,TheNetherlands). The
column was eluted at 0.7 mL/min with water containing 0.1 % (v/v) trifluoroacetic
acid. A linear gradient from 10 % to 30 % acetonitrile in 12 minutes was applied,
followed by 2 minutes isocratic elution with 30 % acetonitrile. Hereafter a linear
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gradient from 30 % to 100 % acetonitrile was used in 2 minutes. The percentage of
acetonitrile waskept at 100% for another 3minutes.An injection loop of 10uLwas
used. Detection was carried out with a Waters 996 photodiode array detector
measuring spectra between 200nm and 450 nm. Chromatogramspresented are based
ondetection at290nm.
Liquid chromatography/mass spectrometry. LC/MS analysis was performed to
further characterize thepeaks inthe HPLC elution pattern. An injection volume of 10
uLfrom the incubation mixturewasused and separation oftheproductswas achieved
ona4.6x 150mmAlltimaCI8 column (Alltech, Breda,TheNetherlands).Agradient
from 10 % to 30 % acetonitrile in water containing 0.1 % (v/v) trifluoroacetic acid
wasapplied ataflow of0.7mL/minin 13minutes.Thepercentage ofacetonitrilewas
kept at 30 % for 2 minutes and then increased to 100 % in another 2 min. Mass
spectrometricanalysis (Finnigan MAT 95,SanJose, CA,USA)wasperformed inthe
positive electrospray mode using a spray voltage of 4.5 kV and a capillary
temperature of 180°Cwithnitrogenassheathandauxiliarygas.

6.4 Results
Incubation of quercetinwith tyrosinasein thepresence of glutathione. Figures la
and b show the HPLC chromatograms of the incubation of quercetin with tyrosinase
inthepresenceofGSHinjected eitherundilutedor20timesdiluted.Formationoftwo
major adducts is observed which were previously identified as 6-glutathionyl- and 8glutathionyl-quercetin hydrated in their C ring due to tyrosinase catalysed water
addition tothe C2and C3 inCring(11,12,17). Figures 2aandb showthe LC/MS for
both metabolites which reveal the formation of an M+l peak at m/z 626.0 for both
metabolites and these LC/MS data, together with H NMR characteristics described
previously (11,12) identify the nature of the metabolites as indicated in Figure 1.The
HPLC patterns presented in Figure 1 are different from those shown in previous
studies(11,12)and revealpeakswhich appeartobebroader than inprevious patterns
because of using different gradients more suitable for detection of the glutathionyl
quercetin adducts incell linemediumwhichcontains severaladditional compounds in
thepresent study.Also,upon comparison of figure la to lb itcanbe observedthatthe
HPLCpeaksoftheGSH adductsbroadertoeven further extentupon adecrease inthe
concentration of the adducts. This is of importance because the concentration of the
glutathionyl adducts inthecellularincubation canbeexpectedtobelow.
Quercetin quinone methide glutathione conjugateformation in a cellular in vitro
model. Figures 3a,b, and c show the HPLC chromatograms of DMEM medium of
mouseB16F-10melanoma cells exposed to75uM quercetin for 0hour, 1 hour, and6
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hours, respectively. Comparison of Figure 3b and c to Figure 3a reveals the
occurrence of two broad metabolite peaks with retention times of 9.1 and 11.4 min,
which represent exactly the same retention times as those of 8- and 6glutathionylquercetin under the HPLC conditions applied (Figure 1).The UV spectra
of these two metabolites reveal an absorbance peak at 299.9 and 295.1 nm,
respectively, and disappearance of the absorbance peak at 370.1 nm of quercetin
indicating the loss ofthe conjugation between the Aring and Bring (30,31). LC/MS
analysis This implies that retention times, UV spectra, and mass characteristics of
these two metabolites are identical to those of 8- and 6-glutathionylquercetin.
Comparison ofFigure3btoFigure 3crevealsthatthe intensities ofthetwo metabolite
peaks decrease in time. After 24 hours (HPLC chromatogram not shown), the
presence ofthesetwometabolites aswellasoftheunreacted quercetinwerenolonger
observed indicating the instability of the metabolites and the full conversion of
quercetinundertheinvitroconditions used.

a
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6GSQ
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Figure 1. HPLC chromatogram of the incubation of a) quercetin with tyrosinase in the presence of
glutathione b) the same incubation diluted 20 times inbuffer revealing the formation of 6-glutathionyl
quercetin (6-GSQ) and 8-glutathionylquercetin (8-GSQ).
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The intracellularly formed GSH conjugates have been rapidly excreted into the
medium since at the time of 1hour when glutathionyl quercetin concentrations were
highest in the medium, no GSH conjugates could be detected by HPLC in the
corresponding cellular samples (chromatogramnotshown).
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Figure 3. HPLC chromatograms of DMEM medium of mouse B16F-10 melanoma cells exposed to 75
|lM quercetin for a)0hour,b) 1 hour, and c) 6hours.
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Quercetinglutathione conjugationin thepresence of vitamin C. Figure 5 presents
the HPLC chromatogram pattern of medium of B16F-10 melanoma cells exposed to
75 uM quercetin for 1hour in the presence of vitamin C ( final concentration of 1
mM). This experiment was performed to exclude the possible formation of the
quercetin quinone/quinone methide and thus the 6- and 8-glutathionylquercetin
adducts due to chemical auto-oxidation of quercetin in the incubation medium.
Comparison of the results presented in Figure 3btothose in Figure 5reveal that both
in the absence and presence of ascorbate formation of the 6- and 8-glutathionyl
quercetin adducts was observed to a similar extent. This supports that the oxidation
and glutathione conjugation is not due to an extracellular auto-oxidation process and
canbe ascribed to intracellular oxidation of quercetin bythe tyrosinase present in the
melanoma cells. Also the fact that the extracellular medium does not contain free
GSH further supports that the 6- and 8-glutathionyl quercetin formation occurs intranotextracellularpointing atatruemetabolic activationpathway.

VAUU
Time in minutes

Figure 5. HPLC chromatogram of DMEM of mouse B16F-10 melanoma cells exposed to 75 uM
quercetin for 1 hourinthepresenceofvitamin C(final concentrationof 1mM).

6.5 Discussion
Quinones represent a class of toxicological intermediates which can create a
variety of hazardous effects invivo,including acute cytotoxicity, immunotoxicity and
carcinogenesis. The mechanisms by which quinones cause these effects can be quite
complex. Quinones are Michael acceptors, and cellular damage can occur through
alkylation of crucial cellular proteins and/or DNA. Alternatively, quinones are highly
redox active molecules which can redox cycle with their semiquinone radicals,
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leading to formation of reactive oxygen species (ROS), including superoxide,
hydrogen peroxide, andultimately thehydroxyl radical. Production ofROScan cause
severe oxidative stress within cells resulting in the oxidation of cellular
macromolecules like lipids, proteins and DNA. Formation of oxidatively damaged
bases such as 8-oxodeoxyguanosine has been associated with aging and
carcinogenesis (33,34). Furthermore, ROS can activate a number of signaling
pathways, including protein kinase C and RAS (33,34). For 3',4'dihydroxyflavonoids, with an intrinsic catechol moiety, their pro-oxidative
quinone/quinone methide chemistry is especially of importance because of their
increasing use as functional food ingredients and food supplements (4-7). Recently
the glutathione (GSH) trapping method (8-10) appeared an excellent method to
investigate the quinone/quinone methide chemistry of a series of 3',4'dihydroxyflavonoids including quercetin (11,12),known tobe mutagenic in avariety
of bacterial and mammalian mutagenicity tests presumably through their quinone
methide like metabolites (13-15).Therefore the objective of the present study was to
investigate the possible formation of the quinone/quinone methide metabolites of
quercetin reflected bythe formation ofthe glutathionyl quercetin adducts as authentic
metabolites in an in vitro cell model using the methods previously developed for
detection and identification ofthe GSHadducts.
Thecellmodel chosen consisted ofB16F-10melanoma cellsknown tocontain
significant amounts of tyrosinase (28,29). Tyrosinase is often abundant in melanoma
cells and the catechol containing flavonoids have been shown to be substrates for
tyrosinase,andtodepleteGSH andprotein thiols inmelanoma cells.Thiseffect might
be ascribed too-quinone formation although the actual formation of these o-quinones
or of the glutathionyl conjugates derived from them was not demonstrated (28).
Results of the resent study clearly indicate, for the first time, the formation of
glutathionyl quercetin adducts in abiologically relevant model provides evidence for
the formation of quinone/quinone methide-type metabolites of the flavonoid model
compound quercetin. The data obtained also support that the adducts are formed
intracellular andsubsequently excreted intotheincubation medium.
Thus,the results of the present study, reveal for the first time evidence for the
pro-oxidativemetabolism ofquercetininacellular invitromodel.
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7.1 Summary
Quinone and quinone methides from a variety of natural and synthetic
compounds, including 3',4'-dihydroxyflavonoids and catechol-type metabolites from
polycyclic aromatic hydrocarbons and estrogens have been classified as likely
candidates for reactive metabolites, able to react with cellular macromolecules. For
3',4'-dihydroxyflavonoids, with an intrinsic catechol moiety, their pro-oxidative
quinone/quinone methide chemistry is especially important because of their
increasinguseasfunctional food ingredientsandfood supplements.Thuswithrespect
to the possible pro-oxidant toxicity it is of interest to notice that the mutagenic
properties of the flavonoid quercetin have been demonstrated in avariety of bacterial
and mammalian mutagenicity tests, and have been related to its quinone/quinone
methide chemistry. Based on these positive mutagenicity results in a variety of
bacterial as well as mammalian test systems, several studies have investigated and
reported thepossible carcinogenicity ofespecially quercetin.Thepossible pro-oxidant
toxicity of these catechol-containing compounds has recently been underlined by
studies on the mutagenicity of estrogens. Metabolic activation of estrogens to redox
active and/or electrophilic metabolites has been proposed as one of the mechanisms
responsible for the link between estrogen exposure andthe risk of developing cancer.
Especially catechol (ortho-diol)-type of metabolites resulting from cytochrome P450
catalyzed hydroxylation of estrogens may be involved. The involvement of catecholtype metabolites has also been outlined to play a role in the metabolic activation of
polycyclic aromatic hydrocarbons. Clearly flavonoids like quercetin, luteolin, fisetin
and many others already contain the pro-oxidative catechol structural element,
withouttherequirement for aninitialbioconversion step.
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Since flavonoid quinone/quinone methides have been suggested as the major
metabolites and intermediates responsible for the pro-oxidant toxicity and
mutagenicity of flavonoids, characterisation of flavonoid quinone chemistry is of
importance. However, little information is available on the structure and reactivity of
these flavonoid oxidation products. Therefore, the objective of this thesis was to
investigate the pro-oxidant chemistry of flavonoids and to perform structure activity
studies on the chemical behaviour and toxicity of 3',4'-dihydroxyflavonoids with
special emphasis on the nature and reactivity of the quinone/quinone methide type
metabolites formed.
Chapter 1gives an introduction to the field of flavonoids. In order to obtain
better insight onthepro-oxidant chemistry of flavonoids thepro-oxidant chemistry of
quercetin was investigated first in chapter 2. The oxidation of quercetin by
horseradish peroxidase/H202 to generate the one electron oxidized quercetin
semiquinone has been studied in the absence but especially also in the presence of
glutathione (GSH). HPLC analysis of the reaction products formed in the absence of
GSH revealed formation of at least twenty different products, a result in line with
other studies reporting the peroxidase mediated oxidation of flavonoids. In the
presence ofGSH,however,theseproducts werenolonger observed and formation of
two major new products was detected. ! H NMR identified these two products as 6glutathionylquercetin and 8-glutathionylquercetin, representing glutathione adducts
originating from glutathione conjugation at the A ring instead of at the B ring of
quercetin quinone. Products formed as a result of quercetin oxidation by horseradish
peroxidase/H202 inthe absence of glutathione werenolonger observed in incubations
with glutathione. This suggests that the formation of the reaction products in the
absenceorpresence ofglutathione proceedsthroughthe samereactive intermediates.
Glutathione addition atpositions 6and 8oftheAringcanbestbeexplainedbytaking
into consideration a further oxidation of the quercetin semiquinone, initially formed
by the HRP-mediated one-electron oxidation, to give the ortho-qamonc,followed by
the isomerization of the ort/io-quinone to its para-quinone methide isomers. In
contrast to the or//w-quinone, the/?ara-quinone methide isomer of quercetin quinone
contains electrophilic character atthe C6 and C8positions intheAring,providing an
opportunity for the formation ofthe C6-and C8-glutathione adducts.It isknown that
quinone methides are even more reactive than the corresponding ort/zo-quinone
isomers. Such an increased reactivity of the quinone methide as compared to the
ortho-quinone will result in a shift of the equilibrium in favor of thepara-quinone
methideand itsC6-andC8-glutathione adducts.
All together, the results of this chapter provide evidence for a reaction
chemistry of quercetin semiquinone with horseradich peroxidase/H202 and GSH
ultimately leading to adduct formation instead of to preferential GSH mediated
chemical reduction toregeneratetheparent flavonoid.
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In chapter 3 a structure-activity study on the quinone/quinone methide
chemistry of an additional series of 3',4'-dihydroxyflavonoids was performed to
provide new insight in the quinone/quinone methide chemistry of 3',4'dihydroxyflavonoids. Using the glutathione trapping method followed by HPLC, H
NMR, MALDI-TOF, and LC/MS analysis to identify the glutathionyl adducts, the
chemical behavior ofthe quinones/quinonemethides ofthe different flavonoids could
be deduced. The nature and type of mono- and di-glutathionyl adducts formed from
quercetin, taxifolin, luteolin, fisetin, and 3,3',4'-trihydroxyflavone show how several
structural elements influence the quinone/quinone methide chemistry of flavonoids.
On thebasis of the quinone/quinone methide isomerization chemistry involved in the
formation of the A ring type glutathionyl adducts from quercetin quinone/quinone
methides, it can be postulated that especially the C2=C3 double bond, the C3-OH
group,the C4-keto group, and the C5-and/or C7-OH group arerequired for efficient
quinonemethide formation andGSH adduct formation inthe Aring instead of inthe
B ring. In line with previous findings, glutathionyl adduct formation for quercetin
occurs at positions C6 and C8 of the A ring, due to the involvement of quinone
methide type intermediates. Elimination of the possibilities for efficient quinone
methide formation by (i) the absence of the C3-OH group (luteolin), (ii) the absence
of the C2=C3 double bond (taxifolin), or (iii) the absence of the C5-OH group
(3,3',4'-trihydroxyflavone) results in glutathionyl adduct formation at the B ring due
to involvement of the ort/w-quinone isomer of the oxidized flavonoid. The extent of
di- versus mono-glutathionyl adduct formation was shown to be dependent on the
ease ofoxidation ofthemono-adduct ascomparedtotheparent flavonoid. Thereason
why 2'-glutathionylluteolin and 2'-glutathionyltaxifolin oxidation appears to be
relatively efficient can be derived from molecular orbital calculations. For luteolin,
the calculated ionization potential (-EHOMO) and thus the ease of oxidation of the
parent compound as compared to the 2'-glutathionyl adduct is almost the same. For
taxifolin, the calculated ionization potential reveals that the oxidation of 2'glutathionyltaxifolin is even easier than the oxidation of the parent compound. This
explains why especially for luteolin and taxifolin and not for the other model
compounds ofthisstudydi-glutathionyl adduct formation wasreadily observed.
Finally, unexpected results obtained with fisetin provided a new insight into
the quinone/quinone methide chemistry of flavonoids. Theregioselectivity andnature
of the quinone adducts formed appeared to be dependent onpH. At pH values above
thepKafor quinone deprotonation, glutathionyl adduct formation proceeds attheAor
Bring following expected quinone/quinone methide isomerisation patterns. However,
decreasing the pH below this pKa results in a competing pathway in which
glutathionyl adduct formation occurs in the C ring of the flavonoid, which is
accompanied by H2O adduct formation, also in the C ring of the flavonoid. All
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together, the data presented in this chapter confirm that quinone/quinone methide
chemistry can be far from straight forward, but the study provides significant new
data revealing an important pH-dependence for the chemical behavior of this
importantclassofelectrophiles.
Depending on the results of the pH-dependence of fisetin (chapter 3) the
formation of glutathionyl adducts from a series of 3',4'-dihydroxy flavonoid orthoquinone/para-quinone methides has been investigated with special emphasis on the
regioselectivity of the glutathione addition as a function of pH (chapter 4). The
flavonoid ort^o-quinones were generated using horseradish peroxidase and upon
purification by HPLC the glutathionyl adducts were identified by LC/MS as well as
1
13
H and CNMR. The major pH effect observed for the glutathione conjugation of
taxifolin and luteolin quinones is onthe rate of taxifolin and luteolin conversion and,
as a result, on the ratio of mono- to di-glutathionyl adduct formation. With fisetin,
3,3',4'-trihydroxyfiavone, and quercetin, decreasing the pH results in a pathway in
which glutathionyl adduct formation occurs in the C ring of the flavonoid, being
initiated by hydration of the quinone and H2Oadduct formation also in the Cring of
the flavonoid. With increasing pH, for fisetin and 3,3',4'-trihydroxyflavone
glutathione adduct formation of the quinone occurs in the B ring at C2' as the
preferential site. For quercetin the adduct formation of its quinone/quinone methide
shifts from the C ring at pH 3.5, to the A ring at pH 7.0, to the B ring at pH 9.5,
indicating a significant influence of the pH and (de)protonation state on the chemical
electrophilic behaviour of quercetin quinone/quinone methides. Together, the results
of this chapter elucidate the mechanism of the pH-dependent electrophilic behaviour
ofBringcatechol flavonoids.
Oxidation of flavonoids with a catechol structural motif in their Bring, leads
to formation of flavonoid quinone/quinone methides which rapidly react with
glutathione to give reversible glutathionyl flavonoid adducts. Results of chapter 5
demonstrate that as a thiol scavenging agent for this reaction cysteine is preferred
over glutathione andJV-acetylcysteine. This results from the fact that the equilibrium
of conjugate formation with cysteine, in contrast to that for adduct formation with
glutathione or JV-acetylcysteine, is more in favor of adduct formation. In contrast to
what has been observed for other aromatic cysteine quinone adducts this preferential
scavenging by cysteine can be ascribed either to cyclization leading to 1,4benzothiazine formation or to formation of a stable intramolecular hydrogen bridge
hampering deconjugation. The observation of preferential quercetin quinone/quinone
methide scavenging by cysteine over glutathione and ^-acetylcysteine can not be
useful for biomonitoring studies in which detection of the glutathionyl flavonoid
conjugates may be hampered by their reversible nature. This because following the
results of chapter 5, which reveal that although the adduct formation is shifted in
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favor of formation of the cysteinyl adducts, these cysteinyl adducts are not stable
compared to those of the corresponding reversible unstable glutathionyl adducts. The
results of this chapter reveal new insight in the chemistry of quercetin
quinone/quinone methide which reveal that in the biological systems, in which the
physiological concentrations ofGSHare expected tobe higherthan those ofcysteine,
the quinone/quinone methide chemistry of the flavonoids should be followed by
detecting the corresponding reversible unstable glutathionyl adducts and not the
cysteinyladducts.
In chapters 2 to 5 we identified the nature of GSH conjugates of several
flavonoid quinones. This opens the way for studies investigating the formation of
these GSH conjugates and their corresponding mercapturic acids in cellular in vitro
and in vivo systems. The actual formation of these glutathionyl flavonoid-quinone
adducts and of their corresponding mercapturic acids would represent an in vivo
bioactivation pathway of these supposed beneficial functional food ingredients. The
results of these chapters indicate that the flavonoid glutathione adducts, like other
GSH adductshave areversible nature resulting inalimited stability. This implies that
their detection in body fluid is generally considered difficult due to 1) the relatively
low levels of formation of these reactive metabolites and 2) their high reactivity and
limited stability. However because the formation of these adducts would represent an
important bioactivation pathway of supposed beneficial functional food ingredients,
the detection of these GSH adducts as authentic metabolites in cellular in vitro or in
vivo models is certainly of interest. As a first step in the search for the biological
relevance of quinone methide-type pro-oxidant chemistry of flavonoids the objective
of chapter 6 was to investigate the possible formation of especially quercetinglutathione adducts as authentic metabolites in an in vitro cell model using the
methods developed for detection and identification of the GSH adducts. The invitro
system used consisted of mouse melanoma cancer cells (B16F-10). These cells were
chosen because they have been reported to contain significant levels of tyrosinase.
Tyrosinase was shown before to catalyse flavonoid metabolism to quinone/quinone
methide-type metabolites leading to glutathionyl-flavonoid adducts. Thus the B16F10 melanoma cell line was considered an excellent model system to investigate the
possible formation of quercetin-glutathionyl adducts in cells exposed to quercetin.
Results ofthischapter clearly indicate,for the first time,the formation of glutathionyl
quercetin adductsinabiologicallyrelevant model.Thedataobtained alsosupportthat
the adducts are formed intracellular and subsequently excreted into the incubation
medium.
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7.2 Conclusions
It is of interest tonote that many flavonoid preparations are atpresent already
marketed as herbal medicines or dietary supplements. Results of this thesis illustrate
that the importance of the pro-oxidant behavior of these flavonoids seems to be
underestimated. Indeed, the results indicate that the behaviour of these compounds in
the presence of enzymes like peroxidases or tyrosinase may result in formation of
reactive alkylating reaction products. Some studies have suggested a role for
quinone/quinone methides in the mutagenicity of compounds like quercetin. The
results of this thesis provide experimental evidence for the formation of such
quinone/quinone methide type metabolites from quercetin upon its enzymatic
conversion in one- or two-electron oxidation reactions. In addition, the antioxidant
action of quercetin is another process generating quercetin semiquinone radicals.
Moreover, the reversible nature of the glutathione adducts derived from quercetin
indicate that this usually detoxifying pathway might give rise to unexpected adverse
effects of quercetin. Whether the supposed beneficial effect of quercetin as an
antioxidant is also accompanied by formation of the alkylating quinone methides and
to what extent this pro-oxidative toxic potential of quercetin should be taken into
account during the future development of this compound as a so-called beneficial
functional food ingredient, arequestionsrequiring careful examination.
The results provide insight in structure-activity-relationships for the chemical
behaviour and pro-oxidant toxicity of these electrophilic quinone/quinone methide
metabolites. Theresults obtained also illustrate theunexpected mechanism ofthepHdependent electrophilic behaviourofBringcatechol flavonoids.
Theresults ofthisthesisreveal for thefirsttimeevidence for the pro-oxidative
action ofquercetin in acellular invitromodel.Theformation ofthese GSH flavonoid
adducts provides evidence for the actual pro-oxidative formation of reactive quinone
type metabolites from B ring catechol flavonoids in a cellular in vitro model.
Oxidation ofthe catechols to quinones and their isomeric quinone methides generates
potent electrophiles that could alkylate DNA. Interestingly, the structural
requirements essential for good antioxidant activity match the requirements essential
for pro-oxidant action and quinone methide formation. Altogether, the pro-oxidant
behaviour and toxicity of flavonoids and their quinone/quinone methides are farfrom
straight forward and need to be re-evaluated especially with respect to their use as
functional food ingredients and/orfood supplements.

124

Summary

Thereiscurrentlymuchinterest inthedevelopment offunctional foods aiming
at the prevention of the development of some diseases, for example cancer, by the
introduction of selected natural substances at elevated levels into the diet. The
rationale for this approach is based especially on epidemiological data that indicate
that food items containing such chemicals may reduce the risk of these diseases in
humans. Epidemiological studies indicate, for example, that diets rich in fruit and
vegetables protect against a variety of diseases, including heart diseases and certain
forms of cancer. However, identification of the actual ingredient in a specific diet
responsible for the beneficial health effects remains an important bottleneck for
translating observational epidemiology to development of a functional food
ingredient. The protection against cancer afforded by fruit and vegetables has been
attributed to antioxidant micronutrients such as vitamin C, beta-carotene and vitamin
E, which may act at many sites, including the stomach, intestine, lung and bladder.
However, present scientific attention is focusing as well on the significance of other
minor dietary components, notably the flavonoids as protectants against disease.
Flavonoids arewidespread innature and are found inconsiderable quantities in fruits,
vegetables, seeds,peel and tubers.Theaverage Western diet mayprovide upto 1gof
flavonoids per day. Numerous in vitro studies show that flavonoids are potent
antioxidants andmetalchelators.Theirpotential asanti-inflammatory, antiallergic and
antiviral compounds has also attracted attention. These studies provide the basis for
the present rapidly increasing interest for the use of flavonoids as functional food
ingredients. As a result increased human exposure to flavonoids can be expected in
the near future. In shops and at the internet, food and food supplements based on
(iso)flavonoids as functional ingredients are marketed. This, although hard scientific
data supporting the health claims as well as data allowing a balanced risk-benefit
evaluation are lacking. For flavonoids increased future human exposure regimens
induce the question on their pro-oxidant chemistry. There is considerable evidence
that some flavonoids are mutagenic in both bacterial and mammalian experimental
systems. A high incidence of gastric cancer in some human populations has been
linked to consumption of wine containing potentially mutagenic flavonoids (Tamura
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et al, Proc. Natl. Acad. Sci. USA. 77, 4961-4965, 1980, Hoey et al, Am. J.
Epidemiol., 113, 669-974, 1981). Relatively little is understood about either the
toxicityorprotection afforded byflavonoids inhumans.
Since flavonoid quinone/quinone methides have been suggested as the major
metabolites responsible for the possible pro-oxidant toxicity and mutagenicity of
flavonoids, characterisation of flavonoid quinone chemistry is of importance.
However, little information is available on the structure and reactivity of these
flavonoid oxidation products. Therefore, the objective ofthisthesis wasto investigate
the pro-oxidant chemistry of flavonoids and to perform structure activity studies on
the chemical behaviour of 3',4'-dihydroxyflavonoids with special emphasis on the
nature and reactivity of the quinone/quinone methide type metabolites formed. Using
the GSH trapping method, HPLC, LC/MS, MALDI-TOF, J H NMR, 13 C NMR and
quantum mechanical computer calculations the quinone/quinone methide chemistryof
aseriesof3',4'-dihydroxyflavonoids couldbe characterised.
The results provide insight in structure-activity-relationships for the prooxidant chemistry of these electrophilic quinone/quinone methide flavonoid
metabolites. The results obtained also reveal an unexpected pH-dependent
electrophilic behaviour of B ring catechol flavonoids. Furthermore the results of this
thesis also reveal, for the first time, evidence for the pro-oxidative chemistry of
quercetin in a cellular in vitro model. The formation of these glutathionyl-flavonoid
adducts provides evidence for the actual pro-oxidative formation of reactive quinone
type metabolites from B ring catechol flavonoids in the selected cellular in vitro
model using melanoma cells. Oxidation of the catechols to quinones and their
isomeric quinone methides generates potent electrophiles that could alkylate DNA.
Interestingly, the structural requirements essential for good antioxidant activity match
the requirements essential for pro-oxidant action and quinone methide formation.
Altogether, the pro-oxidant behaviour of flavonoids and their quinone/quinone
methides are far from straight forward and need to be re-evaluated especially in the
framework of the risk-benefit evaluation of the use of these flavonoids as functional
food ingredients and/or food supplements.
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Er is momenteel veel interesse voor de ontwikkeling van fiinctionele
voedingsmiddelen (functional foods), met als doel het voorkomen van het ontstaan
van ziekten zoals bijvoorbeeld kanker, via het in verhoogde mate introduceren van
geselecteerde natuurlijke bestanddelen in het dieet. De basis voor deze aanpak wordt
momenteel met name gevonden in epidemiologische studies die laten zien dat dieten
rijk aan specifieke voedselcomponenten of ingredienten de kans op bepaalde ziekten
bij de mens verlagen. Zo geven epidemiologische studies bijvoorbeeld aan dat dieten
die rijk zijn aan fruit en groenten beschermen tegen een aantal ziekten zoals
hartziekten en bepaalde vormen van kanker. Echter, het identificeren van de
belangrijke ingredienten in het betreffende dieet die het gezondheidsbevorderende
effect tot stand brengen is een knelpunt voor het vertalen van de resultaten uit de
epidemiologicnaardeontwikkeling vaneenfunctioned voedingsingredient.
De bescherming tegen kanker door groenten en fruit is toegeschreven aan
antioxidanten zoals vitamine C, beta-caroteen en vitamine E, die op vele plaatsen in
het lichaam, zoals de maag, darmen, long en de blaas actief zijn. Wetenschappelijk
wordt momenteel veel aandacht besteed aan het mogelijke belang van andere
belangrijke dieet componenten, zoals flavonoT den, als beschermende ingredienten
tegen ziekte. Flavonoi den komen in de natuur veel voor, en worden met name in
hoge concentraties gevonden in fruit, groenten, knollen en zaden. Het gemiddelde
Westerse dieetbevat ongeveer 1 gramaanflavonoi' denperdag.
Vele in vitro studies tonen aan dat flavonoi' den goede antioxidanten en metaal
chelatoren zijn. Daarnaast hebbenzeanti-inflammatoire, anti-allergischeenanti-virale
eigenschappen dievan belang worden geacht. Deze bevindingen verschaffen debasis
voor de momenteel snel groeiende interesse om flavonoi den te gebruiken als
functionele voedingsingredienten. Alsgevolghiervanzouerindenabije toekomsteen
toename in de opname van flavonoi den via het dieet verwacht kunnen worden. In
winkels en via het internet worden voedingsmiddelen en voedingssupplementen
gebaseerd op (iso)flavonoi den als functionele voedingsingredienten verkocht. Dit,
terwijl zowel de wetenschappelijke onderbouwing voor de gezondheidsclaims als
gegevens die een gebalanceerde "risk-benefit" analyse mogelijk maken, nog
ontbreken. In het geval van verhoogde toekomstige blootstelling van mensen aan
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flavonoiden worden voor de risk-benefit evaluatie vragen van belang rond hun
mogelijk pro-oxidatieve chemisch gedrag. Er zijn aanwijzingen dat sommige
flavonoi' den mutageen zijn in zowel bacteriele als zoogdier in vitro test systemen.
Een verhoogde mate aan maagkanker in bepaalde humane populaties is in verband
gebracht met de consumptie van wijn met daarin mogelijk mutagene flavonoi den
(Tamura etal.,Proc.Natl. Acad. Sci. USA. 77,4961-4965, 1980,Hoey etal.,Am.J.
Epidem., 113, 669-974, 1981).Alles samenvattend is er eigenlijk weinig bekend van
deschadelijke maarookvandegezondheidsbevorderende effecten vanflavonoiden.
Omdat flavonoid chinon/chinon methides genoemd zijn als de belangrijkste
metabolieten die verantwoordelijk zouden zijn voor de mogelijke pro-oxidatieve
toxiciteit en mutageniteit vanflavonoi'den, is karakterisering van deze pro-oxidant
chemievan flavonoi den van belang. Echter er is weinig bekend over de structuur en
de reactiviteit van deze flavonoid oxidatie producten. Daarom was het doel van deze
studie de pro-oxidant chemie van flavonoi den te onderzoeken en een structuuractiviteits studie uit te voeren naar het chemische gedrag van 3',4'dihydroxyflavonoi den. Daarbij werd speciale aandacht besteed aan de aard en
reactiviteit van de gevormde chinon/chinonmethide metabolieten. Met behulp van de
GSH-trapping methode, HPLC, LC/MS, MALDI-TOF, 'H-NMR, 13C-NMR en
kwantum-chemische computerberekeningen kon de chinon/chinon methide chemie
vaneenserie 3',4'-dihydroxyflavonoiden gekarakteriseerd worden.
De verkregen resultaten geven inzicht in de structuur-activteits relaties voor de prooxidatieve chemie van de electrofiele chinon /chinon methides metabolieten van de
flavonoi' den. De resultaten laten ook een onverwacht effect zien van de pH op het
electrofiele gedragvandeB-ring catechol flavonoi den. Bovendien laten deresultaten
van het proefschrift zien dat zelfs onder reducerende omstandigheden in een cellulair
invitromodel (melanoma cellen) depro-oxidatieve chemievan quercetine van belang
kan zijn. Met name devormingvan glutathion-flavonoid conjugaten iseenbewijs dat
in het gekozen cellulaire model de pro-oxidatieve vorming van reactieve flavonoid
chinon/ chinon methide metabolieten is opgetreden. Oxidatie van de catecholen naar
chinonen en hun isomere chinon methides genereert electrofielen die DNA kunnen
alkyleren. Van belang is dat de structurele randvoorwaarden die een flavonoid een
goede antioxidant maken gelijk blijken te zijn aan de structurele kenmerken die
essentieel zijnvoorpro-oxidant gedragenchinonmethidevorming.
Al met al is de pro-oxidant chemie van flavonoi den en van hun chinon /chinon
methides verre van recht toe recht aan gebleken en zou de pro-oxidatieve chemie en
de toxiciteit van de flavonoi den in het kader van hun gebruik als functional food
ingredienten beter onderzocht en afgewogen moeten worden, rekening houdend met
hunmogelijk gezondheidsbevorderende effecten.
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