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ZUSAMMENFASSUNG

Frisches Obst und Gemüse sind wichtige Bestandteile gesunder Ernährung. Die positive

Wirkung ist auf den hohen Anteil an Mineralstoffen, Ballaststoffen, Kohlenhydraten

und Antioxidantien zurückzuführen. Antioxidantien sind Moleküle, die in niedriger

Konzentration im Vergleich zum oxidierbaren Substrat die Oxidation dieses Substrats

signifikant verzögern. Sie reagieren meist mit reaktiven Sauerstoffspezies (.OH, H202,

102, O2'', etc.), was zur Folge hat, dass aus den Antioxidantien Radikale entstehen. Der

Mechanismus dieser Reaktion ist von wesentlicher Bedeutung und unter anderem

Gegenstand dieser Arbeit, die sich in drei Teile gliedert.

Im ersten Teil wurde die Produktion freier Radikale mittels Elektronenspinresonanz

(ESR) Spektroskopie in Pilz- und Pflanzenprodukten (Champignons, Kräuter, Karotten)

bestimmt. Dabei wurden die Proben in Gegenwart eines "spin traps" zerrieben. Dieser

Vorgang sollte den Kauvorgang beim Essen simulieren. Lokale Unterschiede in der

Radikalgenerierung wurde an drei verschiedenen Stellen der Karotte untersucht.

Der zweiten Teil der Arbeit beschäftigte sich mit dem Oxidationsverhalten von vier

Polyphenolen (Kämpferol, Luteolin, Camosolsäure, Rosmarinsäure), die in relevanten

Konzentrationen in speziellen Kräutern vorkommen. Die Oxidation erfolgte im

alkalischen Medium in Gegenwart von 02 (Autoxidation) und bei neutralem pH-Wert

mit den Enzymsystemen Meerrettich-PeroxidaselH202 und XanthinlXanthin Oxidase

sowie mit Hydroxylradikalen (generiert via Fenton Reaktion) und Superoxid Anionen

(aus Kaliumsuperoxid).

Analytische Methoden zur quantitativen Bestimmung von Ascorbinsäure, Carotenoiden

und Anthocyanen in Pflanzenmaterialien wurden im dritten Teil der Arbeit behandelt.

Karotten und Kräuter zeigten pro-oxidatives Verhalten bei der Verwendung von PBN

(N-tert-Butyl-a-phenylnitron) und 4-POBN (N-tert-Butyl-a-(4-pyridyl)-nitron-N' -oxid)

als spin traps. Mit DMPO (5,5-Dimethyl-I-pyrrolin-N-oxid)-Derivaten, TRAZON

(1,3,3- Trimethyl-6-azabicyc1o[3.2.1 ]oct-6-en-N-oxid) und PE PO (5-Propyloxycarbonyl-

5-ethylpyrrolin-I-oxid) als spin traps wurde die Produktion von Kohlenstoff (C)-

zentrierten Radikalen nachgewiesen, mit DEPMPO (5-(Diethoxyphosphoryl)-5-methyl-
VI
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I-pyrrolin-N-oxid) und DPPMPO (5-(Di-n-propoxyphosphoryl)-5-methyl-l-pyrrolin-N-

oxid) auch .OH-Radikale. Die Identifizierung des C-zentrierten Radikals (N-t-

Butylhydronitroxid) im Champignon erfolgte anband dieser spin trap Reihe.

Die verschiedenen Bedingungen zur Oxidation der Polyphenole führten zu

unterschiedlichen EPR-Spektren, die als Basis für Strukturvorschläge dienten. Obwohl

die gewählten Oxidationsformen relativ mild sind, konnten alle gewählten Substanzen

oxidiert werden, was deren ausgezeichnete Eigenschaft bestätigt, freie Radikale zu

fangen.

Kämpferol und Camosolsäure änderten nach ihrer Oxidation ihre Grundstruktur. Es ist

daher denkbar, dass ihre Metabolite eine entscheidende Rolle als Schutz gegen freie

Radikale spielen. Im Gegensatz dazu blieben die Strukturen von Rosmarinsäure und

Luteolin erhalten, was darauf hindeutet, dass deren antioxidative Wirkung auf einem

Redox-Zyklus basiert .

VII
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INTRODUCTION

A diet rich in fresh fruits and vegetables is known to have positive effects on human

health, e.g. a decrease in the risk of heart disease and stroke, a control of blood pressure

and cholesterol, a prevention of some types of cancer and diverticulitis (an ailment of

the intestinal), protection against cataract and macular degeneration. 5 to 9 servings of

fruit and vegetables a day are recommended dependent on the calorie intake of the

person. A variety of different fruits and vegetables is at least as important as the amount

taken. (Harvard School of Public Health, 2004)

The positive effect of such food products is ascribed to their high content of vitamins

and minerals, fibre, carbohydrates and phytochemicals. There is some evidence that

specific compounds are responsible for the various health impacts, e.g. the carotenoid

lycopene in tomatoes. The use of antioxidants as dietary supplements is therefore an

increasing field nowadays, although there is no proof that vitamin supplements prevent

people of any disease. Some of them, e.g. vitamin C and E, seem not to harm if they are

taken in a limited dose, but it is disadvised to take ß-carotene supplements. On the other

hand, people suffering from specific illnesses or having a lack of the recommended

vitamins in their diet, pregnant and nursing women, may benefit and need those

vitamins as supplements. (Barrett, 2(05)

Plants produce a wide range of antioxidants for different purposes, e.g. secondary

metabolites fulfil the role of defence against herbivores, fungi and bacteria, viruses,

other plants competing for light, water and nutrients, they act as signal compounds to

attract pollinating and seed dispersing animals, support the communication between

plants and symbiotic microorganisms and protect against UV -light or other physical

stress (Wink, 1999); ascorbic acid is involved in the electron transport chain and is a

cofactor of enzymes (Smimoff, 1996). However, one of the most important tasks of

antioxidants in plants is the protection against a surplus production of reactive oxygen

species (ROS) which are short-lived and highly reactive compounds. Overproduction of

ROS can be initiated by various environmental stress conditions, such as drought,



CHAPTER 1. INTRODUCTION

ozone, ultraviolet radiation, and extreme temperatures, as well as being in response to

biotic damage caused by fungal or microbial infection. (Smimoff, 1993)

Free radicals, such as the superoxide radical anion (02'-) and hydroxyl radical (.OH),

non-radical species such as singlet oxygen eOû and hydrogen peroxide (H202), as well

as products from the reaction of these compounds with lipid molecules, such as lipid

peroxide (LOa.), collectively make up the group of molecules known as ROS. They are

found in every living system and have important roles in various biological reactions,

e.g. they are formed in the photosynthesis process by the electron transport, they are

involved in the generation of natural products by photoxidation (Graf, 1990) or act as

regulators against fungi and other threats in plant cells by activating defence genes

(Foyer and Noctor, 2(01). Increased generation of free radicals may be associated with

negative properties such as cell membrane and DNA damage. In a healthy living system

antioxidants and free radicals are in balance. A large unbalance between these two

groups of molecule is likely to be detrimental and either cause directly or render the

organism susceptible to disease. Thus, dependent on their reactivity and concentration,

antioxidants can be either beneficial to health or toxic.

Various methods for detection of the ability of samples to scavenge ROS have been

established, and a high activity is often considered to be related to a health benefit of the

food product (Frankel and Meyer, 2000). It is important, however, to understand the

mechanisms of reactions of antioxidants with free radicals since antioxidant molecules

are themselves often transformed into free radicals. The antioxidant-derived radical may

be reduced back to its original state, a process known as redox-cycling. a-Tocopherol

and ascorbic acid (vitamins E and C) are two well-known examples of antioxidant

molecules that redox cycle in biological systems.

A direct, definitive and non-destructive method to detect free radicals in both the solid

and liquid phase is Electron Paramagnetic Resonance (EPR), also called Electron Spin

Resonance (ESR) spectroscopy. For more than half a century, this technique has been

used to study the bonding in stable paramagnetic compounds. However, the technique

can also be used to detect unstable radical species and a variety of procedures have been

developed for this purpose. In the present work, I have used molecules known as spin

traps for this purpose. (A spin trap is a diamagnetic molecule that reacts with an

2



CHAPTER 1. INTRODUCnON

unstable free radical to produce a more stable radical species that can be used to

determine the identity of the original radical).

The study of free radicals in foods by EPR spectroscopy is still in its infancy, but it is

becoming more interesting, especially since it may provide an approach to the

prediction of shelf lives of various types of food product (Morello et al., 2(02). The

status of free radicals and antioxidant molecules in fruits and vegetables changes after

harvesting and is affected by both the storage time and conditions. Preparation and

processing of fresh food products (e.g. chopping, cooking, etc.) may also have an

influence on antioxidant concentrations. (Oil et al., 1999)

The principal aim of the work in this thesis was to gain a better understanding of the

free radical chemistry in mechanically damaged plant tissues, which is a normal

0CC'W1"C0Ce during the preparation and consumption of fresh plant food products. This

wort is divided into three experimental parts.

In the 1st part three different types of plant product (mushroom, herbs and carrots) were

used to detect free radical production by EPR during the process of grinding, which was

assumed to be equivalent to the physical process of mastication. This was performed in

the presence of spin lI'apS, molecules that are able to react with unstable free radicals to

form more stable radical adducts. Spatial variations of radical formation were

investigated with carrot samples taken from three different positions of the root.

(Chapter 2.2.-2.4.)

The 2nd part of this thesis covers the oxidation behaviour of four polyphenolic

compounds (kaempferol, luteolin, carnosic acid, and rosmarinie acid), which are

important components of the herbs investigated in the previous section. Oxidation

conditions included autoxidation in alkaline solution, enzymatic oxidation with

horseradish peroxidaselH202 and xanthine/xanthine oxidase and reactions at pH 7 with

the hydroxyl radical and the superoxide radical anion, obtained respectively from the

Fenton reaction and potassium superoxide. (Chapter 2.5.)

3
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ln addition, three different analytical methods for me quantitatIve determination of

ascorbic acid, carotenoids and anthocyanins were developed and applied to plant tissues

in the 3rd part of this thesis. (Chapter 2.1.)

4



CHAPTER2

BACKGROUND

2.1. BIOLOGICAL MATERIAL

Various plant products representing different types of botanical tissue (mushrooms -

fungi, carrots - plant roots, and herbs - plant leaves) were used, and free radicals

generated by cell disruption were detected by EPR spectroscopy. Mushrooms were

chosen because of the growing interest in the medicinal properties of fungi, and because

previous investigations by Goodman et al. (2002) showed interesting free radical EPR

spectra. Carrots are important horticultural crops for central Europe and they also make

important contributions to human diets because of their high pro-vitamin A contents.

Herbs are used primarily in small amounts to influence the sensory properties of foods.

Their culinary properties are mainly derived from their essential oils which contain

some bio-active compounds. Each of these foods can be eaten raw, and hence the

experiments also can be considered to represent a simulation of the mastication process

in the mouth.

The following section gives an overview of the main components in mushrooms, carrots

and herbs and their importance as food products.

2.1.1. Mushrooms

The common mushroom with the highest level of production is Agaricus bisporus, but

there are other mushrooms such as shiitake (Lentinula edodes) or straw (Volvariella

volvacea) which are gaining in popularity due to moderate quantities of good quality

protein, dietary fibre, vitamin C, B-group vitamins, and minerals.

In general mushrooms are thought to be good sources of protein. There are limited

amounts of sulphur-containing amino acids such as methionine or cystine, and some

other essential amino acids, but a large fraction of the protein amino acids exist in free

forms. The amounts of lipids in mushrooms are small and the fatty acids are mainly

unsaturated. The carbohydrate fraction varies from 3-28 %, but there is also an

5
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appreciable amount of fibre (3-32% on a dry weight basis). The main minerals found in

mushrooms are phosphorous, potassium, calcium and a very low amount of iron. In

contaminated soils mushrooms take up and accumulate cadmium and zinc quite easily.

Regarding vitamins, mushrooms contain thiamine (B\), riboflavin (B2), niacin (B3),

biotin (H), and ascorbic acid (vitamin C). ß-carotene has also been detected, as has

ergosterol, which converts to active vitamin D in the presence of ultraviolet irradiation.

(Breene, 1990)

An investigation of Cheung et al. (2003) showed that the amount of total phenolic

compounds in methanol and water extracts of shiitake and straw mushroom could be

correlated with the antioxidative activity, measured with three different methods.

Phenolic compounds, therefore, seem to contribute significantly to the antioxidative

activity of mushrooms. Also, although it has not been proven, there is evidence that

mushrooms have positive health impacts, and medicinal effects attributed to mushrooms

include antitumor, antiviral, anticholesterol, and antithrombotic activity. (Breene, 1990)

2.1.2. Herbs

The word herb refers to "non woody seed-producing plants that die down on the end of

the growing season" in botanical nomenclature, "vegetable products to improve flavour

or aroma of food and beverages" in the culinary arts, and "medicinal plants used to treat

diseases" in botanical medicine (Pietta et al., 2003).

From the nutritional point of view, herbs have low fat contents. An investigation of

Achinewhu et al. (1995) showed a variation of crude protein from 4.6 to 22.1 %, of fat

from 7.5 to 36.0 % and of total carbohydrate from 34.6 to 71.9 % for different spices

and herbs harvested in Nigeria. The main minerals are potassium and calcium, but herbs

contain also phosphorus, magnesium, sodium, iron and zinc. In general, the carotenoid

content (pro-vitamin A) is high in leaves. Other vitamins detected include Vitamin B\,

B2, B6, E, C, and folic acid (B9). (www.nutrition.at)

Various medicinal properties are attributed to active phytochemicals, such as

flavonoids, terpenoids, lignans, sulfides, polyphenolics, carotenoids, coumarins,

saponins, plant sterols, curcumins, and phthalides. The flavours of herbs and spices are

6
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CHAPTER2.BACKGROUND

derived from the aromatic components in their essential oils and oleoresins. (Craig,

1999)

Many herbs are commonly used as medicinal plants (Tyler, 1994; Anon, 1994). They

have been suggested to play important roles in stabilizing blood pressure and

cholesterollevels and hence decrease the risk of cardiovascular disease (Walker, 1996).

There is also evidence that several herbs help to sustain the immune system, e.g.

Echinacea (purple coneflower) or licorice. Some herbs have been reported to show

anticancer activity, e.g. members of the Labiatae family (basil, mints, oregano,

rosemary, sage, and thyme), the Zingiberaceae family (tumeric and ginger), the

Umbelliferae family (anise, caraway, celery, chervil, cilantro, coriander, cumin, dill,

fennel, and parsley), licorice root, green tea, flax, and tarragon. (Craig, 1999) The

activities of a number of herbal medicines are considered to be derived from their

general antioxidant properties e.g. Gingko biloba L. (Tyler, 1994); Silybum marianum

L. (milk thistle) (Leng-Peschlow, 1991). Since almost all the flavonoid classes

(flavonols, flavones, their dihydroderivatives, isoflavones, catechins, flavanolignans,

and anthocyanins) are present in herbs, the activity has been specifically associated with

phenolic compounds e.g. Melissa officinaLis L. (Koch-Heitzmann et al., 1988); Thymus

vulgaris L. (List, 1973); members of the Labiatae family (Madsen et al., 1996), which

would also be expected to function as antioxidants.

Small quantities of herbs are able to change thesensory properties of a food dish, thus

indicating that herb-derived substances are involved in chemical reactions with other

food components. Apart from the sensory effect herb extracts are also used in the food

industry to retard lipid peroxidation. Herbor 025@, a rosemary extract, was investigated

as antioxidant in ham, meat dumplings, dried oats, roasted hazelnuts, dehydrated salmon

and fried oriental noodles. Another extract from mixed aromatic spices called Spice

Cocktail Provencal, showed stabilizing effects of animal fats and frozen fish products.

(Amoma et al., 1996)

2.1.3. Carrots

Carrots are one of the most important vegetables in the world. Their main nutrients are

carbohydrates, their contents of proteins and fats being much lower. Their high fibre

7
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contents are considered to be beneficial to health. PotassIUm is the main mineral, along

with sodium, calcium, phosphor, magnesium, and iron. Carrots contain high contents of

ß-carotene (9.6 mg/WOg fresh weight), which functions as pro-vitamin A in humans.

Other vitamins detected in carrots include vitamin E, K, BI, B2, B6, C, niacin (B3),

pantothenic acid (Bs), biotin (H), and folic acid (B9). The amount of vitamin C in 100 g

carrot is around 7 mg. Carotenoids and monoterpenes are major secondary metabolites.

(Carlsson,2000)

8
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2.2. ANTIOXIDANT COMPOUNDS

'An antioxidant is any substance that, when present at low concentrations compared to

those of an oxidisable substrate, significantly delays or prevents oxidation of that

substrate.' The term oxidisable substrate covers 'everything found in foods and in living

tissues including proteins, lipids, carbohydrates and DNA'. (Halliwell et al., 1995)

Antioxidants can either inhibit generation of reactive oxygen species (ROS) or directly

scavenge them, forming radicals on their own. They may also cause an increase of the

levels of endogenous antioxidant defences, e.g. by initiating increased generation of

SOD or catalase. (Halliwell et al., 1995)

Antioxidants are often products of secondary metabolism (Fig. 2.1.). They can be both

hydrophilic and lipophilic and are stored in specific compartments in plants (Fig. 2.2.).

The biosynthesis of flavonoids, anthocyanins, ascorbic acid, carotenoids and special

phenols, which were subject of this thesis, are described in this section together with

their reported functions in plants and humans.

2.2.1. Flavonoids and Anthocyanins

More than 4000 naturally occurring flavonoids have been detected. Flavonoids can be

divided into 2 major sub-classes, the anthocyanins and anthoxantins. Anthocyanins are

water-soluble plant pigments which are concentrated in the vacuoles of epidermal or

subepidermal cells and almost exclusively in the form of glycosides. They are highly

coloured and can be seen as the red, blue and purple colours of flower petals, fruits,

roots and leaves. Anthoxantins are either colourless or coloured white to yellow. They

are stored in the vacuole when they are hydrophilic and in epidermal glandular cells, on

plant surfaces, or are exuded from plant roots when they have lipophilic properties (Fig.

2.2.). Flavonols, flavanols, flavones, flavans, isoflavones, and isoflavans belong to the

anthoxantin class. (Aviram and Fuhrman, 2(03)

The structure of flavonoids is given in Fig. 2.3. The oxygen in the C-ring is positively

charged in anthocyanidins which distinguishes this group from other flavonoids. The

glycosidic linkage is at the OH-groups of carbon 3 (and/or 5) which stabilises the

molecule. Possible sugars are glucose, galactose, arabinose, and rhamnose which also

9



CHAPTER2.BACKGROUND

exist in di- and trisaccharides. Dependent on the amount and positions of hydroxyl

groups in flavonoids (usually on carbon 3, 5, 7, 3', 4', and 5') the antioxidant activity

varies. For the most effective radical scavenging the structure should contain an 0-

dihydroxy structure in the B ring, a 2,3 double bond in conjugation with a 4-oxo

function in the C ring and OH-groups in position 3 and 5 with the 4-oxo function. (Rice-

Evans et al., 1996)

Biosvnthesis

The majority of flavonoids are formed from phenylalanine, a product of the shikimic

acid pathway, by the phenylpropanoid pathway (Fig. 2.4.). Phenylalanine is transformed

to cinnamate by phenylalanine ammonia-lyase (PAL). Hydroxylation of cinnamate

catalysed by the enzyme cinnamate 4-hydroxylase leads to the formation of 4-

coumarate which reacts further to 4-coumaroyl-CoA with the enzyme 4-coumarate:CoA

ligase.

Three molecules of malonyl-CoA (generated from reaction of acetyl-CoA with ATP and

one hydrogencarbonate anion) react with 4-coumaroyl-CoA with the help of chalcone

synthase. Chalcone can now be transformed into flavanone from which the flavones and

flavanonole as well as over some steps the anthocyanins can be formed. (Petersen et al.,

1999; Seigler, 1998)

If plants receive more light, more photosynthetic activity leads to more acetyl-CoA

formation which increases the flavonoid biosynthesis and plants gain brighter colours.

(Wikipedia, 2(05)

Biochemistry and health effect

The health effect of flavonoids is mainly ascribed to their antioxidative properties by

electron donation and metal-chelating properties. This is structurally supported by a

catechol group in ring B, the planarity of the molecule, the presence of a double bond

between C2 and 3 in conjugation with a carbonyl group on C4 and an OH group on C3

in ring C (Schroeter and Spencer, 2003; van Acker et al., 1996; Rice-Evans et al., 1996).

There are some positive effects described such as slowing down the coagulation of

10
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blood, a reduction of the aggregation of platelets, an influence on visual process, a

protection of the vessels, inhibition of LDL oxidation, anti-inflammatory, anti-allergic,

antischemic, immunomodulatory, and anti-tumoral activities. That could be an

explanation for reduced coronary thrombosis with increased flavonoid intake.

Investigations have also shown inhibitory effects of flavonoids to enzymes, e.g.

lipoxygenases, cyclooxygenases, mono-oxygenases, xanthine oxidase, mitochondrial

succinoxidase, reduced nicotinamide-adenine dinucleotide (NADH) oxidase,

phopholipase A2, topoisomerases, and protein kinases. (Pietta et al., 2(03)

There is some evidence from epidemiological studies and investigations in vivo and in

cell culture systems that flavonoids are potential neuroprotective agents. The in vivo

effect which is often explained as a hydrogen-donating system may be not the

dominating process due to measurements of plasma and tissue concentrations of

flavonoids and metabolites. It is rather supposed that the bioactivity in vivo is related to

the ability of flavonoids to modulate protein functions, intracellular cell signalling, and

receptor activities by interacting with ATP-binding sites and benzodiazepine-binding

areas. (Schroeter and Spencer, 2(03)

Beside all the positive effects described for flavonoids there are also studies showing

cytotoxic and pro-oxidant effects in cell systems which are mainly concentration

dependent (high micromolar to low millimolar). Since the results are based on in vitro

experiments, caution has to be taken with any conclusions to in vivo situations. (Spencer

et al., 2003; Cao et al., 1997)

Anthocyanins are allowed to be taken as food supplements. There is no general

quantum satis or acceptable daily intake (ADI) determined for such molecules. Intakes

of kaempferol and luteolin are still the subject of testing.

11
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CHAPTER 2. BACKGROUND

I Storage compartments

Hydrophilic compounds

Vacuole most alkaloids, NPAAs, saponins, glycosides,
tlavonoids, anthocyan ins, tannins, cyanogens,
glucosinolates, amines

Laticifer some alkaloids (Lobelia. Papaver, Chelidonium),
cyanogens, NPAAs, cardiac glycosides (Nerium)

Apoplast

Plastid membranes

Lipophilic compounds

Cuticle

I Trichomes

Resin ducts

Laticifers

Oil cells

waxes, lipophilic tlavonoids, terpenoids

monoterpenes, sesquiterpenes I
terpenes (CIO, CI5, C20, C30),
lipophilic tlavonoids

polyterpenes, diterpenes (phorbol esters),
lipophilic tlavonoids, quinones

anthraquinones (hypericin, hyperforin), terpenoids

ubiquinones, tetraterpenes

Fig. 2.2. Hydrophilic and lipophilic compounds and their storage compartments. (Wink,
1999)

13
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Fig. 2.3. Basic structure of (a) flavonoids. Subclasses are (b) anthocyanidins, (c) flavan-
3-01, (d) flavanone, (e) flavon-3-01, (f) flavone.
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~COO-
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~ 4-coumarate:CoA ligase
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+
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Fig. 2.4. Biosynthetic pathway of flavonoids.

2.2.2. Ascorbic Acid

OH
chalcone isomerase

_ HO-
OH a
flavanone

The antioxidant ascorbic acid plays an important role in all biological systems. Since it

is a small water-soluble molecule it is found in the majority of the cell compartments in

plants - in cytosol, chloroplasts, vacuoles, mitochondria and cell walls (Smimoff,

1996). Humans and some animal species are not able to synthesise it because they lack
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the last enzyme of the biosynthetic pathway, so they have to ingest ascorbic acid. The

main sources are plants and milk which is the only animal product containing a

significant amount of ascorbic acid (1-5 mg per 100 g). Fresh fruits and vegetables

(especially citrus fruits, tomatoes, green peppers, broccoli, and spinach), baked potatoes

and leafy vegetables are good sources. (Davies et aI., 1991; Brody, 1999)

The reducing ability of ascorbic acid is derived from the ene-diol group between

carbons 2 and 3. One electron oxidation leads to the formation of the

monodehydroascorbate (MDA) radical, which disproportionates to ascorbic acid and

dehydroascorbic acid (DHA) (Fig. 2.5.a). After oxidation of ascorbic acid (pastore et

al., 2(01), investigations by LCIMS in acidic (pH 2) aqueous solution showed that DHA

has a hydrated bicyclic hemiketal structure. This structure was also suggested by

Smimoff (1996), and another illustration of the disproportional reaction is shown in Fig.

2.5.b. DHA is unstable at pH > 7. Under normal conditions the reduced form is

preferred, and this accounts for about 90 % of the ascorbate pool. Two enzymes are

responsible for the reduction of DHA to ascorbic acid, the monodehydroascorbate

reductase using NAD(P)H as reductant, and the dehydroascorbate reductase using

glutathione as reductant (ascorbate-glutathione cycle or Halliwell-Foyer-Asada cycle).

(Smimoff, 1996)

a

HO
~

OH

o 0
HO +

HO OH

HO
o o

monodehydroascorbic acid ascorbic acid dehydroascorbic acid

HO
HO OH

+

Fig. 2.5. Disproportionation of the ascorbate radical,(a) conventional illustration
(Brody, 1999). (b) different illustration (Smimoff. 1996).
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Biosynthesis

Ascorbic acid is thought to be synthesised in plants by the so-called "Smimoff-

Wheeler" pathway (Fig. 2.6.), which is probably the main pathway. (Barata-Soares et

al., 2004; Wheeler et al., 1998) The immediate precursor of ascorbic acid is L-

galactono-1,4-lactone, which is formed from D-glucose via phosphorylated sugars and

nucleotide-linked sugars.

Biochemistry and health effects

Four biochemical functions of ascorbic acid are described in plants. It is an antioxidant

that is able to remove ROS directly, and also indirectly by the regenerating of a-

tocopherol after its reaction with ROS. Vitamin E and C interact synergistically.

Secondly it is a cofactor for a range of enzymes. It is involved in electron transport, and

can function both as an electron donor and acceptor. Ascorbic acid is also the initial

product of the oxalate and tartrate synthesis. It is responsible for the reduction of ferric

iron (Fe3+) to ferrous iron (Fe2+), which is the active form in enzymes for catalytic

activity. It is involved in cell wall metabolism and expansion, as well as in cell division.

(Smimoff, 1996; Davies et a1., 1991)

An important role for ascorbic acid for humans is in the formation of collagen. A

deficiency of vitamin C which is quoted as :S 0.1 mg/tOO ml plasma, leads to scurvy, the

first signs of the illness being visible after c. 1 month. Since ascorbic acid reduces Fe3+

to Fe2+ which is more easily taken up, it helps to protect against anaemia. (Brody, 1999;

Davies et al., 1991) Vitamin C is an important blood antioxidant, reacting with ROS,

regenerating a-tocopherol after its reaction with free radicals, and hence protecting low-

density lipoprotein (LDL) from oxidation. Alul et al. (2003) also reported a protection

of ascorbate against LDL oxidation by a pro-oxidant combination of homocysteine and

iron. Similar results were obtained by Suh et al. (2003) who found that ascorbate didn't

act as a pro-oxidant in a system of redox-active iron or copper, H202 and human

plasma. Its behaviour was that of an antioxidant rather than a pro-oxidant. which would

enhance lipid peroxidation.
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Fig. 2.6. Biosynthesis of ascorbic acid. *speculative steps, GDP-guanosine 5'-
diphosphate, GTP-guanosine 5' -triphosphate, GMP-guanosine 5' -monophosphate, PPi-
pyrophosphate (Wheeler et al., 1998; Barata-Soares et aI.,2004)
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A recommended daily dietary allowance (RDA) is suggested to be ~ 60 mg daily.

(Higdon, 2004; Gesundheitsratgeber)

2.2.3. Carotenoids

The name 'carotene' is derived from the Latin name for carrots - Daucus carota. In

addition to carrots, carotenoids which are fat-soluble, are also found in many flowers

(e.g. sunflower, marigold) where they are responsible for the yellow-orange colour, and

in fruits (e.g. tomato, orange) where they have orange-red colours. The highest amounts

of carotenoids can be found in photosynthetic tissues of plants and algae, where they are

normally masked by the green of chlorophyll, but are visible after degradation of

chlorophyll, e.g. in autumn.

The structure of carotenoids is characterised by the C40 isoprenoid skeleton which is

modified by cyclisation, substitution, elimination, addition, and rearrangement leading

to more than 600 different naturally occurring structures (Britton et al. 1995, 1998;

Goodwin and Britton 1988; Brody 1999). The structures of the main carotenoids from a

leaf extract (which were detected by HPLC in the present work) are shown in Fig. 2.7.

Biosvnthesis

The biosynthesis of carotenoids (Fig. 2.8.) starts with the isoprenoid or terpenoid

pathway. All isoprenoid compounds are generated from the Cs-isoprene unit given as

isopentenyl disphosphate (IDP) which isomerises to dimethylallyl disphosphate

(DMADP). IDP and DMADP react to produce geranyl diphosphate (GDP) by

condensation, a reaction which is catalysed by the enzyme prenyl transferase. Addition

of two further IDP molecules leads initially to the formation of farnesyl diphosphate

(FOP) with the help of prenyl transferase, and then geranylgeranyl diphosphate

(GGDP), the latter reaction being catalysed by GGDP synthase. Two molecules of

GGDP condense to form phytoene in the presence of the enzyme phytoene synthase.

Phytoene is the C40-carotenoid skeleton, and conjugated structures are then formed by

desaturation. Monocyclic and dicyclic carotenoid skeletons with a six-membered ring at

one or both ends are produced by an isomerisation or rearrangement of an acyclic end

group.

19



CHAPTER2.BACKGROUND

Biochemistry and health effects

Carotenoids fulfil two malO functions in plants - colouration and photoprotection.

Humans and animals are attracted by bright colours of fruits and vegetables. In the

photosynthetic system, carotenoids function as protection against photosensitised

oxidation by quenching the excitation energy of the chlorophyll triplet state after it has

absorbed a photon and by scavenging singlet oxygen. Xanthophylls, such as neoxanthin,

violaxanthin, antheraxanthin, zeaxanthin, function as light-harvesting pigments. They

pass on the excitation energy to chlorophyll by electron transfer. Carotenoids are also

indicators of stress which can be seen by the zeaxanthin-violaxanthin xanthophyll cycle.

For humans carotenoids have their most important role as pro-vitamin A which is

converted into vitamin A (retinol) in the body. It is an essential molecule in the visual

process. Large deficiencies of vitamin A lead to xerophthalmia, blindness and

premature death. Vitamin A also maintains growth and reproductive efficiency as well

as epithelial tissues, and prevents their keratinisation. In animal experiments, there is

some evidence that carotenoids protect against cancer, heart disease and AIDS. As

lipid-soluble antioxidants carotenoids have been investigated as protectants against lipid

oxidation processes initiated by free radicals.

The RDA value of vitamin A (retinol) is set with 0.8 mg per day in Europe. 2.0 mg of ß-
carotene (dissolved in some oil and swallowed) are equivalent to 1.0 mg of retinol.

(Gesundheitsratgeber; Brody, 1999)
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ß,ß-carotene

neoxanthin

echinenon
o

ß-cryptoxanthin

Fig. 2.7. Structures of carotenoids detected by HPLC analysis.
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Fig. 2.8. Biosynthesis of carotenoids.

2.2.4. Rosmarinie Acid (RA) and Carnosic Acid (CA)

RA is a water-soluble ester of caffeic acid and 3,4-dihydroxyphenyllactate (Fig. 2.9.a).

It is mainly found in the family of Lamiaceae and is extracted from rosemary, where it

is stored in the vacuole of the plant cell.

CA, a lipophilic abietane diterpene (Fig. 2.9.b), is a main antioxidant in the herbs sage

and rosemary. The concentration of CA in rosemary leaves is 100 times higher than a-
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tocopherol and 35 times higher than ß-carotene. (Munné-Bosch and Alegre, 2(01) It is

easily oxidised and is a precursor of several related diterpenes, e.g. camosol, rosmano1.

The antioxidant ability comes from the catechol structure on carbons 11 and 12. Unlike

a-tocopherol, CA is not regenerated after it has been oxidised (Gonzâlez et al., 1995).

At a subcellular level, CA was only found in chloroplasts where it is synthesised

(Munné-Bosch and Alegre, 2(01). The highest concentrations of CA are therefore found

in leaves of rosemary, with lower levels in flowers and stems, whereas RA is

concentrated mainly in flowers. The seasonal variations of RA in leaves are similar to

those of CA and are at a maximum before flowering. Only low concentrations of these

two compounds are detected in roots of rosemary (del Bano et a1., 2(03)

a

b

Fig. 2.9. Structure of (a) rosmarinie acid and (b) camosic acid.

Biosvnthesis of rosmarinic acid

The biosynthesis of rosmarinie acid starts from the amino acids phenylalanine and

tyrosine and proceeds in two parallel pathways (Fig. 2.10.). The intermediates 4-
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coumaroyl-CoA and 4-hydroxyphenyllactate are esterified to 4-coumaroyl-4'-

hydroxyphenyllactate, the former involving the release of CoA, and catalysed by the

enzyme RA synthase. RA is then formed by hydroxylation over two further steps which

are initiated by two membrane-bound hydroxylases regulating the hydroxylation on

position 3 and 3' on the aromatic rings. (Berger, 2001)

Biosynthesis of camosic acid

Carnosic acid is synthesised in plastids in four stages. The first step is the formation of

isopentenyl disphosphate (IPP) which is produced via the non-mevalonate 1-deoxy-D-

xylulose-5-phosphate (DOXP) pathway (Fig. 2.11.) (Lichtenthaler, 1999). The second

step is the condensation of IPP with three further basic Cs units to build geranylgeranyl

diphosphate (GGPP, C20). The last stage includes internal addition to form copalyl

pyrophosphate which is the substrate for carnosic acid (Fig. 2.12.). (McGarvey and

Croteau, 1995; Munné-Bosch and Alegre, 2001; Gershenzon and Kreis, 1999)

Biochemistry and health effects of rosmarinic and camosic acid

In plants RA most likely protects against attack by fungi and bacteria. It mayalso deter

eating enemies. It has high antioxidant ability due to the two catechol groups in the

structure and can be oxidised to o-quinones which are able to bind to peptides and

inactivate them. Since RA is stored in vacuoles and therefore separated from oxidases,

oxidation occurs only when the membranes are destroyed which support the theory of

protection. (Berger, 200 1)

RA has been reported to have antioxidant, antiviral, antibacterial, antitumor,

anti hepatitis, antimutagenicity, anti-allergic, anticarcinogenicity and anti-inflammatory

properties. It inhibits HIV -1 and blood clotting. (Berger, 2001; Bors et aI, 2004; Cao et

al., 2005; Milié and Milié, 1998; Ito et al., 1998)
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CA functions as an antioxidant in chloroplasts together with its oxidation products

rosmanol and isorosmanol. (Munné-Bosch and Alegre, 2001). CA and carnosol, its

oxidation product, are good protectors of biological systems against oxidative stress,

including lipid peroxidation and superoxide anion generation. (Haraguchi et aI., 1995)

They inhibit .OH generation by the Fenton reaction through their ability to chelate iron,

and are also effective scavengers of peroxyl radicals (Aruoma et al., 1992).

Carnosic acid has antifungal, antitumoral, antimutagenic, antiviral, anti proliferative

activities and is also able to inhibit nitric oxide fonnation. (Gigante et al., 2(03)

Rosemary plants exposed to drought and high light stress increase their concentration of

highly oxidised abietane diterpenes and show a decrease of CA. This indicates the

antioxidant behaviour of CA, which is unable to regenerate, and is the substrate for

isorosmanol and dimethyl isorosmanol. (Munné-Bosch et al., 1999) A further

investigation of drought stress with rosemary, sage and lemon balm showed a functional

interdependence between the low molecular weight antioxidants CA, ascorbic acid and

a-tocopherol. Whereas CA concentrations in rosemary and sage leaves decreased with

increasing stress by fonning oxidised diterpenes, lemon balm leaves showed an increase

in ascorbic acid and a-tocopherol levels with stress; rosemary and sage on the other

hand had constant levels of ascorbic acid. (Munné-Bosch and Alegre, 2003) CA and RA

also showed both synergistically antioxidative effects with other molecules, e.g.

lycopene (Fuhnnan et al., 2000).

Rosemary extracts have high antioxidant activity and are used as anti-inflammatory and

antimicrobial agents in medicine. The active compounds in lipid extracts are CA and

carnosol, whereas RA is the main antioxidant in aqueous extracts. (del Bano et al.,

2(03)

A study with T98G Human glioblastoma cells and rosemary extract showed that

especially CA enhanced the synthesis of nerve growth factor, an important protein for

the growth and functional maintenance of nerve tissue. This effect is most likely due to

the catechol group in the structure (Kosaka and Yokoi, 2003).
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2.3. CHARACTERISATION OF ANTIOXIDANT STATUS

The characterisation of antioxidants is based on different methods with different

objectives. Most approaches detect the ability of antioxidants to scavenge free radicals,

e.g. the TEAC (Trolox equivalent antioxidant activity) assay (Rice-Evans et al., 1996),

ORAC (oxygen radical absorbance capacity) assay (Cao et al., 1997) or the DPPH

radical (1, I-diphenyl-2-picryl-hydrazyl) assay (Sanchez-Moreno et al., 1998). Another

assay which was originally established for detection of the ferric reducing ability of

plasma (FRAP) (Benzie et al., 1996), is now also used to measure the reducing ability

of food samples. (Frankel and Meyer, 2(00)

All of these assays deliver general information about specific radical scavenging ability

of the sample but they all suffer from providing information on the biological target

which should be protected. Contrasting results from different methods using the same

molecules show that the activity is strongly dependent on the test system and on the

substrate. 'There cannot be a short-cut approach to determining the activity of

antioxidants'. (Frankel and Meyer, 2(00) Furthermore it is recommended to determine

the antioxidant activity under various conditions of oxidation, to use several methods to

detect different products of oxidation and the systems should be related to real systems

(e.g. food and biological reactions).

It is presumed that the amounts of antioxidants are correlated with their activities.

Hence the philosophy is often that increasing the amounts of antioxidants in food should

provide improved protection against "free radical attack" in cells. There are different

analytical methods to determine the amount of certain antioxidants in plants and food.

The application of three analytical methods on different plant tissues for quantitation of

antioxidants was one aim of this work. A photometric assay was used to determine the

amount of anthocyanins, a fluorometric approach was chosen to detect ascorbic acid and

an HPLC method was taken to separate carotenoids and detect their amount in certain

plant tissues. These analytical methods are discussed below. (Kellner et al., 2004; Otto,

2000; Skoog and Leary, 1992)

A photometric detection is commonly used in quantitative (trace) analysis of metals,

drugs, body fluids, and food. The advantages are the sensitivity (down to 10.7 M), high
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selectivity, good reproducibility and accuracy (relative uncertainties of I to 3 %) and

ease of operation. The limit of detection is dependent on the extinction coefficient. In

our case, cyanidin-3-glucoside - the standard for anthocyanins - has an extinction

coefficient of 28033 L mor1cm-1 (Wrolstad, 1982) which leads to a minimum detection

of 3.5-10-7 M at an extinction of 0.01 according to the Lambert-Beer Law. Applications

for qualitative analysis are limited because the number of absorption maxima and

minima is relatively small. The information obtained from UVNIS spectroscopy can

support identification of the molecular structure with the help of wavelength assignment

tables, although there are now more informative techniques available, e.g. NMR

spectroscopy. Nevertheless, UVNIS spectroscopy is a cheap and useful tool in

combination with HPLC.

Fluorescence techniques are used for determination of inorganic and organic substances.

The concentration-intensity dependency of fluorescence spectra is more complicated

than with UVNIS spectra. Fluorescence yield has also to be considered. In contrast to

absorption techniques, fluorescence is directly proportional to the intensity of the

excitation energy and the dynamic concentration range can cover three decades (10-7
-

10-4 M). Fluorescence techniques are extremely sensitive (ppb range). However, the

number of fluorescent substances is limited and the precision and accuracy is usually

poorer than those of spectrophotometric methods.

There are some points which have to be considered with the fluorometric detection of

ascorbic acid. The reaction of dehydroascorbic acid with o-phenylenediamine is time

dependent and detection is made after 35 minutes reaction time. Hence there will

always be a small range of fluorescence deviation due to the time-consuming handling

of more than one sample per run. The sensitivity of the measurement can be improved

by increasing the PMT (photomultiplier tube) voltage, but this also leads to a higher

noise level. Therefore a compromise has to be found to reach the ideal signal-to-noise

ratio. A calibration curve at a fixed PMT voltage covers a certain concentration range.

The sample points should be in that range of linearity. In our case the standard addition

curve was carried out from 5 to 40 J.lglml ascorbic acid plus 2 g pepper (see

Chapter 3.1.2.) using a PMT setting of 700.

30



•

CHAPTER2.BACKGROUND

HPLC is a technique that is used for both qualitative and quantitative analysis. It has a

good sensitivity, is adaptable to accurate quantitative determinations, is able to separate

non-volatile species or thermally labile ones, and has a widespread applicability to

substances of interest such as amino acids, proteins, nucleic acids. The reproducibility

of retention times is less accurate than the wavelength precision in spectroscopy, but

using standards for comparison provides useful information about the absence or

presence of a substance. For quantitative analysis the peak height or area is taken. Both

have disadvantages,e.g. the peak height is problematic in the case of alterations in the

peak form, determination of the peak area is critical in case of peak broadening or very

narrow peaks because of locating the exact positions for the beginning and the end of

the peak. The separation and the quantitative yield can be maximised by choosing the

right column temperature, flow rate, volume of injection, columns, and mobile phase.

An analysis by HPLC is much more time consuming than detection by a fluorometer or

photometer. However, HPLC analysis allows the analysis of several compounds in one

run in contrast to fluorescence or absorption spectroscopy. In the case of carotenoids the

flow rate was chosen to be 1 ml/min. For applications to carotenoids, one has to bear in

mind that the technique has some limitations. The columns used are PEEK with an

upper pressure limit of 300 bar. Therefore the flow rate is limited. Any loss of sample

during the preparation is compensated by using an internal standard in the extract. An

external standard which is run before each set of samples is used to compensate any

daily variations of the instrument. The peaks do not show a typical Gaussian form,

which makes evaluation of peak area difficult, especially when there are overlapping

peaks. Sometimes an error from manual integration, e.g. in the case of overlapping

peaks, cannot be avoided, but it can be minimized if integration is always carried out in

the same manner by the same person. The detector is a DAD (diode array detector). The

carotenoids are measured at a fixed wavelength of 450 nm, which is not the absorption

maximum for all detected molecules. Hence a small error has to be expected due to

absorbance measurements beside the peak maximum.

The most time consuming part which introduces the largest variability, is the

preparation of the sample. Frozen material is normally used with these methods and the

weighing of frozen powder has to be done as accurately as possible. There is a point

when no liquid nitrogen is evaporated any more and no water is condensed. This is the
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right time to read the weight. From my experience the biggest deviations of results

come from the inhomogeneity of the sample powder and weighing errors.
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2.4. CHARACTERISATION OF FREE RADICAL STATUS

Reactive oxygen species (ROS) may be either compounds with free radical character

containing at least one unpaired electron, e.g. triplet (ground) state oxygen e02),

hydroxyl (.OH), superoxide anion (02'-), peroxy and alkoxy (R02' and Ra") radicals, or

non-radicals such as singlet oxygen eOz) and hydrogen peroxide (H202). They play

essential roles in biochemical pathways, food degradation and in disease. Their

generation is associated with processes such as senescence and pathogen attack, but

they may also be a consequence of extreme environmental conditions, e.g. high or low

temperature, herbicides, air pollutants, UV irradiation, nutrient deficiencies, toxic

metals. (Smimoff, 1993) Three biochemical systems, which are used in this work to

oxidise phenolic compounds, are described in more detail.

02'- is generated in nearly all aerobic cells and can cross membranes through a specific

'channel', whereas .OH which is formed in different parts of the cell, cannot diffuse

away from its site of formation since it reacts with virtually every component it meets.

Xanthine oxidase which occurs in milk, liver and jejunum, catalyses the transformation

of xanthine to uric acid generating O2'- (Equ. 2.1.; Terada et aI., 1990).

xanthine uric acid
Equ.2.1.

A main route for .OH generation is via the Fenton reaction (Equ. 2.2.) where H202

oxidises ferrous (Fe2+) ion to ferric (Fe3+) ion. Since the presence of H202 and a small

amount of Fe2+ is normal in vivo, the Fenton reaction is cornmon. The .OH radical reacts

in three ways: by abstraction of a hydrogen atom to form H20, addition to another

structure, e.g. aromatic rings, and acceptance of an electron, e.g. from the chlorine ion.

(Halliwell and Gutteridge, 1984)
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Equ.2.2.

The system horseradish peroxidase (HRP) and H202 is an alternative for oxidising

phenolic compounds. Fig. 2.13. shows a generalised reaction scheme for heme

peroxidases and catalases (Jakopitsch et aI., 2005). HRP, a ferric protoporphyrin IX,

which is bound ionically or covalently to cell-wall polymers and is localized in the

apoplastic space, reacts with H202 to form three compounds. Compound I (a ferryl

porphyrin 1t-cation radical or a ferryl protein radical) is generated by oxidation of the

native enzyme with one H202-molecule. It can either react directly back to the ferric

enzyme by another H202 or indirectly via compound II (a ferryl species or protein

radical) by two one-electron reductions in the presence of an one-electron donor (e.g.

phenolic compounds). Addition of O2'- then generates the so-called compound ill (a

ferrous-dioxy/ferric-superoxide complex). A physiologically relevant way for its

formation is reaction of the enzyme with 02'- produced by the oxidative cycle with a

suitable substrate such as NADH (Chen and Schopfer, 1999). Compound ill is also

formed from compound II with an excess of H202 or from the ferrous heme protein by

dioxygen binding.

The formation of .OH radicals is also related to superoxide anion production in the cell.

Superoxide anion radicals dismutate to H202 and 02 in the presence of superoxide

dismutase (SOD) (Equ. 2.3.). The so-called Haber-Weiss reaction (Equ. 2.4.) of

superoxide and H202 leads then to .OH radical generation. (Smirnoff, 1993)

Equ.2.3.

Equ.2.4.

Free radicals can be detected by VarIOUS biochemical methods, e.g. detection of

superoxide anion radicals by reduction of cytochrome c (Green and Hill, 1984),

detection of OH-radicals by a tluorimetric detection of the hydroxylation of benzoate or

by a photometric detection of the degradation of deoxyribose (Chen and Schopfer,

1999). All these biochemical methods are indirect determinations of the radicals, where

the sample matrix has to be treated and hence changed in a special way before
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detection. Since radicals are often highly reactive compounds, the actual status in the

samples may not be reproducible any more. Such methods have to be taken with care

and under consideration of possible errors in the results.

O~
O"2

+'R-PorFe'v=O

Compound I

Compound III

I R-PorFeIlI-02" I

*

Fig. 2.13. Reaction scheme of heme peroxidases and catalases. (Jakopitsch et al., 2(05).
(AH2 - one-electron donor)

2.4.1. EPR Spectroscopy

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) spectroscopy

is a non-invasive method for the detection of paramagnetic molecules, such as free

radicals and many transition-metal ions (Bolton. 1972). The physical condition of the

sample can be solid or liquid in the form of crystaJs. powders. solutions or frozen

solutions. Although it is limited to special molecules it can be a useful tool for certain

questions. The theoretical information about EPR presented in this section was taken
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from the 2003 lectures of Prof. Vana (Vienna University of Technology), and from

Goodman & Raynor, 1970, Bolton, 1972, and Poole, 1997.

Princivles of EPR

The principles of EPR can be described by quantum-mechanical theory. An electron is a

charged particle in motion and creates a magnetic moment which is described by the

spin quantum number ms• (this has the values of :t112). In the absence of a magnetic

field the energies of the spin states are equal. Applying an external field leads to

separation of energies and a change in population of the energy states according to the

Boltzmann statistics. This energy separation is called the electronic Zeeman effect (Fig.

2.14.). The energetically more favourable state has the electron magnetic moment

parallel to the external field. The energy states are equal to gJ.lBBoms where g is the g-

value or g-factor, a specific constant typical of the molecule containing the unpaired

electron, J.lB is the Bohr magneton (9.27.10.24 1rr), Bo the external magnetic field, and ms

the electron spin quantum number (:tl/2). The energy separation (LlE) grows with an

increasing magnetic field. Transitions between the electron spin energy levels can be

induced by the absorption of electromagnetic radication when the energy of the photons

hvis equal to LJE (Equ. 2.5., where h is the Planck's constant (6.62607.10,24 1s) and v is

the microwave frequency).

Equ.2.5.

Spectrometers operate in various microwave frequency bands, L (-1 GHz)-, S (3 GHz)-,

X (9 GHz)-, K (24 GHz)-, Q (34 GHz)- and W (90 GHz)-band, though X-band is the

most commonly used one.
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Energy
ms = + 1/2

ms = - 1/2

Bo magnetic field
(B)

Fig. 2.14. The electronic Zeeman effect including the resonance conditions. (Poole,
1997)

EPR spectra

EPR spectra are obtained by measuring the absorption of the microwave energy at the

resonance conditions in Fig. 2.14. Normally the magnetic field is scanned while the

frequency is fixed and spectra are obtained as the first derivative of the absorption curve

(Fig. 2.15.). Resolution of overlapping peaks can be improved by recording the second

derivatives. An EPR spectrum is characterised by the g-value, the line width and shape,

the signal intensity, the hyperfine splitting and the anisotropy.

il-value

The g-value is the proportionality constant of Equ. 2.5. and is equal to 71.44775.vIB0,

where v is in GHz and Bo is in T. For a free electron g = 2.0023. The g-values of

different molecules differ from that of the free electron because of the interaction of the

electron spin and orbital angular momenta, which leads to a shift in the resonance

energy «2.0023 if coupling is with empty orbitales), >2.0023 if coupling is with filled

orbitals). g-values of solid samples are often anisotropie, which means they are

dependent on the direction of the orbital containing the unpaired electron relative to the

applied magnetic field, whereas in fluid solutions the anisotropic effect is generally

averaged by rapid molecular tumbling.
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a

b

c

Fig. 2. I5. EPR-spectra shown as absorption peak (a), the first derivative (b) and the
second derivative of the absorption peak (c).

Relaxation, line width and shave

The resonance situation leads to two opposing processes in the molecule. On one hand

the microwave field tries to equalise the difference in the population density, whereas

relaxation processes try to restore the Boltzmann distribution. The latter consist of 2

separate processes - spin-lattice-relaxation and spin-spin-relaxation.

In a conventional EPR experiment, spin-lattice-relaxation is responsible for maintaining

a constant absorption signal since the interaction between the electron spin and the

lattice re-establishes the Boltzmann distribution. Without this interaction the electron

spin energy levels would rapidly become equally populated; then no further microwave

energy could be absorbed, the lines become broader and the transition becomes

saturated. On the other hand a broader absorption line also occurs when the relaxation
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time is too short, which can be explained by the Heisenberg uncertainty principle - a

short relaxation time (Tt) leads to a broader energy state (~v = lffl). The interaction

between the spin and the lattice occurs through two processes - the direct and the

Raman process. The direct process involves the exchange of a complete quantum Vo

with a lattice vibration, the Raman process takes place over a two-photon transition,

where an additional photon Vt is absorbed first to the available energy state and another

one V2is then emitted. The difference between Vt and V2is the initial frequency Vo. This

process occurs only when enough photons are available which is the case at high

temperatures, whereas the direct process dominates at very low temperatures. The

relaxation time is determined as the time from saturation to the recovery of the thermal

equilibrium.

The spin-spin-interaction occurs between the spins of unpaired electrons. The

movement of the spin in the external magnetic field can be considered as a magnetic

dipole having a fixed component in the direction of the magnetic field; this produces an

additional field at a neighbouring unpaired electron, resulting in a shift in the total field

and hence a shift in its energy levels. This interaction is usually seen in the spectrum as

line broadening. Additionally the broadening of the absorption takes place for electrons

in neighbourhood which have the same Larmor frequency (equal to the same g-value)

since the oscillating field induces transitions in the adjacent electron leading to a

decrease of the normallife time.

A normal dipole-dipole interaction leads to a Gaussian line shape. Interactions between

spin and lattice or motional averaging effects will narrow the lines - exchange

narrowing - resulting in a Lorentzian shape. The line width represents the energy

distribution within the energy levels and the interaction of the unpaired electron with its

environment. If hyperfine splitting constants or the separation of different components

in a sample are smaller than the line width, the absorption line will broaden.

Sümal intensitv

Double integration of the first derivative provides the signal intensity which is

proportional to the number of unpaired electrons as long as saturation is avoided.

Quantification of radical amounts is not very accurate due to the instability of most of
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the radicals and their high reaction rate. However, there are semiquantitative methods

using standards like DPPH or Mn which are run at the same time as the samples.

Hvverfine svlittinf!

In addition to the external magnetic field, nuclei with non-zero spins such as IH (1=1/2),

14N (1=1), 13C(1=1/2) create additional magnetic fields which interact with the unpaired

electron and cause a splitting of the energy levels into 21 + I components. This leads to

a splitting of the peaks in the EPR spectrum which is called the hyperfine splitting. The

change of the nuclear spin quantum number ml is much slower than the one of the

electron spin quantum number ms, therefore ml is fixed during an electronic transition

and two possible transitions are allowed according to the selection rules of ms = :tl and

ml = 0 (Fig. 2.16.). A typical hydrogen atom spectrum where two peaks of equal

intensityare visible is given below the energy diagram. The distance between the peaks

is called the hyperfine splitting described by the hyperfine coupling constant, a (which

is usually quoted in mT or gauss). There is a direct proportionality between the

hyperfine splitting and the product of the magnetic moment f..I.N of the nucleus and the

fractional occupancy of the molecular orbital containing the unpaired electron.

The interaction of the unpaired electron can be with more than one nucleus of the same

type, e.g. with hydrogen atoms from a CH-, CH2- or CH3-grouP resulting in an intensity

relation according to Fig. 2.17. Interactions with different type of nuclei lead to spectra

showing the strong interaction with one type of nucleus leading to (211+ I )-splittings and

all these lines are further split due to the weaker interactions with the other nucleus into

(2h+ I)-splittings. No overlapping sets of hyperfine splitting lines occur if the weaker

interaction is very small compared to the strong one.
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i
: i

V

H=O

•

Fig. 2.16. Separation of the energy levels dependent on the magnetic field shown in the
hydrogen atom. The dotted transition indicates the situation where a would be zero.
(Bolton, 1972)

• 1=112 n=1 1 1

2 1 2 1

3 1 3 3 1

4 1 4 6 4 1

5 1 5 10 10 5 1

Fig. 2.17. Intensity ratio of peaks coming from n equal proton couplings (Goodman,
1970).
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Anisotropy

The hyperfine splitting due to the interaction of the electron with the nucleus is

dependent on the type of orbital in which it occurs, e.g. s, p or d. If the electron is in an

s orbital, the hyperfine coupling constant will be large due to the high electron density

at the nucleus and independent of direction since s orbitals are symmetrical (isotropic

hyperfine splitting). Anisotropic hyperfine splitting occurs when the electron is in a p or

d orbital. In this case there is no electron density at the nucleus, the interaction which is

based on two magnetic dipoles, is small and dependent on the direction (resolved in x, y,

and z) of the orbital relative to the applied magnetic field and to the separation of the

dipoles. The magnitude of this hyperfine coupling is zero when it is integrated over all

directions. However, a small isotropic hyperfine splitting is usually observed as a result

of polarisation of filled s-orbitals by the unpaired electron(s). (see e.g. Goodman and

Raynor, 1970) Hybridisation of s, p, and d orbitals leads to a combination of isotropic

and anisotropic couplings.

There is also a dependency of the hyperfine splitting on the physical state of the sample.

Any solid matrix including frozen solutions will show the sum of isotropic and

anisotropic interactions whereas with fluid solutions only the isotropic coupling will be

observed due to the fact that anisotropic coupling is averaged to zero. In the case of

large biochemical molecules in fluid systems, the tumbling frequency of the molecule

may be lower than the resonance frequency leading to an anisotropic spectrum similar

to that associated with a solid state molecule. This situation is also often observed when

spin traps are used and large molecules are trapped leading to line widthlheight

variations in the spectrum.

Saturation

The Boltzmann equation (Equ. 2.6.) describes the number of electrons in the ground

(Ngd) and excited states (Nex), where L1E is 2gp.JJ. Resonance can only be observed if

Nex is different to Ngd. Any change in the occupation of the two levels is given by Equ.

2.7.
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Equ.2.6.

Equ.2.7.

Wgd-ex probability for the electron transition from the ground to the excited state

Wex-gd probability for the electron transition from the excited to the ground state

Saturation occurs when Nex approaches Ngd• When Nex = Ngd an electron is emitted for

everyone absorbed. Then an increase in the microwave power has no influence on the

signal intensity. At low temperature saturation occurs relatively easy. A typical

saturation curve is given in Fig. 2.18.

16 .A,-'AA'-'--A'--_A .
k~ Lr ~_.-._.-._.~

.£14 p

~12 l
c '.- 10 '
] 8 Il
u

~ 6 A
~ 4
~ 2

oo 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Square root microwave power (mW~)

Fig. 2.18. Typical saturation curve of DPPH at 77 K.

EP R -soectrometer

An EPR-spectrometer consists of a homogeneous magnetic field, a microwave source, a

microwave conductor, a microwave resonator, a detector, an amplifier, and a regulating

system. A diagram of a typical EPR-spectrometer is given in Fig. 2.19.
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Fig. 2.19. Diagram of a typical X-band EPR spectrometer. (Bolton, 1972)

The magnetic field is produced by an electromagnet. The production of microwaves in

the EPR spectrometer we used (Broker ESP 300E, Bruker Biospin, Rheinstetten,

Germany) is made by klystrons but many instruments nowadays use Gunn diodes as

microwave sources. Transmission of the radiation from the source to the resonator as

well as to the detector occurs with wavelength conductors. The resonator (cavity) is the

part of the microwave conductor where interaction with the sample occurs and where a

standing wavelength is produced. Silicium-Diodes are used for detecting the microwave

signal.

Princivle of measurement

The microwave bridge is the core of the spectrometer and the connection between the

microwave source and the detector. To receive high signaJ-to-noise ratios and baseline
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stability, the magnetic field is modulated at low frequency. Therefore the microwave

signal is also modulated with the same frequency and the resulting spectrum is obtained

as a I SI derivative of the absorption. In the present work, the best value of the

modulation frequency to compromise noise and resolution was tOO kHz.

Variable oarameters

Some parameters have to be chosen and set independent of the sample before the EPR

spectrum can be recorded. The optimum microwave power varies a lot with the

temperature at which the spectrum is recorded, e.g. frozen samples get saturated very

easy; therefore the power needed is low (about 0.1 mW), freeze-dried biological

samples can be recorded at room temperature with 1 mW, whereas good spectra can be

obtained with spin-trapped samples using 10 or 20 mW microwave power (Pirker,

2002). The choice of the modulation amplitude is a compromise between the signal

height and peak resolution. With decreasing modulation amplitude, resolution is

improved, but the peak height is decreased. Another parameter is the receiver gain. It

should be chosen to be big enough to obtain a good signal considering that an increasing

receiver gain also increases the noise level. The speed of recording one spectrum can be

regulated by the conversion time whereas the time constants filter out the noise by

slowing down the response time of the spectrometer. The centre field and the sweep

width of a spectrum are two other parameters which are adjusted to the sample

conditions.

All simulations of EPR spectra were carried out using the program SimFonia from

Bruker.
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2.4.2. Spin Traps

The generation of unstable short-lived free radicals in a system can be detected by using

molecules called spin traps. The technique was first demonstrated in the late 1960s

(Janzen, 1984). Spin traps are diamagnetic compounds that react with radicals to

produce new long-lived radicals which are stable enough to be detected by EPR.

Qualitative information can be obtained from the parameters of the spectrum. An

unknown trapped compound can be classified as belonging to a specific group of

radicals, e.g. carbon-centred, oxygen-centred, or sulphur-centred, as a result of its EPR

parameters (The older literature was collected in the N.I.E.H.S. spin trap database, but

this has not been maintained in recent years). Since solvent effects can have major

effects on the hyperfine splitting of the spin adduct, the solvent used in the experiment

has to be clearly stated. (Buettner, 1987) The most commonly used spin traps are

nitrones and nitroso compounds. In this work some derivates of dimethyl-I-pyrroline N-

oxide (DMPO) such as 5-(diethoxyphosphoryl)-5-methyl-I-pyrroline N-oxide

(DEPMPO), 5-(di-n-butoxyphosphoryl)-5-methyl-I-pyrroline N-oxide (DBPMPO), 5-

(bis-(2-ethylhexyloxy)phosphoryl)-5-methyl-I-pyrroline N-oxide (DEHPMPO), and 5-

(di-n-propoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DPPMPO) were used as well

as the spin traps phenyl-N-t-butylnitrone (PBN), a-(4-pyridyl-I-oxide)-N-t-butylnitrone

(4-POBN), 5-propyloxycarbonyl-5-ethylpyrroline-1-oxide (PEPO), and 1,3,3-trimethyl-

6-azabicyclo[3.2.1 ]oct-6-ene-N-oxide (TRAZON). Their structures are given in Fig.

2.20. The radical attack takes place at the unsaturated a-carbon atom next to the

nitrogen atom producing an adduct called nitroxide radical. The unpaired electron is

delocalised over the molecular orbital which is the reason for the stability of the radical.

All spin traps except PBN and 4-POBN were synthesised at the Research Institute of

Biochemical Pharmacology and Molecular Toxicology at the University of Veterinary

Medicine, Vienna.

The DM PO derivates have been used extensively with biological systems (see e.g.

Buettner, 1987). However, DMPO is unable to discriminate between the superoxide

radical anions and the hydroxyl radicals. This problem has been overcome with various

phosphorylated derivates, which are suitable for studying the generation of superoxide

radical anions and peroxyl as well as hydroxyl radicals (Fréjaville et al., 1995). The traps

used were designed to probe selectively either the aqueous or lipid phase of the samples.
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DEPMPO is very hydrophilic. Increasing the size of the organic chain on the

phosphoryl group increases the lipophilicity of the spin trap. The EPR spectra of the

phosphorylated derivatives of DMPO consist of two doublets from interaction of the

unpaired electron with nuclear spins of the isotopes 31p and IH (both having I = Y2)and

a triplet from the interaction with the spin 14N CI = 1), giving a total of 12 peaks if the

hyperfine splitting constants of 31p, IH, and 14N are not equal (Fig. 2.21.). The synthesis

of DMPO derivates is given in Scheme 1 (Stolze et al., 20(0).

PEPO is a highly hydrophilic spin trap, which has been reported to form exceptionally

stable superoxide adducts (half-life c. 20 minutes, Stolze et al., 2(03). Spectra are

simpler than with the phosphorylated spin traps described in the previous paragraph,

and consist of at least 6 peaks with just one IH and 14N nucleus contributing to the

resonance (Fig. 2.22.). The synthesis (Stolze et aI., 2(03) is described in Scheme 2.

The final spin trap synthesised at the University of Veterinary Medicine, Vienna, was

the bicyclic nitrone, TRAZON, which forms relatively stable adducts with lipid alkoxyl

radicals (Stolze et aI., 2002). The spectra are often quite complex, since both exo and

endo adducts can be formed and each of these has hyperfine structure from up to five IH

atoms in addition to the 14N (Fig. 2.23.). TRAZON is more lipophilic than DMPO,

making it a good spin trap for detecting lipid-derived radicals. It is interesting that

alkoxyl radicals with short chain lengths produce different spectra than alkoxyl radical

adducts with long chain lengths. The synthesis of TRAZON (Sankuratri and Janzen,

1996) is given in Scheme 3.

Typical spectra of PBN and 4-POBN are given in Fig. 2.24. The spin adducts are stable

and the spectra are easy to interpret. They consist of 6 peaks, one triplet from the

nitrogen e4N) interaction which is further split into doublets from the hydrogen eH)

coupling. PBN is lipophilic whereas 4-POBN is hydrophilic. Both spin traps are prone

to hydrolysis in aqueous solution, forming aldehyde and a hydroxylamine which is

promoted at lower pH. Hydrolysis followed by air oxidation produces 4-POBN-OH

which is identical to the spin adduct of 4-POBN and .OH radical. (Janzen, 1984)
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Fig. 2.20. Structures of spin traps used in this worle
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Fig. 2.21. EPR spectrum from a simulation of a typical carbon-centred radical adduct
with DPPMPO. The splittings are described by the stick diagram.

CH3~ +
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o
II
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I
H

phosphate

o
II

(RO)2-PO
CH3 N

Hamme

o 0
~ / '\C OH

~ Cl

m-chloroperbenzoic acid DMPO derivate

Scheme 1. Synthesis of DMPO derivates.
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a('H) l'
..

Fig. 2.22. EPR spectrum from a simulation of a radical trapped by PEPO. The splittings
are described by the stick diagram.

Fig. 2.23. EPR spectrum from a simulation of a radical trapped by TRAZON. The
splittings are described by the stick diagram.

50



CHAPTER2.BACKGROUND
+

lU
r- ....

::c: tIS
0

M au

1
0 ....::s

,0
0

0 Ee """'l-< -<t:]:l t:]:l
I ) u.JN E-I lU- '-'

;>. c:: "'0
0..

.~ '><
ê e rZ

L
0

~f1
0.. <:.8 >.

..c:: lUe .... .5lU
0 'C "0- E-..c:: + ~u

Cz lU Z M 0..::c: Ic::

III u -~ 0 I

.~ >.u 1: oS
0.. ..... 0 lU

I 'a I

+ r- lU
0 ::c: .......... tIS

M lU M >.::c: ::c: u U 0..0 U tIS 0

<
"0

l-<
0..a + I

1
trl

0.. trle 0
0..

~

c::.~
lU -+ "'0 0 ::c:'C l-<

U 00 tIS
0 ::a lU

u ~>. + 00 0 lU <'l'- a r- ..... ::c:::c: tIS

a:l:i '" 0 +u a,0 00 .....::s 0E ,0
0 e .,.
l-< 0 <'l .... ::c:
,0 0 'a

~

1
I

N Z I
N

I N>. lU
lU + .....

0.. tIS"'0 0 0'C l-< c::- 0 0.. r- tISU -
1

::c: .....
/

..c:: ~ M ::su U ,0- ~ lU 0 M """'
O=en ;>.

0 ..... ::c: ec:: ::c: tIS .....

'"
0 0 .t; u 'a..... 0..c:: ;>. I

-E- ..c:: N
IU ::c: ::c: ~ Z >.

+ / ::c: "- "0 <'l oS 0o 0 0 c:: 0 lU c..
I u.J::c: "'0 '-... / 'ü N

'ü ::c: ::c: ::s I c..
0 tIS öo >. ......

E 0
u 0 0 0 CIl'ô + l-< l-<

0 ::c: 0 .8 'c;j
c:: <'l ::a lU
tIS ::c: I ..c::l-< ..... 0 0.. -:t ....

t:]:l::S
~

'-' c::
,0

1
>. ;>.

0 Z 0.. en
E e0 0.. N
l-< + lU,0 EI
N lU..c::

uen

51



CHAPTER2.BACKGROUND

CH3

+h exo
N-- endo
I

0-

1,3,3- Trimethyl-6-azabicyclo[3.2.1 ]octane

1,3,3-trimethyl-6-azabicyclo[3.2.1 ]oct-6-ene-N-oxide
(TRAZON)

Scheme 3. Synthesis ofTRAZON.

Fig. 2.24. EPR spectrum from a simulation of a radical trapped by PBN. The splittings
are described by the stick diagram.
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EXPERIMENTS

3.1. ANALYTICAL METHODS

3.1.1. Detection of Anthocyanins

Quantitative determination of anthocyanins can be performed using the pH-differential

method (Wrolstad, 1982), where photometric absorbance is measured at two different

pH values (pH 1 and pH 4.5). At the lower pH (pH 1-3), the anthocyanins are red

coloured, the keto groups are protonated and the absorbance has its maximum.

Deprotonation occurs with increasing pH (pH 4-6) accompanied by an absorbance

decrease and colour lightening. At pH 7-8 the colour changes to violet and blue, and

finally to yellow when the pH > 8. The structural changes with pH are shown in Fig.

3.1. This pH dependency is used in the pH-differential approach to determine

anthocyanin concentrations. The corrected absorbance, A, is given by the following

equation:

A=(Anuu [at 512 nm, pH 1} -A [at 700 nm, pH 1}~

(Amax[at 512 nm, pH 4.5J -A [at 700 nm, pH 4.5])

Equ.3.1.

The concentration, c, is then calculated using the Lambert-Beer Law and the molar

extinction coefficient, ê, of cyanidin-3-glucoside:

Equ.3.2.

where F is a dilution factor and d is the layer thickness of the cuvette.
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carbinol pseudo-base (hemiketal form): colorless
pH4.5

Fig. 3.1. Structural dependency of the pH in anthocyanins. (Giusti and Wrolstad, 200 1)

MateriaLs and sampLe preparation

A citrate-phosphate-buffer was first prepared with three different pH-values - pH 1,4.5,

and 7. The calibration curve was then produced from measurements of the standard

cyanidin-3-glucoside (2100 J.tmol/L; 1 mg/ml) in MeOWl % HCI as solvent. For the

photometric measurement 1 ml of the buffer (pH 1 or pH 4.5) was transferred to the

sample cuvette and a known amount of the standard solution (between 5 and 20 J.tl)

added. Pure buffer at pH 7 was used as blank. Absorption maxima at 512 nm and 700

nm were taken using a Beckman DU 640 photometer and a calibration curve of c versus

A was constructed (Fig. 3.2.). This curve shows a linear relationship between c and A
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over the concentration range of 7-35 f.lmolll and extrapolates to a small absorbance

(0.05) at c = O.

For determination of anthocyanin levels in experimental samples, 1 ml buffer (pH 1 or

pH 4.5) was transferred to the sample cuvette and mixed with 50 f.llsample extract (e.g.

0.5 g frozen strawberry in 1 ml MeOH/l % Hel) or with 50 f.ll sample extract plus a

known amount of the standard stock solution (in our case 3, 5, 7.5, 9, 10, 12.5, or 15 f.ll)

to consider any matrix effect of the sample solution. The absorbance at 512 nm or 700

nm was measured and curves of c versus A constructed as described above (Fig. 3.3.),

where c is the concentration of the standard. The concentration of anthocyanins in the

experimental sample was then equal to the difference in values of x when y = O.

At pH 4.5 and higher concentrations of anthocyanins, the reaction (visible as colour

lightening) is relatively slow, and takes up to 1 - 2 min. for completion; the

measurement was therefore allowed adequate time for sample equilibration. Also the

samples were pipetted directly into the solutions, otherwise some methanol could have

been lost by evaporation. In addition, all methanol solutions were kept on ice and

additionally the anthocyanin solutions were stored in the dark to prevent any

degradation.

The standard addition method is considerably more time consuming than the

conventional approach where the concentration in the experimental sample is read

directly from the standard calibration curve using the experimental absorbance.

However, I found that the extinction coefficient of the standard is dependent on the

composition of the solution. Thus until this dependence is fully understood, the more

laborious method described here is necessary.
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3.1.2. Detection of Ascorbic Acid

Fluorometric determination of ascorbic acid is based on the oxidation of ascorbic acid to

dehydroascorbic acid in the presence of activated charcoal. Dehydroascorbic acid binds

to o-phenylenediamine generating the fluorescent quinoxaline derivative (Fig. 3.4.).

HO +

dehydroascorbic acid o-phenylendiamine quinoxaline derivative

Fig. 3.4. Conversion of dehydroascorbic acid with o-phenylendiamine.

This approach was used to determine ascorbic acid in pepper fruits.

Metaphosphoric acid-acetic acid: 15 g HP03 pellets were dissolved in 40 ml acetic acid

and -200 ml distilled water and then diluted to 500 ml with distilled water. The pH was

controlled and set to pH 1.4. Since HP03 slowly changes to H3P04, the solution was

stored in a refrigerator where it remained stable for 7-10 days. It functioned as the

extraction solvent.

L-Ascorbic acid standard solution: A stock solution of I mg/ml was made by weighing

50 mg ascorbic acid, transferring it into a 50 ml volume flask, and then diluting it with

the extraction solvent immediately before use. From this stock solution all the other

concentrations were made.

o-Phenvlenediamine solution: 20 mg o-phenylenediamine.2HCl was dissolved In

100 ml distilled water immediately before use.
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Sodium acetate solution: 500 g NaOAc.3H20 was dissolved In distilled water and

diluted to 1 I.

Boric acid-sodium acetate solution: 3 g H3B03 was dissolved In 100 ml NaOAc

solution. The solution was prepared fresh every day.

Acid-washed Norit: The activated charcoal was already acid-washed when purchased.

Samole oreoaration and measurement

Frozen pepper samples (77 K) were ground in a coffee blender. The necessary quantity

of the pulverized sample was then transferred into an Erlenmeyer flask. 50 ml of

extraction solvent was added and the solution was placed in an ultrasonic bath for 3

minutes. The suspension was then filtered under vacuum. The filtrate was transferred

into a 250 ml Erlenmeyer flask and 1 g acid-washed Norit was added. After shaking for

approximately 2 minutes, the solution was filtered. The first few ml were discarded. For

the sample blank solution, 5 ml of the filtrate were transferred into a 100 ml volume

flask containing 5 ml H3B03-NaOAc solution, which inhibits the later reaction of

dehydroascorbic acid with o-phenylendiamine. The mixture was allowed to stand on a

shaker for 15 minutes, during which time the sample solution was prepared by

transferring 5 ml of the filtrate into a 100 ml volumetric flask containing 5 ml NaOAc

solution. The solution was diluted to volume with distilled water. 1 ml of the sample

solution was transferred into the fluorescence cuvette, designated as sample cuvette.

After 15 minutes the blank solution was diluted to volume with distilled water. 1 ml of

this solution was transferred into a cuvette, designated as blank cuvette. The cuvettes

were placed in a light protecting polystyrene box covered with aluminium foil. With the

addition of 2.5 ml of o-phenylenediamine solution into each cuvette the reaction was

timed with a stop-watch for 35 minutes, during which time the cuvettes were standing at

room temperature proctected from light.

After exactly 35 minutes the cuvettes were placed in the fluorometer (SAFAS FLEX-

XENIUS) and the fluorescence emission spectra of sample and blank solutions were

recorded at

58



CHAPTER 3. EXPERIMENTS

À = 426 nm using an excitation wavelength of À = 350 nm. A typical excitation and

emission spectrum of ascorbic acid is given in Fig. 3.5.

Determination of the amount of pepper to use in each measurement

The decision on the amount of pepper to be used for each measurement was based on a

calibration curve at a middle voltage of PMT (photomultiplier tube) 700 determined

with 1, 2, 3, 4, and 5 g of a homogeneous ground pepper sample. Each point was

measured once (Fig. 3.6.). 2 g of pepper gave an instrument reading of around 17 which

is in the optimum range for the detector; this is also an amount of powder, which can be

filtered quickly after extraction.

Fig. 3.5. Fluorescence emission and excitation curves for the ascorbic acid quinoxaline
derivative.
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Investif!ation of matrix effects

To check if there is any matrix effect with pepper fruits, two calibration curves were

measured, one was an ascorbic acid calibration and one was based on ascorbic acid plus

2 g of pepper. Parallel curves would mean no matrix effect, whereas different slopes

indicate an influence of the matrix. The calibration range was taken from 0 to 40 !tg/ml

ascorbic acid, since 40 !tg/ml AA are c. 20 fluorescence units which is roughly double

the initial value from 2 g pepper. Intervals of 5 !tg/ml were chosen, resulting in 9

calibration points for the pepper curve. With most samples, each point was measured

three times at a middle voltage of 700 of the PMT (Fig. 3.7.).

Discussion

According to the calibration curve from Fig. 3.6., 2 g pepper were sufficient for these

analyses, since the fluorescence emission was in a good range for the detector.

Therefore the influence of any matrix effects was checked only with 2 g of frozen

homogenized pepper powder at a PMT voltage of 700. All points on the calibration

curve of the pure standard ascorbic acid were measured three times, but because of

limited amounts of some samples, some points in the standard addition curve were only

measured twice. Fig. 3.7. shows that the slopes of the two curves are not the same and

there is thus an appreciable matrix effect in these samples. The slope of the standard

addition curve is flatter than the calibration curve for pure ascorbic acid, which means

that some amount of added ascorbic acid was consumed or not detected. Thus the

ascorbic acid concentration of any unknown pepper sample should be calculated using

the standard addition curve and not with the calibration curve of pure ascorbic acid.

During the experiment, the most critical step was weighing the frozen powder into the

flask. The weight was taken after the sample had lost all the liquid nitrogen and before it

adsorbed water from the atmosphere. Deviations from this procedure would lead to

incorrect weights and potentially large errors in the final result. For this experiment the

concentration of ascorbic acid in the pepper sample, calculated from the negative

intercept on the x-axis of Fig. 3.7., was 66.8 !tg/ml. After multiplying this by 50 for the

extraction volume (50 ml m-HP03) and dividing by 2 for the sample mass (2 g of the

frozen powder were used), the ascorbic acid content was 167 mg/Ioo g (frozen tissue).

60



CHAPTER3.EXPER~ENTS

40

35

--:- 30
='
t':Ï
'-'
>. 25....

';;J
s:::
lU......s 20
lU
U
s:::
lUu 15CIl

~
0
='fi: 10

5

0
0 2 3 4 5 6

pepper(g)

Fig. 3.6. Calibration curve for different amounts of pepper.

35 Y = 0.35x + 23.37
(! = 0.995

• ascorbic acid
o ascorbic acid plus 2 g pepper

40

d 30
t':Ï
'-'
>..~
CIl
s:::
lU......s 20
lU
Us:::
8 15
CIl
lU

'""o
='fi: 10

5

o
o

y = 0.48x -0.28
r2 = 0.997

10 20 30 40 50

concentration ascorbic acid (~g/ml)

Fig. 3.7. Calibration curve for ascorbic acid and standard addition curve for ascorbic
acid with 2 g pepper. All points were measured three times except for those marked *
which were measured twice.

61



CHAPTER 3. EXPERIMENTS

3.1.3. Detection of Carotenoids

Determination of carotenoids in the herb lemon balm was performed using the HPLC

method of Hart and Scott (1995).

Extraction medium: Tetrahydrofuran (THF) and methanol (MeOH) were mixed 1:1.

Mobile phase: The mobile phase consisted of acetonitrile (MeCN):methanol (MeOH):

dichloromethane (DCM) 75:20:5 viviv, with 0.1 % butylated hydroxytoluene (BHT) as

an antioxidant and 0.05 % triethylamine (TEA), which helps to desorb the carotenoids

from the column. The methanol contained 0.05 M ammonium acetate.

Carotenoid standard solutions

Lutein, (X-carotene and ß-carotene were stored in a mixture of chloroform and hexane

(1:9 viv). Zeaxanthin was dissolved in chloroform. Chlorophyll a and b were kept in

acetone. Stock solutions of violaxanthin and antherxanthin were dissolved in a mixture

of hexane and THF (1:1.22 viv). Echinenone and ß-cryptoxanthin were dissolved and

stored in a mixture of chloroform and hexane (1: 1 viv). All solvents contained 0.1 %

butylated hydroxytoluene (BHT) and were stored in air-tight screw-topped brown

bottles under nitrogen at -18°C.

Preparation of the individual workinf! solutions

The stock solutions were brought to room temperature and filtered through a 0.45 !-lm

polyvinylidene fluoride (PVDF) syringe filter. Using nitrogen gas an aliquot of the

filtered solution was evaporated and dissolved in the mobile phase to reach a

concentration of approximately 1 !-lglmJ. To keep a check on the performance of the

HPLC-system, daily measurements were made using a mixed standard from the

individual filtered stock solutions of the carotenoids.
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Determination of the concentration of the workinJ! solutions

Accurate concentrations of the working solutions were measured by photometric

absorbance. An aliquot of the filtered stock solution was evaporated under nitrogen, and

diluted with the appropriate solvent (Table 3.1.) to produce an absorbance of

approximately 0.5 AU. Concentrations were calculated using the appropriate extinction

coefficients (Scott et al., 1996) of the carotenoids (Table 3.1.) and the Lambert-Beer

Law. The concentrations of the filtered stock solutions are presented in Table 3.2.

Table 3.1. Absorbance maxIma and physical parameters of the used carotenoid
standards.
standard solvent Âmax (nm) E1'7c M.Wt. (glmol)lem

Antheraxanthin EtOH 446 2240 585
ß-carotene hexane 450 2560 537
ß-cryptoxanthin hexane 450 2460 553
chlorophyll a EtOH 665 840 894
chlorophyll b EtOH 649 518 907
Echinenone hexane 457 2195 552
Lutein EtOH 445 2550 569
Violaxanthin EtOH 441 2425 601
Zeaxanthin EtOH 452 2480 569

Table 3.2. Concentration and purity of filtered stock solutions.

standard conc. of filtered stock purity corr. concentration of
solution (J1g/fll) (%) filtered solution (J1g/J1l)

Antheraxanthin 0.062 90.8 0.056
ß-carotene 0.088 92.1 0.081
ß-cryptoxanthin 0.298 94.7 0.282
chlorophyll a 0.307 92.1 0.283
chlorophyll b 0.503 84.3 0.424
Echinenone 0.253 97.6 0.247
Lutein 0.033 95.1 0.031
Violaxanthin 0.107 87.4 0.094
Zeaxanthin 0.373 94.8 0.354
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Puritv of the workin1! solutions

The purity of the prepared working solutions was determined by the peak area of the

carotenoids as a percentage of the total area of the chromatogram. The concentrations of

the working solutions were then corrected accordingly (Table 3.2.).

Calibration curves of the carotenoids

Individual calibration curves were made from each carotenoid standard (Fig. 3.8. and

3.9.). The linearity of the calibration curves was confirmed for concentrations in the

range of 0.05 ~g/ml to 5 ~g/ml.

Calculation of the carotenoid concentration

Determination of the carotenoid concentration (~g/m1) was based on the calculation of

response factors relative to ß-cryptoxanthin (Table 3.3.). Each batch of samples was

accompanied by a measurement of a working solution of ß-cryptoxanthin (B). Relative

response factors (RF) were calculated according to Equ 3.3. The low response factor of

chlorophyll a (Table 3.3.) is due to the low absorbance of this substance at 450 nm.

RF = Peak area of carotenoid working solution at J f1g / ml
Peak area of working solution of B at J f1g / ml

Equ.3.3.

The carotenoid concentration in samples was determined following Equ. 3.4. and 3.5.
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nd based on the peak areas of I Ilg/ml.

standard Peak area of 1 pglml Relative response factors (RF)working solution
Antheraxanthin 627.14 0.777
ß-carotene 762.08 0.944
ß-cryptoxanthin 807.39 1.000
chlorophyll a 70.75 0.088
chlorophyll b 318.47 0.394
Echinenone 534.70 0.662
Lutein 761.80 0.944
Violaxanthin 623.17 0.772
Zeaxanthin 656.1 ] 0.813

Table 3.3. Relative response factors of the used carotenoids related to ß-cryptoxanthin
a

concentration of carotenoid A ( /18 / ml of extract) =

area of peak A of

diluted extract RF( A) d'l' if 100---------- -: . I utlOn 0 extract. -----
area of Bat I/1g / ml %rec int std

Equ.3.4.

concentration of carotenoid A ( /1g / 1008 ) =

concentration of carotenoid A ( /18 / ml of extract) .100
concentration of herb sample in extract ( 8/ ml )

Equ.3.5.

Internal standard

Echinenone was used as an internal standard to estimate any loss of carotenoids during

the extraction procedure. ß-apo-8' -carotenal, the common internal standard, was not

used because it co-elutes with chlorophyll b, whereas echinenone can be separated from

the chlorophyll peaks.
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Samole oreoaration and extraction

Intact leaves of lemon balm were frozen to 77 K in liquid nitrogen immediately after

harvest. Shortly before measurement the frozen leaves were homogenised under liquid

nitrogen in a coffee blender. 1 g of the powder was transferred into a conical flask

together with 0.5 g solid magnesium carbonate to neutralize any organic acids. 50 ml of

the extraction solvent (THF:MeOH=l: 1 v/v) and the internal standard were added. The

sample solution was then placed in an ultrasonic bath for about 2 minutes, after which

the suspension was filtered through a glass fibre pad in a Buchner funnel under vacuum.

The filter cake was transferred back into the Erlenmeyer flask together with the filter

pad for a second extraction with another 50 ml extraction solvent. After filtration the

flask was washed with 25 ml extraction solvent and the washing was filtered. Another

25 ml extraction solvent were used to wash the filter cake. All the filtrates were

combined (150 ml) and transferred to a 500 ml separating funnel to remove any water.

50 ml of petroleum ether (PE) and 25 ml of a 10% sodium chloride solution (to avoid

the formation of emulsions) were added. After careful shaking the lower

THF/MeOH/aqueous phase was drawn off and the upper PE phase was collected in a

250 ml evaporating flask. The THF/MeOH/aqueous phase was extracted two more

times with 50 ml PE. The combined PE phases were evaporated at 35°C in a rotary

evaporator to near dryness. The residue was redissolved in approximately 20 ml PE in

an ultrasonic bath, transferred into a 25 ml evaporating flask, and again evaporated to

just dryness. 1 ml DCM was added to redissolve the residue in an ultrasonic bath. The

solution was filtered through a 0.45 !lm syringe filter holder and an aliquot of it was

diluted appropriately (e.g. 20 times) with the mobile phase.

HPLC seoaration

A system of three columns was used on an Agilent 1100 instrument. The first column -

10 x 4.6 mm long - was filled with 5 !lm Vydac 201TP54. The second pre-column -

100 x 4.6 mm long - was filled with 5 !lm Spherisorb ODS2 and the third column

(analytical column) - 250 x 4.6 mm long - was filled again with Vydac material. The

measurement is based on an isocratic separation using one solvent as the mobile phase.

The different polarities of the columns helps to separate oxygenated carotenoids from
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those consisting only of hydrocarbons. 40 !-LIsample solution were injected per run with

a flow rate of 1.0 ml/min. The peaks were monitored at 450 nm.

Results and Discussion of the lemon balm extract

The lemon balm extract analysed by the HPLC included the carotenoids violaxanthin,

antheraxanthin, lutein, zeaxanthin, chlorophyll a and b, and ß-carotene. According to

the literature (Britton, 1995) the first peak (retention time of 8.4 min.) is due to

neoxanthin, where the absorption maximum is at 438 nm. Since we did not have this

standard, neoxanthin was not included in the calibration. Fig. 3.10. shows the

chromatogram of the HPLC separation. The retention times and concentrations

calculated by Equ. 3.4. and 3.5. are summarized in Table 3.4. including the peak areas

of the standard ß-cryptoxanthin and the internal standard echinenone.

concentration of carotenoid A [!-Lg!m1extract] =

area of peak A of

diluted extract + RF(A)- 20. 100
781 at J pg/ml 93.5

concentration of carotenoid A [!-Lg!100g]=
concentration of carotenoid A

(Jig / ml of extract)
1.27 (g / ml)

.100

• In the HPLC chromatogram the peaks of lutein and zeaxanthin are not separated since

the intensity of the zeaxanthin peak is too low for the generation of a valley between the

two peaks. As a consequence the concentrations were calculated by deconvoluting this

peak assuming that the shape of the lutein peak was the same as that obtained from pure

lutein with 5.23 !-Lg!ml.The resulting peak area of lutein calculated over the regression

line was 4048, which were subtracted from the total area of lutein and zeaxanthin

(4831) to give a peak area of 782 for zeaxanthin.
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The peak area of ß-cryptoxanthin for 1 Ilglml was calculated from the stock solution

with a concentration of 0.94 Ilglml which was injected into the HPLC directly before

the injection of the lemon balm extract. The peak area (771.1) from 0.94 Ilglml was

calculated back to the area of 1 Ilglml using the regression line equation.

For determination of the recovery of the internal standard 100 III (0.247 Ilgllll) of the

stock solution of echinenone were added to the sample powder together with the

extraction medium. The concentration of echinenone in the diluted extraction should

have been 1.24 Ilglml. From the peak area of echinenone (624) in the HPLC

chromatogram, the final concentration of the standard was determined as 1.16 Ilglml.

The recovery of echinenone for this extraction procedure was thus 93.5 %.

The concentration of the herb sample in the extract was 1.27 glm], since 1.27 g of the

frozen lemon balm powder were weighed into the Erlenmeyer flask, and after

evaporation, 1 ml of DCM was added as the extraction volume. Before injection into the

HPLC the extract was diluted 20-fold to reach a carotenoid concentration within the

linear range of the calibration curves.

The final concentrations of the carotenoids (Table 3.4.) are given in Ilgl100 g frozen

material.

Table 3.4. Summary of the carotenoid results from a lemon balm extract.

retention peak area "J conc.of conc. of carotenoid
standard time carotenoid A A (J1g/100gfrozen

(min.) (J1g/mlextract) material)
Violaxanthin 8.7 1581 56.09 4417
Antheraxanthin 10.0 620 21.85 1720
Lutein 11.4 4048 117.45 9248
Zeaxanthin 11.7 782 26.34 2074
chlorophyll b 22.1 5770 401.09 31582
ß-cryptoxanthin 27.0 810 - -
Echinenone 29.3 624 - -
chlorophyll a 32.7 4394 1368.00 107717
ß-carotene 64.9 3668 106.42 8380
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These results are comparable with carotenoid data from dill, determined by Murkovic et

al. (2000). They found that the sum of lutein and zeaxanthin was 13820:t 3810 ""g/lOOg

and ß-carotene was 5450 :t 1190 ""g/lOOgdill. The ratio of chlorophyll a:b is normally

around 3 (Steer, 2005); in the present investigation of lemon balm, the ratio was 3.4 .
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3.2. MUSHROOMS

The principal objective of this study was to investigate free radical processes that are

initiated in mushrooms by cell disruption. This experiment aimed to simulate eating

plant products in an uncooked state (see also Chapter 3.3. and Chapter 3.4.). Several

spin traps were used to detect short-lived radicals which were produced during

maceration of Agaricus mushroom. Four of the spin traps chosen are related to

dimethyl-l-pyrroline N-oxide (DMPO), which has been used extensively with

biological systems (see e.g. Buettner, 1987). The traps used were designed with

substituents of various polarity to probe selectively either the aqueous or lipid phase of

the samples.

Material

Cultivated mushrooms (Agaricus bisporus) were purchased from a local supermarket

and stored in a refrigerator at 4°C until they were studied (1-2 days from purchase). 4-

POBN was purchased from the Sigma Chemical Company and stored in the solid form

in a cold room (at c. -15°C) for approximately 2 years prior to use. EPR spectra of

solutions of this 4-POBN sample did not show the presence of any signal that could

have resulted from reactions of the spin trap during storage. Other spin traps, namely 5-

(diethoxyphosphoryl)-5-methyl-l-pyrroline-N-oxide (DEPMPO), 5-(di-n-

butoxyphosphoryl)-5-methyl-l-pyrroline N-oxide (DBPMPO), 5-(bis-(2-

ethylhexyloxy)phosphoryl)-5-methyl-l-pyrroline N-oxide (DEHPMPO), 5-(di-n-

propoxyphosphoryl)-5-methyl-l-pyrroline N-oxide (DPPMPO), 5-propoxy-carbonyl-5-

ethylpyrroline-l-oxide (PEPO) and I ,3,3-trimethyl-6-azabicyc1o[3.2.l ]oct-6-ene-N-

oxide (TRAZON) were synthesised at the Institute of Applied Botany in Vienna

according to previously published methods (Sankuratri, 1996; Stolze et al., 2000 and

2003). Solutions of these spin traps were made up in distilled water.

Experimental setup

The experiment was carried out by first peeling the mushroom, then cutting a thin slice

(c. 2 mm) from the middle part of the mushroom and placed in a mortar. This was then

crushed gently together with the spin trap solution (279 mM DEPMPO, 288 mM
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DBPMPO, 2-3 M DEHPMPO, 360 mM DPPMPO, 960 mM PEPO, and 2-3 M

TRAZON). The mixture was centrifuged for 3 min. (13000 rpm, 4°C) and 500 !J.Iof the

supernatant were transferred into cryotubes and immediately frozen to 77 K. DEPMPO

was used for an additional experiment in which the mixture was allowed to stand 30

min. at room temperature before cooling down to liquid nitrogen. Before the EPR-

measurement the frozen liquid was thawed in a warm water bath (c. 40°C) and

immediately transferred into the flat cell. For the experiment with 4-POBN, a small

quantity of the spin trap (c. 1 mg) was taken and mixed in a mortar together with 500 !J.I

distilled water and a thin slice of the mushroom. After gentle grinding, the mixture was

filtered through a disposable syringe filter holder (Fa. Sartorius, 0.45 !J.m) and

transferred into the flat cell. The same procedure was carried out in a glove bag under

argon to investigate the influence of oxygen on the reaction. The recorded spectra are

single scans in 1024 points taking about 84 s. A microwave power of 20 mW,

modulation frequency of 100 kHz, modulation amplitude of 0.0681 mT and a sweep

width of 12 or 14 mT were used.

EPR-s/Jectra

Typical EPR-spectra of mushrooms with different spin traps are given in the Figures

3.11. - 3.19., and the hyperfine splitting parameters derived from them are summarised

in Table 3.5. The sextet of the 4-POBN adduct (Fig. 3.11.a) results from interaction of

the unpaired electron of the trapped radical with the IH (1=1/2) on the a.-carbon of the

spin trap leading to a doublet which is further split into triplets by coupling with 14N

CI=1) of the nitroxide group. Recording the spectrum with high instrumental gain (Fig.

3.11.c) resolved weak satellite peaks from three different \3C CI=1/2, natural abundance

1.108%) splittings. These come from the t-butyl group, the three methyl groups and the

a.-carbon atom (Goodman et al., 2002). Each peak of the sextet is separately split into a

doublet by interaction with one \3C atom. Two additional peaks correspond to half of

the spectrum from molecules with the 15N isotope (1=112, natural abundance 0.365%),

the other peaks being obscured by the main spectrum.
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a 1 mT

J
(

b

..- .....,,....,,~.........---......,....--.,.....'-_--......,....--., .....,---. 13C(methyl)
..----------........----.------------.----.----.,13C (t-C)

c

15N________________ ,I3
C

(a-C)

Fig. 3.11. EPR spectrum of (a) the C-centred radical from mushroom trapped by 4-
POBN, (b) 4-(hydroxymethyl) phenyl radical adduct of 4-POBN, (c) spectrum from (a)
measured with a high instrumental gain. Spectral interpretation is shown by the "stick"
diagram.
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b

Fig. 3.12. EPR spectrum of (a) the C-centred radical from mushroom trapped by
DEPMPO, (b) 4-(hydroxymethyl) phenyl radical adduct of DEPMPO. Spectral
interpretation is shown by the "stick" diagram.

a

b

1 mT
I I

Fig. 3.13. EPR spectrum of (a) the .OH radical from mushroom after oxidation with
Fe(CN)6 trapped by DEPMPO, (b) simulation of the spectrum (a). Spectral
interpretation is shown by the "stick" diagram.
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~

a(3IP)=4.512mT

a(IH)=2.324 mT

ae4N)=1.478 mT I.. ~ 1""'------,

a

b

1 mT
I I

Fig. 3.14. EPR spectrum of (a) the C-centred radical from mushroom trapped by
DBPMPO, (b) simulation of spectrum (a). Spectral interpretation is shown by the
"stick" diagram.

a 1 mT

Fig. 3.15 EPR spectrum of (a) the C-centred radical from mushroom trapped by PEPO,
(b) 4-(hydroxymethyl) phenyl radical adduct of PEPO. Spectral interpretation is shown
by the "stick" diagram.
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aeH)=2.326 mT

ae4N)= 1.488 mT

1 mT
I------f

b

Fig. 3.16. EPR spectrum of (a) the 1st C-centred radical from mushroom trapped by
DPPMPO, (b) simulation of spectrum (a). Spectral interpretation is shown by the
"stick" diagram.

a(31P)=4.838 mT

a(IH)=2.233 mT

a(14N)=1.515 mT

1 mT
r----i

a

b

Fig. 3.17. EPR spectrum of (a) the 2nd C-centred radical from mushroom trapped by
DPPMPO, (b) simulation of spectrum (a). Spectral interpretation is shown by the
"stick" diagram.
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a(IH)=1.693 mT ..
a(IH)=O.965 mT

a(14N)=1.546 mT
a(IH)=O.180 mT

a(IH)=O.110 mT

c

1 mT

Fig. 3.18. EPR spectrum of (a) the C-centred radical from mushroom trapped by
TRAZON, (b) 4-(hydroxymethyl) phenyl radical adduct of TRAZON, (c) simulation of
(a). Spectral interpretation is shown by the "stick" diagram.
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~ a(31P)=5.394 mT -+I
ae4N)= 1.349 mT 1:..-=--=--_~-411 11---'

a

b

1 mT
~

Fig. 3.19. EPR spectrum of (a) the C-centred radical from mushroom trapped by
DEHPMPO, (b) best fit for spectrum (a) obtained by simulation. Spectral interpretation
is shown by the "stick" diagram.

Spectra recorded with 4-POBN after preparation under inert atmosphere were identical

to the samples prepared under ambient atmosphere but with intensity reduced to c. 2%.

This could be explained by the presence of small amounts of oxygen which were not

removed from the glove bag or which were trapped in the mushroom cells. An identical

spectrum was obtained on reaction of 4-POBN with the 4-(hydroxymethyl) phenyl

radical (Fig. 3.11.b).

With DEPMPO, hyperfine splittings arise from interaction of the unpaired electron with

31p (1=112), IH(I=1I2) and 14N(I=I) nuclei (Fig. 3.12.a), leading to 12 peaks in the

spectrum. The ae1p) value in this spectrum is appreciably smaller than that reported for

carbon centred adducts (Fréjaville et al., 1995), but identical to that of the

4-(hydroxymethyl) phenyl radical adduct (Fig. 3.12.b). The adduct was not stable and

the EPR signal decayed within a few minutes. Identical results were observed from the

samples that were allowed to stand at RT for half an hour before being frozen in liquid
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nitrogen. Assuming that oxygen is involved in the formation of the radical, a steady

state concentration at RT between production and decaying of the radical could be an

explanation for this result, the decay of the EPR-signal in the spectrometer resulting

from consumption of oxygen in the flat cell. Addition of potassium ferricyanide after

the signal decayed led to a regeneration of the signal. After this signal decayed,

however, the spin trap adduct of the .OH-radical was formed (Fig. 3.13.). The .OH

radical adduct is characterised by 8 peaks because the tH, and t4N splittings are similar.

The result obtained with DBPMPO (Fig. 3.14.) is similar to that from DEPMPO, the

adduct had limited stability and the aetp) value was appreciably smaller than that

reported for aliphatic carbon centred adducts (Stolze et al., 2000).

The spectrum with PEPO showed 6 peaks (Fig. 3.15.a), but on the basis of the spectrum

of the 4-(hydroxymethyl) phenyl radical adduct (Fig. 3.15.b), there is probably an

unresolved splitting from a 2nd proton.

DPPMPO produced spectra that consisted of a mixture of components (Fig. 3.16.).

Since their relative intensities changed over time deconvolution of the spectra was

possible. The first (unstable) product (Fig. 3.16.) consisted of 12 peaks and had

parameters similar to the adduct with DEPMPO; thus it probably corresponds to the 4-

(hydroxymethyl) phenyl radical. The 2nd component (Fig. 3.17.), which was more

stable, also had 12 peaks. Its parameters were virtually identical to those reported for

aliphatic carbon-centred radicals (Stolze et al., 2000). Therefore two different types of

carbon-centred radical could be detected with this spin trap.

Spectra from Trazon adducts are more complex (Fig. 3.18.). Two inequivalent

molecules can be formed by radical addition to the a-C, and each of these can show

hyperfine structure from up to 5 inequivalent protons in addition to the t4N nucleus. The

present spectrum of 28 peaks from mushroom is due to interaction of the unpaired

electron with the t4N and four tH nuclei.

DEHPMPO and mushroom generated spectra of completely different shape from those

observed in all of the other spin trap experiment (Fig. 3.19.). The variation in linewidths

is typical of that seen in samples with restricted motion. Stolze et al. (2000) reported
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that the spectrum of alkoxyl adducts of DEHPMPO are also broad. Furthermore, the tH

splitting appears to be missing from the spectrum. Hence the spectrum consists just of a

3tp and a t4N splitting. There are additional peaks that do not obviously fit with the

others.

Table. 3.5. Summary of hyperfine splitting parameters observed with different spin
traps.

ae1p)1 a(H)1 a(4N)1 I Ispin trap system Lllipp2 g-va ue
(mT) (mT) (mT) (mT)

DEPMPO mushroom 4.50 2.33 1.48 2.0057
4-(hydroxymethyl) 4.50 2.33 1.48 0.1 2.0056
phenyl radical

4-POBN mushroom 0.33 1.56 2.0058
4-(hydroxymethyl) 0.32 1.56 0.05 2.0057
phenyl radical
POBN. radical 0.145,0.05 1.49,

0.18
coriander, elder, 0.26 1.57
chives

PEPO mushroom 2.30 1.50 2.0057
4-(hydroxymethyl) 2.30,0.129 1.52 0.15 2.0056
phenyl radical

TRAZON mushroom 1.69,0.97, 1.55 2.0056
0.18, 0.11

4-(hydroxymethyl) 1.70,0.97, 1.55 0.1 2.0055
phenyl radical 0.18,0.11

DEHPMPO Mushroom 5.39 1.35
4-(hydroxymethyl) 5.48 1.39
phenyl radical

IHyperfine splittings were confirmed by simulation and are accurate to c. 0.01 mT. Errors

associated with the g-values are c. ::!: 0.0003 (estimated by variability in the centre field

correction from repeated measurements with DPPH).

2Lllipp is the field separations of the peaks and troughs of the }st derivative spectra (from

simulations using Gaussian shape).

Svnthesis of the 4-(hvdroxvmethvl )/Jhenvl radical

4-(hydroxymethyl)benzene diazonium salts are found in appreciable amounts 10

mushroom and the 4-(hydroxymethyl)phenyl radical can be produced from it. Its

structure is given in Fig. 3.20.
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Fig. 3.20. Structure of 4-(hydroxymethyl)phenyl radical.

The synthesis of the radical was carried out by the following reactions (Equ. 3.6. and

3.7.):

Ar-NH2 + N02- + 2H+ -7 Ar-N2++ 2H20

Ar-N2++ e- + ST -7 ST-Ar. + N2

Equ.3.6

Equ.3.7

1 mol of the primary amine was dissolved in 2.5 mol hydrochloric acid, placed in an

ice-salt-mixture, and an equivalent amount of a 2.5 mol/l sodium nitrite solution was

then added slowly under agitation. 50 III of this diazo-solution were transferred to an

Eppendorf tube along with 50 III of spin trap (ST) solution (0.1 mol/l for 4-POBN, c. 15

mmol/l for DEPMPO, PEPO, and TRAZON, 2 mollI for DEHPMPO). After 30 sec,

400 III phosphate buffer was added and the mixture was transferred to a flat cell for

measurement of its EPR spectrum. Since spectra with mushroom and the spin traps

DBPMPO and DPPMPO gave similar parameters to the one from DEPMPO, these spin

traps were not investigated further with the synthesised radical.

Additional experiments were carried out under inert atmosphere in a glove bag filled

with argon to examine the influence of oxygen. Two approaches were tried, both using

degassed solutions of the amine, NaN02, spin trap, buffer and water, and differing only

in the way the spin trap solution was mixed with the diazonium salt. In the 1si method

the preparation procedure was identical to that for the preparation in air, except that all

operations were carried out in a glove bag filled with argon. In the 2nd method the

solutions were made up in a test tube bubbled with nitrogen gas, and the final solution

was pumped directly into a flow cell located in the EPR spectrometer. This latter

method decreased appreciably the time delay between mixing the spin trap and radical

solutions and recording the EPR spectrum.
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ldentitv of the radical formed in mushroom

In their original work, Hiramoto et al. (1995) reported EPR spectral parameters for

DMPO, PBN and 3,5-dibromo-4-nitrosobenzene sulfonate (DBNBS) adducts of the 4-

(hydroxymethyl)phenyl radical. This radical is readily formed from the 4-

hydroxymethyl benzene diazonium salt, which in turn is formed by enzymatic

hydrolysis of agaritine, a major component of Agaricus bisporus, (Levenberg, 1962;

Ross et aI., 1982). Previous experiments (Goodman et aI., 2002) showed that the EPR

spectral parameters for PBN and 4-POBN adducts from mushrooms were similar to

those from the synthetic radical. These current measurements using the spin traps 4-

POBN, DEPMPO, DEHPMPO, PEPO and TRAZON support this conclusion.

In the spectrum of the DEPMPO adduct of the synthetic 4-(hydroxymethyl)phenyl

radical, the hydroxyl-radical adduct of DEPMPO, with the parameters ae1P)=4.72 mT,

aeH)-a(14N)=1.38 mT, was visible at the beginning of the experiment, but its intensity

decreased rapidly. The generation of this radical was not observed after preparation

under inert atmosphere. In contrast, the carbon-centred radical adduct was stable for at

least 20 minutes. Reaction of the spin traps with the synthesised radical under inert

atmospheres (nitrogen or argon) gave the same results as those seen in air.

Discussion

There is some evidence that mushrooms have medicinal effects such as antitumor,

antiviral, anticholesterol, and antithrombotic properties (Breene, 1990). Phenolic

compounds may contribute to these observations since such molecules in certain

mushroom varieties were correlated with the antioxidative activity of methanol/water

extracts of these mushroom samples (Cheung et aI., 2003).

The EPR results from the measurements with Agaricus mushrooms indicate the trapping

of a carbon-centred radical, which is most likely the 4-(hydroxymethyl)phenyl radical.

Our results show conclusively that the 4-POBN radical adduct requires O2 for its

formation, and that the adduct with DEPMPO is unstable in the absence of 02. The

stability of the 4-(hydroxymethyl)phenyl radical adducts with DEPMPO indicates that
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the instability of the signal in mushroom extracts is not the result of an inherent

instability of the radical adduct, and may, therefore, be the result of reaction with radical

scavengers in the mushroom. Such behaviour has been observed with coffee (instant),

which has the ability to rapidly scavenge radical adducts of DEPMPO, but forms stable

adducts with 4-POBN (Pascual et al., 2(02). The apparent stability of the mushroom

adduct with DEPMPO when the sample was allowed to stand in air before it was frozen

to 77 K is then in reality a steady state situation, in which the rates of adduct formation

and decomposition are balanced due to enough surrounding oxygen.

For the 4-(hydroxymethyl)phenyl radical adducts of 4-POBN the present experiments

measured values for the 13Chyperfine coupling constants from the tertiary- and methyl-

carbons of the t-butyl group, as well as from the a.-carbon adjacent to the nitroxide

group. Such values are potentially informative for the characterisation of adducts

formed with unknown radicals, but at present there is no library to show the level of

variability of 13Ccoupling constants for 4-POBN adducts of different types of known

radicals. This investigation has also derived spectral parameters for adducts of 4-

(hydroxymethyl)phenyl radicals with the spin traps DEPMPO, DEHPMPO, PEPO and

TRAZON, whose adducts with such radicals had not previously been reported.
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3.3. HERBS

This investigation focussed on the detection of unstable radical species in several herbs

using the spin trap 4-POBN. It was performed with the objective of simulating the

mastication process in order to address the question as to whether a free radical burst

occurs when biologically viable tissue is eaten.

Materials and Sample preparation

Fresh samples were either harvested from the herb garden of my mother, immediately

frozen to 77 K, and maintained at that temperature until they were studied, or purchased

from a local vegetable market on the day of study. These latter samples were kept at

room temperature. In addition, commercial samples of freeze-dried herbs (marketed by

the Kotanyi Company, Walkersdorf, Austria) were purchased pre-packaged from local

suppliers. Full details of the specimens studied are presented in Table 3.6.

One or two leaves (dependent on size) were crushed gently with a small quantity of 4-

POBN (c. 1 mg) and distilled water (500 ~l), filtered through a disposable syringe filter

holder (Fa. Sartorius, 0.45 ~m), and the solution transferred to a flat cell for recording

the EPR spectrum. Measurements with a sample of thyme in which the spin trap was

added separately to fresh and frozen leaves showed that there were no qualitative

differences between the results from the two preparation procedures.

Another experiment was carried out with sage which was bought in a small pot at a

local market. Leaves were harvested at various times of the day to investigate the

influence of sunlight intensity. Based on this investigation sage, which was grown in a

herb plot at the ARC Seibersdorf (Picture 3.1.) under controlled, stress free conditions,

was harvested 7 times over a 24 hour period. The leaves were cut directly into

aluminium bags, immediately frozen in liquid nitrogen and stored at 77 K until they

were measured by EPR as described above.
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Table 3.6. Full details of herb samples investigated.

Common name Latin name Physical form investigated

fresh frozen freeze-dried

Basil Ocimum basilicum x

Bay Laurus nobilis x

Celery Apium graveoLens x

Chives Allium schoenoprasum x x x

Coriander Coriandrum sativum x

Dead nettle (red) Lamium macuLatum x

Dead nettle (white) Lamium aLbum x

Elder Sambucus nigra x

e Ivy Hedera helix x

Lavender LavenduLa angustifolia x

Lemon balm Melissa officinalis x

Lovage Levisticum officinalis x x

Marjoram Origanum majorana x x

Mint Mentha piperita x x

Oregano Origanum vuLgare x

Parsley Petroselinum sativum x x x

Parsley crimpy Petroselinum crispum x x

Rosemary Rosmarinus officinalis x x x

Sage SaLvia officinalis x x

Stinging-nettle Urtica dioica x

Tarragon Artemisia dracuncuLus x

Thyme Thymus vuLgaris x x x

EPR spectraL measurements and processinf!

All spectra were acquired with a microwave power of 20 fi W and 100kHz modulation

frequency. A modulation amplitude of 0.1 mT was used for most spectra, but smaller

values (~.03 mT) were used with selected samples to check for the possible presence

of small hyperfine splittings. Additionally, larger modulations (~0.16 mT) were used on

occasions when the spectra were very weak.
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Picture 3.1. Herb plot at ARC Seibersdorf research GmbH.

Results and Discussion

In the absence of any spin trap the EPR spectra from the herb samples were dominated

by a sextet signal from Mn (m. In the presence of 4-POBN three fundamentally

different free radical EPR spectra, consisting of doublet, sextet or dodecet signals, were

obtained from different herb samples. These signals are similar to those observed in a
Istudy of macerated vegetables (Goodman et al., 2002), where the doublet had a( H) =

0.18 mT, the sextet had ae4N) = 1.59 mT, aeH) = 0.32 mT and the dodecet could be

fitted with three hyperfine splittings, ae4N) = 1.493 mT, ae4N) = 0.182 mT, aeH) =
0.145 mT. These spectra are assigned respectively to the (monodehydro)ascorbate

radical (Laroff et al., 1972), a carbon-centred radical adduct of 4-POBN (Buettner,

1987) and the 4-POBN adduct of the 4-POBN. radical (McCormick et al., 1995).

In the samples studied, the ascorbate radical was seen with parsley, bay, white dead

nettle and lovage, although the spectrum from lovage also contained the sextet

component (Fig. 3.21. and Fig. 3.22.). The ascorbate radical is produced by the (1-

electron) oxidation of ascorbic acid (Equ. 3.8.).
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However, the same signal was observed when the sample preparation was carried out in

an inert atmosphere, indicating that the oxidation agent was derived exclusively from

the plant tissue. Different methods of sample preparation were investigated with

parsley, but no qualitative differences in the spectra were observed between fresh,

frozen, and freeze-dried samples. The similarity of these results is somewhat surprising

since the drying of plant tissues generally leads to a major reduction in their ascorbic

acid contents (Food Standards Agency, 2(02), and we have shown previously (pirker et

al., 2(02) that the freeze-drying process involves substantial free radical activity. It

might have been expected, therefore, that the sextet signal would have been seen in the

freeze-dried sample, since the formation of radical adducts of the spin trap becomes

more important as ascorbic acid levels drop (Muckenschnabel et al., 2(03). However,

parsley is generally very rich in ascorbic acid (Food Standards Agency, 2(02) and the

present results suggest that appreciable quantities of this antioxidant remain in the

freeze-dried sample.

In addition to lovage, the sextet signal was also observed with coriander leaves, elder

fruits and freeze-dried chives. Fig. 3.23. shows a typical sextet signal obtained with the

herb coriander where different linewidths as a result of incomplete averaging of the

anisotropy are visible in the spectrum. The wide range of tissue types that exhibit this

signal suggests that it results from a general reaction of physically damaged tissue.

However, the same spectrum was observed when sample preparation was performed

under an inert atmosphere, indicating that O2 was not involved in the reactions leading

to the formation of the radical adduct. Indeed, with red dead nettle leaves the sextet

spectrum was observed when sample preparation was performed under argon, but the
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dodecet spectrum (see below) was obtained when the sample was prepared in air. No

signal was observed with fresh and frozen samples of chives, but this could be because

it was below the detection limit.

The dodecet spectrum was observed with samples of basil, celery, red dead nettle, ivy,

lavender, lemon balm, marjoram, mint, rosemary, sage, stinging nettle, tarragon and

thyme (Fig. 3.24.a); it has been shown by McCormick et al. (1995) to correspond to the

4-POBN adduct of the 4-POBN. radical, which is formed by oxidation of the spin trap.

The EPR spectrum, illustrated for stinging nettle (Fig. 3.24.a), can be interpreted in

terms of two triplets from interaction of the unpaired electron with two nitrogen nuclei

and one doublet from interaction with the hydrogen nucleus. However, at low

modulation amplitude, additional hyperfine structure was observed (Fig. 3.24.b),

analogous to that reported by Glidewell et al. (1994) for lettuce macerated in the

presence of 4-POBN. This spectrum can be simulated (Fig. 3.24.c) by two triplets from

14N and two doublets from IH. Similar spectra were also observed in previous

experiments (Goodman et al., 2(02) with samples of carrot hypocotyl rootstock and

lettuce leaf, and with >50% of the herb samples studied in the present work. Its

generation indicates that the ability to oxidize the spin trap is a property that is common

to many plant tissues. This reaction was shown to require O2, as mentioned in the

previous paragraph for red dead nettle leaves, but the fact that the dodecet signal was

not universally observed in all aerobically-prepared samples suggests that this is not a

direct reaction. Thus it seems likely that specific plant components are oxidized when

tissues are broken down in air and that product(s) of this reaction are sufficiently

powerful oxidant(s) to oxidise the spin trap.
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.('H)=0.18mT 4
0.1 mT

H

Fig. 3.21. Ascorbate radical detected in the herb parsley. Spectral interpretation IS

shown by the stick diagram .

.(
14N) = 1.59 mT :rs=

• ('H) = 0.32 mT --+

1 mT

.('H) = 0.18mT -+Y+-
Fig. 3.22. Ascorbate radical and a carbon-centred radical trapped by 4-POBN in the
herb lovage. Spectral interpretation is shown by the stick diagram.
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.e'N) = 1.56mT :rri
aeH) = 0.247 mT --+ +-

a 1 mT

b

•

Fig. 3.23. (a) Carbon centred radical trapped by 4-POBN in the herb coriander, (b)
simulation of (a). Spectral interpretation is shown by the stick diagram.
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a(14N)=1.493 mT

ae4N)=O.182 mT --+

a(IH)= 0.145 mT --+

1 mT

a

b

c

Fig. 3.24. EPR spectrum of 4-POBN. radical from stinging nettle trapped by 4-POBN,
(a) experimental spectrum using 0.1 mT modulation amplitude, (b) experimental
spectrum using 0.04 mT modulation amplitude, (c) simulation of (b). Spectral
interpretation is shown by the stick diagram (which does not include the small IH
splitting of 0.05 mT).
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We also observed in experiments with stinging nettle that the ability to generate the

dodecet signal diminished with increased storage time, even at low temperature.

Measurements made at the beginning of the experiment (about three days after the

harvest), produced a strong dodecet signal, whereas a much weaker signal was obtained

after the sample had been stored for three weeks in liquid nitrogen (but with a few

minutes exposure to ambient temperature). It would appear, therefore, that a component

of this oxidation pathway in stinging nettle has limited stability after the sample has

been harvested, although the observation of the dodecet spectrum from the reaction of

4-POBN with freeze-dried samples of maIjoram, thyme and rosemary indicates that this

is not a general characteristic.

An additional experiment with sage and 4-POBN showed an influence of either the

sunlight intensity or the time of day with two different EPR spectra, the sextet or the

dodecet, being observed. Initial measurements seemed to support involvement of

sunshine in the generation of the dodecet signal, since the sextet signal became visible

after moving the plants into the shade. A problem with this conclusion is inconsistency

in the plant behaviour. Another investigation was performed in which sage, that was

grown outside in a herb garden, was harvested regularly over a 24-hour period.

Unfortunately this experiment did not provide a definitive answer since -50 % of the

samples showed the sextet signal and the other 50 % of the samples were dominated by

the dodecet signal. There was no general relationship between time or sunlight intensity

and the nature of the EPR signal. Thus different leaves exhibited fundamentally

different properties, even though they were carefully chosen replicates.

There was no influence of atmosphere on the formation of the sextet sigmil with the

coriander samples in contrast to the observations with Agaricus mushrooms (see

Chapter 3.2.). There are, therefore, fundamental differences in the processes for carbon-

centred radical formation in these two types of food products, and the radical trapped

from the plant tissues would appear to be formed directly as a result of physical damage

to the tissue. It might be possible that the coriander samples contained sufficient

quantities of O2 for oxidation to occur in the inert atmosphere since they were

photosynthetic tissue. However, in the experiments with red dead nettle the sextet signal

was only observed in an inert atmosphere, thus indicating that O2 is not required for its

formation in these plant tissues.
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EPR spectra from the herb thyme, which contains large quantities of the phenols thymol

and carvacrol were very weak and inconsistent with the formation of a carbon-centred

radical adduct of 4-POBN, even though both carvacrol and thymol readily generate

radicals in simple chemical systems (Deighton et al., 1993 and 1994). Indeed, the

reaction between 4-POBN and the plant tissue extract resulted in oxidation of the spin

trap, again indicating that the chemical processes occurring on physical damage to the

plant tissue are distinctly different from those of potentially-reactive components.

Oxidation of the spin trap occurred on reaction of 4-POBN with >50 % of the various

types of herb samples studied in the present work (Table 3.6.), whereas the expected

radical adduct spectra were only seen with three plant species (coriander, elder and

chives). It appears that physical damage to the tissues of many herb samples results in

the initiation of powerful oxidation reactions. Such reactions may, therefore, be

fundamental to the generation of flavour-active compounds in foods in which such

herbal products are incorporated, and may also have a role in the medicinal properties of

these plants. This observation is in contrast to the common assumption that health

benefits from plant tissues are due to their high contents of antioxidants which reduce

the formation of free radicals and other ROS (e.g. Madsen et al., 1996; Parejo et al.,

2002). Since changes in the signal vary between dodecet and sextet within one plant and

within one day, it was not possible to obtain further information about the mechanisms

that lead to generation of the dodecet signal from these experiments.

In parsley, which is known to be rich in ascorbic acid (Food Standards Agency, 2002),

no reaction was observed with 4-POBN, and instead the spectrum of the ascorbate

radical was generated. Similar spectra have also been reported for cabbage leaf, carrot

hypocotyls root stock, celery stalk, cress shoots, cucumber fruit and parsley leaf

(Goodman et al., 2002), and for fruits of pepper (Capsicum annuum) and leaves of

French bean (Phaseolus vulgaris) (Muckenschnabel et al., 2001 and 2003). The fact that

ascorbate radical formation (investigated in parsley, but there is no reason to suspect

that this is not a general effect) was independent of 02 suggests that the ability of

ascorbic acid to inhibit carbon-centred free radical generation exists under anaerobic as

well as aerobic conditions, an observation which could at least in part explain the health

benefits of Vitamin C rich foods.
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In the present experiments, lovage was the only sample which produced simultaneously

the signals from the ascorbate radical and the carbon-centred radical adduct of 4-POBN.

Although Muckenschnabel et al. (2001) observed a gradual transition between the two

types of spectrum with distance from the edge of soft rot lesions in leaves of Phaseolus

vulgaris and fruits of Capsicum annuum, other investigations (Goodman et al., 2002)

showed that it was rare to see signals from both of these radicals in the same food

sample. It would appear, therefore, that this happens only in samples with appreciable

quantities of ascorbic acid and that ascorbic acid may have a fundamental role in

inhibiting the formation of carbon-centred radical when the tissue is damaged.

Conclusion

Oxidative processes are important in free radical generation in many of the herbs, and in

>50 % of the samples product(s) were formed which were able to oxidise the spin trap

4-POBN. Although such foods are generally promoted for their antioxidant properties,

this observation of widespread pro-oxidant activity in plant tissues (that are traditionally

consumed in uncooked forms) is not surprising, because prooxidative enzymes such as

oxidases and peroxidases (Vamos-Vigyazo, 1981) are present in the uncooked state.

Since the influence of the cooking process is, very complex (it affects not only

enzymatic activities but also the level and bioavailability of many food components), it

was not investigated in the present studies. However, the observation of pro-oxidant

activity in many plant food products suggests that it may be necessary to rethink our

ideas on antioxidants in foods. Nevertheless, a specific role for the antioxidant ascorbic

acid was also observed in these experiments, since it inhibited the formation of carbon-

centred free radicals. This inhibition was independent of oxygen, consistent with the

ability of this molecule to function as a food preservative and beneficial dietary

component. The observations of this herb investigation formed the basis for further

experiments with individual compounds from herbs under different oxidation conditions

(see Chapter 3.5.) in order to obtain more information about the mechanisms of such

reactions.
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3.4. CARROTS

Free radical formation in carrots investigated with different spin traps

Carrot samples were investigated with three substituted derivatives of dimethyl-l-

pyrroline N-oxide (DMPO) and 5-propoxy-carbonyl-5-ethylpyrroline-l-oxide (PEPO)

to receive qualitative information about the radicals generated during cell disruption.

These measurements build on the early work of Goodman et al. (2002), who used a

limited number of spin traps in their investigations and reported qualitative variation in

the results from different specimens.

Materials and samvle vrevaration

Carrots were bought from a supermarket one or two days before sample preparation.

Aqueous stock solutions of the spin traps (279 mM DEPMPO, 360 mM DPPMPO, 288

mM DBPMPO, and 960 mM PEPO) were provided by the Research Institute of

Biochemical Pharmacology and Molecular Toxicology at the University of Veterinary

Medicine, Vienna.

For investigations with two spin traps - DEPMPO, DPPMPO (-300 mM) - thin slices

of fresh carrot were crushed in a mortar together with the spin trap. The mixture was

then centrifuged for 3 minutes (13000 rpm, 4°C), after which 500 III of the supernatant

were transferred into cryo tubes and stored in liquid nitrogen. DEPMPO was also

diluted with 20 mM phosphate buffer (pH 7) containing a 0.5 mM iron chelator

(EDT A). The suspension was filtered through a disposable syringe filter holder (Fa.

Sartorius, 0.45 Ilm), the filtrate was transferred into the flat cell and the EPR spectrum

measured immediately.

The spin traps PEPO and DBPMPO were used with carrot juice - carrot and distilled

water mixed in a blender. 300 III of the carrot juice were mixed with 300 III of the spin

trap solution and centrifuged for 3 minutes (13000 rpm, 4°C); the supernatant was

transferred into cryo tubes and stored at liquid nitrogen. Immediately prior to running

the EPR spectra, the frozen samples were thawed in a water bath (hot water, -40°C)

and transferred to a flat cell as quickly as possible. Spectra were recorded as single
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scans, taking 84 s in 1024 points using 100 kHz modulation frequency. A microwave

power of 20 mW, modulation amplitude of 0.0681 mT and a sweep width of 12 or

14 mT were used.

Results

The EPR spectra obtained with carrots and the different spin traps are shown in Fig.

3.25. - 3.27. and their measured hyperfine parameters in Table 3.7., along with selected

values from the literature. The spectrum with DEPMPO as spin trap in Fig. 3.25.a

corresponds to a hydroxyl radical adduct, but with an additional peak near the centre of

the spectrum. The separation between this peak and the one immediately up-field from

it is c. 1.8 gauss. It could, therefore, correspond to one half of a doublet from the

monodehydroascorbate radical (aeH) = 1.8 gauss) (Buettner and Jurkewicz, 1993), with

the other half being obscured by the OH-radical adduct signal.

Fig. 3.26.a shows the spectrum of carrot mixed with DPPMPO. It consists of a mixture

of components that were relatively stable. The parameters obtained by simulating the

deconvoluted components are consistent with a mixture of hydroxyl and carbon-centred

radical adducts (Fig. 3.26.c and d). In Fig. 3.26.b the two simulated components are

added together (the height of the .OH radical adduct multiplied by 0.58). When this is

compared with the original spectrum, it can be that there is a third component in Fig.

3.26.a.

When the experiment with DEPMPO was repeated in the presence of an iron chelator

(EDTA) at pH 7, the carbon-centred radical dominated the spectrum (Fig. 3.25.c), and

the contribution from the hydroxyl radical adduct was much lower than in Fig. 3.25.a,

indicating that formation of the hydroxyl radical was inhibited.

Mixing carrot JUIce with the spin trap PEPO resulted in a sextet spectrum with

aeH)=2.3 mT, ae4N)=1.5 mT) (Fig. 3.27.a), which is virtually identical to that obtained

with mushrooms (Fig. 3.l5.a), whereas no signal was obtained with DBPMPO.
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Discussion

The generation of free radicals in carrots was investigated with different spin traps

during cell disruption. Although the experimental procedure was similar to that used

with mushrooms (see Chapter 3.2.), the results in most cases were quite different. With

both DEPMPO and DPPMPO, spectra were seen which corresponded to a mixture of

hydroxyl and carbon-centred radical adducts. As was reported by Goodman et al.

(2002), the carbon-centred radical adduct with DEPMPO was less stable than the

hydroxyl radical adduct. However, the spectrum obtained with DEPMPO was also

accompanied by an additional peak which probably corresponds to one half of the

spectrum from the monodehydroascorbate radical.

When EDT A was added to the sample along with DEPMPO, the contribution of the

hydroxyl radical to the spectrum was decreased appreciably. Since EDTA is frequently

used to hold Fe(llI) in solution in model Fenton reaction systems, the above result

suggests that it might interfere with a reactant that is a precursor of the Fenton reaction,

and possibly inhibits the formation of H202 by the superoxide dismutase enzyme.

Although similar spectra were obtained with PEPO and both macerated mushroom and

carrot juice, this does not necessarily mean that the identity of the radical adduct was

the same for both samples, although it does suggest that the trapped radical is carbon-

centred. It should be noted that the 14N and IH hyperfine splittings obtained with

DEPMPO were similar for mushroom and carrot samples, but the different 31p values

indicated that the adducts were derived from different types of radicals.

Since reasonable spectral intensity was observed in these measurements, additional

experiments were undertaken to investigate the effects of age and sampling position on

the free radical behaviour of carrots (see next section).
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a

b

aeIP)=~.773mT
a('H)=2.185 mT 4. __

ae4N)=1.486 mT -

c

1 mT
r----l

d

Fig. 3.25. EPR spectrum of (a) a hydroxyl radical from carrot trapped by DEPMPO, (b)
simulation of spectrum (a), (c) spectrum received from carrot and DEPMPO in the
presence of buffer and EDTA, (d) simulation of a carbon-centred radical. Spectral
interpretation is shown by the "stick" diagram.
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Table 3.7. Summary of hyperfine splitting parameters compared with literature data.

Adduct System ae1p) afH) aC4N)

(mT) (mT) (mT)

N-(t-butyl)aminoxyl Dikalov et al. (1999) 1.393 1.461

4-POBN. radical McCormick et al. (1995) 0.180 1.49,0.185

Carrot (present paper) 0.145,0.050 1.490, 0.180

PBN-COCH3' NIEHS database (1998) 0.330 1.590

PBN-C Carrot (present paper) 0.328 1.590

DEPMPO-OH Fréjaville et al (1995) 4.780 1.300 1.400

Carrot (present paper) 4.723 1.384 1.384

DPPMPO-OH Stolze et al (2000) 4.695 1.320 1.400

Carrot (present paper) 4.680 1.382 1.382

DEPMPO-C Fréjaville et al (1995) 4.810 2.230 1.500

Carrot (present paper) 4.773 2.185 1.486

DPPMPO-C Stolze et al (2000) 4.848 2.218 1.512

Carrot (present paper) 4.780 2.223 1.515

PEPO-OH Stolze et al (2003) 1.594, 0.063 1.400

1.201,0.078 1.387

PEPO-OOH Stolze et al (2003) 1.160, 0.903 1.321, 1.321

PEPO-C carrot juice (present paper) 2.300 1.500

PEPO-C(LOOH) (unpublished results) 2.349 1.503

PEPO-CHzOH (unpublished results) 2.150, 0.087 1.474

PEPO-CH3 (unpublished results) 2.417 1.508

101



CHAPTER3.EXPER~ENTS

1 mT
I I

a

b

d

Fig. 3.26. EPR spectra from carrot and DPPMPO. (a) experimental spectrum, (b)
simulation of a carbon-centred radical combined with a hydroxyl-radical, (c) simulation
of the carbon-centred radical adduct, (d) simulation of the hydroxyl-radical adduct.
Spectral interpretation is shown by the "stick" diagrams.
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Fig. 3.27. EPR spectrum of (a) a radical in carrot trapped by PEPO, (b) simulation of
the spectrum (a). Spectral interpretation is shown by the "stick" diagram .
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Free radical formation in carrots investigated at different positions and growth stages of

the root

This investigation involved the study of one variety of carrot (Daueus earota ev.

Maestro) grown under stress free conditions. The level of carotenoids was measured

along with free radicals. The influence of maturity on the composition of pigments and

free radical generation was determined with samples harvested at three different growth

stages.

Material and sample preparation

Carrot seeds (ev. Maestro) were sown in two 15-liter pots. The pots

were covered with plastic until the plants were e. 2 cm high. During

germination the pots were watered from above only. Later a self-

irrigating system was used. Each pot was placed on a bucket filled

with water, and wicks were used to connect the water bucket with the

pot. Three harvests (49, 55 and 83 days after sewing) were carried

out, representing three different developmental stages of the carrots.

Thin slices of each carrot sample were taken from the top, the centre,

and the tip of the root (Fig. 3.28.). They were immediately frozen to

77 K and stored in liquid nitrogen until analysis .

Fig. 3.28. Carrot samples (yellow marked)
taken from each root.

Analvsis

EPR-analyses with the carrot tissues were carried out using two different spin traps -

one more lipophilic, phenyl-N-t-butylnitrone (PBN), and one more hydrophilic, a-(4-

pyridyl-I-oxide )-N-t-butylnitrone (4-POBN), to detect short-lived radicals when cells

were disrupted. The 4-POBN solution was made with water, the PBN solution was

prepared with a 10 % ethanol solution.
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Frozen carrot samples were ground under liquid nitrogen until a homogenous powder

was obtained. A small quantity of the powder (one small spoon) was gently mixed with

800~1 of the spin trap solution (164 mM) in a second mortar. The suspension was

filtered through a disposable syringe filter holder (Fa. Sartorius, 0.45 ~m), and the

filtrate was transferred into the flat cell and measured immediately. The recorded

spectra consist of 10 added scans, each taking about 42 s, in 1024 points using 100 kHz

modulation frequency. A microwave power of 20 mW, modulation amplitude of 0.16

mT and a sweep width of 6 mT were used. The spectra were baseline corrected and

filtered for quantifying the results. The first peak, doublet or quartet was integrated.

The carotenoids lutein, a-carotene and ß-carotene were determined and quantified by

HPLC using the method of Scott et al. (1995) (see Chapter 3.1). The HPLC analysis

was carried out at the TU Graz, Department of Food Chemistry and Technology.

EPR-Results

The EPR spectra with PBN (Fig. 3.29.) contained a mixture of 2 components, a sextet

and a quartet which are assigned respectively to an adduct of the spin trap and a

breakdown product of PBN. Parameters for the sextet (aeH)=0.328 mT and ae4N)=1.59

mT) correspond to a carbon-centred radical adduct (N.I.E.H.S. Spin-Trap DataBase).

The quartet with ae4N)=aeH)=1.43 mT corresponds to the N-t-butyl hydronitroxide

radical, which is formed via a radical induced fragmentation of the spin trap (Britigan et

al., 1990; Chamulitrat et al., 1993; Atamna et al., 2000). With the sextet component,

line broadening is visible at the high field end of the spectrum. This is consistent with

incomplete averaging of the spectral anisotropy (see Chapter 2 - page 41), because the

tumbling motion of the radical is not at the rapid limit. This in turn suggests that the size

of the trapped radical is not very small.
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ae'N) = 1.59 mT ---rrl
a(IH)=O.328mT ---+ +--

aeH) = 1.393 mT --+1__
1

---~ I+-
ae4

N)= 1.461mT --+- ------1----

Fig. 3.29. A typical EPR spectrum of a carrot sample, using the spin trap PBN. It
consists of the sextet and the quartet. Interpretation is shown by the stick diagrams.

The intensity of the sextet signal with PBN varied with the position in the carrot root

from which the sample was taken (Fig. 3.30.). The highest signal came from the centre

of the root and the lowest signal from the tip. The state of maturity of the carrot had

little or no influence on the signal intensity.

Variations in the intensity of the N-t-butyl hydronitroxide radical signal were also

dependent on the position of the sample in the carrot root and were the opposite to those

of the sextet. This signal was lowest in samples taken from the centre of the carrot

(Fig. 3.31.). It also decreased progressively with increasing maturity of the carrot.
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Fig. 3.30. Signal intensity of the carbon-centred radical trapped with PBN in relation to
the position and maturity of the carrot. a, b are two replicates of the carrots. top, centre,
tip are the position of the carrot where the samples were taken. 1, 2, 3 are the 1SI, 2nd and
3rd harvests.
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Fig. 3.31. Signal intensity of the N-t-butyl hydronitroxide radical in relation to the
position and to the maturity of the carrot. a, b are two replicates of the carrots. top,
centre, tip are the position of the carrot where the samples were taken. 1, 2, 3 are the 1st,
2nd and 3rd harvests.
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EPR spectra from the reaction of the spin trap 4-POBN with the carrot samples also

showed two different signals (Fig. 3.32.). One signal consists of twelve peaks - a triplet

of quartets from the 4-POBN adduct of its oxidised product 4-POBN .. This signal

contains two nitrogen splittings (ae4N) = 1.493 and 0.182 mT) and one hydrogen

splitting (aeH) = 0.145 mT). The second EPR-signal corresponds to the N-t-butyl

hydronitroxide radical, as was seen with PBN.

ae4N) = 1.493 mT

a(14N) = 0.182 mT~
a(IH) = 0.145 mT ~

1 mT

a(IH) = 1.393 mT ~I r-_I _
ae4N) = 1.461 mT~1 ~

Fig. 3.32. Typical EPR spectrum of a carrot sample using 4-POBN as spin trap. It
consists of the oxidation product and the breakdown product. Interpretation is shown by
the stick diagram.

Some replicates showed a relation between the intensity of the oxidation product and

the position of the carrot where the samples were taken. The highest intensity within

one replicate and harvest was from the tip of the carrot root (Fig. 3.33.). The lowest

signal intensity came from the centre of the carrot. There was no correlation between

the EPR signal and the maturity of the carrot.
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Fig. 3.33. Signal intensity of the oxidation product from 4-POBN in relation to the
position and to the maturity of the carrot. c, d are two replicates of the carrots. top,
centre, tip are the position of the carrot where the samples were taken. I and 3 are the 1st

and 3rd harvests.

HPLC Results

The carotenoids lutein, (l- and ß-carotene could be separated and identified by HPLC

analysis. The results of some replicates showed an increasing amount of (l- and ß-

carotene between the 2nd and 3rd harvests in both the top and centre of the carrot

(Fig. 3.34.). Slightly lower amounts of (X- and ß-carotene were found in the centre of the

carrot than in the top.

Lutein levels were highest in the tops and lowest in the tips of carrots (Fig. 3.35.), the

values from the tops and tips being normalised to those from the centre in this figure. It

can be seen that deviations from the centre values decreased with maturity for the tops,

but increased for the tips. Since the amount of material in one root tip sample was

insufficient for the analyses, these were performed with a mixture of three replicates

taken from each harvest.
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Fig. 3.34. Amounts of (X.- and ß-carotene in relation to the position and maturity of the
carrot. alpha, beta stand for (X.- and ß-carotene, top and centre for the carrot position
from which the samples were taken. 2, 3 are the 2nd and 3rd harvest.
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Fig. 3.35. Amount of Lutein for samples taken from the top and the tip of the carrot root
normalised to the values from the centre. a, b, c are three replicates, mix stands for a
mixture of all three replicates. l, 2, 3 are the 1st, 2nd and 3rd harvest.
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Discussion

The investigation of carrot samples taken from three different positions of the root,

mixed with two spin traps - PBN and 4-POBN - showed two different EPR signals for

each of the spin traps. One of the components, the N-t-butyl hydronitroxide, was

common to the reactions with both spin traps and must derive either from a

fragmentation of the spin traps (Atamna et al., 2000; Britigan et al., 1990; Chamulitrat

et al., 1993) or from an impurity in the spin traps (Dikalov et al., 1999). Decomposition

of PBN yields benzaldehyde and N-t-butyl hydroxylamine (Fig. 3.36.), and the latter

would also be expected to be a fragmentation product of 4-POBN. According to

Dikalov et al. (1999) the N-t-butyl hydronitroxide radical is formed by metal catalysed

oxidation of N-(t-buty1)hydroxylamine which is an impurity of the Sigma product PBN.

The most relevant metal in carrot tissue is in this case iron with -2.1 mg/WOg

(Carlsson, 2(00), which catalyses the Fenton reaction. Consequently, .OH radicals are

formed which then react with N-t-butyl hydroxylamines forming N-t-butyl

hydronitroxide.

..

PBN benzaldehyde N-t-butyl hydroxylamine

Fig. 3.36. Decomposition pathway for the spin trap PBN.

A short lived carbon-centred radical was trapped by PBN, but not by 4-POBN. It is

possible that this radical could be responsible for oxidising 4-POBN to give the 4-

POBN. radical which is then trapped by the spin trap itself. This radical was already

described in the investigations with herbs (Pirker et al., 2004), lettuce and carrots

(Glidewell et al., 1996; Goodman et al., 2002).

Some replicates showed a relation between the intensities of the various EPR signals

and the position in the carrot from which the samples were taken. The carbon-centred
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radical was mainly generated with tissue from the centre of the root whereas the N-t-

butyl hydronitroxide radical and 4-POBN oxidation products were most intense in

spectra with tissue from the tips. However, the fact that signals from the carbon-centred

radical adduct with PBN and the oxidation product of 4-POBN show different intensity

relationships with respect to the position of the tissue in the root, suggests that they do

not have a common source as was suggested in the previous paragraph. It seems more

likely that the 4-POBN' and N-t-butyl hydronitroxide radicals could have a common

precursor, because of the similarities in their distribution profiles within the carrot root,

and especially because of their predominance in the root tips. The tip is the youngest

part of the carrot root, and has the highest growth potential. The hydroxyl radical has

been shown to play an important role in root elongation in maize (Zea mays) seedlings

by facilitating cell waliloosening in the growing zone (Liszkay et al., 2004; Schopfer et

al., 2002; Schopfer, 2(01). These authors did not distinguish between the possibilities of

'OH being generated by Fenton chemistry or from peroxidases in the presence of NADH

and H202• It would appear, therefore that .OH radicals could be involved in the

generation of the 4-POBN' and N-t-butyl hydronitroxide radicals. Because of their

instability, .OH adducts with PBN and 4-POBN were not observed. It should be

recalled, however, that these were the major species detected with DEPMPO and related

spin traps.

It seems from the current experiments that the hydroxyl radical is also important in the

growth zone in carrot hypocotyl root stock, and it may be of general importance in plant

root development. The higher level of hydroxyl radical generation at the tips compared

to the other tissues in the carrot could also be the explanation for its higher oxidation

potential. Furthermore, the fact that the highest levels of carbon-centred radical adduct

formation (with PBN) were observed in tissues with the lowest levels of hydroxyl

radical generation suggests that formation of (much of) the carbon-centred radicals is

independent of hydroxyl radicals.

There was a tendency (visible in some but not all replicates) for there to be slightly

higher amounts of (l- and ß-carotene in the tops of the root than in the centres. A similar

observation was also made with lutein, which in addition was lowest in the tips.

Deviations from the centre values decreased in the tops and increased in the tips with

maturity of the plant root. In a mature carrot there is less difference in size and shape
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between top and centre of the root, which could be an explanation for the similar

amounts of lutein in these two parts of mature carrots.

Combining the results from the HPLC and EPR measurements could lead to the

conclusion that the carotenoids inhibit free radical formation in the tissue from the

centre and top of the carrots. In contrast, there are lower levels of these antioxidants in

the tips, because hydroxyl radical activity is essential for growth.
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3.5. PHENOLIC COMPOUNDS

Individual plant components, such as rosmarinic acid (phenol), camosic acid (phenolic

diterpene), luteolin (flavone), and kaempferol (flavonol), were chosen for investigations

under five different oxidation conditions. Autoxidation using an alkaline (pH 13),

aerated solution, was used to produce initial information on the oxidised components. In

addition, three enzymatic systems representing different oxidising agents were used at

pH 7. Horseradish peroxidase and hydrogen peroxide (HRP/lhOz) has been reported to

form three complexes with high oxidation potential (Chen and Schopfer, 1999; George,

1953); xanthine and xanthine oxidase (X/XO) generate superoxide anion radicals

(McCord and Fridovich, 1969; Terada et al., 1990); and the Fenton reaction system

generates hydroxyl radicals. Oi- was also generated directly from potassium

superoxide. Stock solutions in pure DMSO (1 mM) were prepared for each phenolic

compound.

Experimental setup

Autoxidation

Autoxidation proceeds by deprotonation and electron abstraction producing radicals

(Equ. 3.9.). Two different experimental setups were used in order to investigate the

influence of the amount of oxygen as well as of the relative concentrations of NaOH

and the phenol.

Equ.3.9.

In the first procedure (Proc. 1), 200 III of a 0.1 M sodium hydroxide solution were

transferred into a flat cell, then 200 III of the phenolic solution were added. The reaction

between the phenolic compound and the alkali was immediately visible as a strong

yellow band at the interface of the two liquid phases. Diffusion of the molecules

resulted in a more or less homogeneous final solution in the flat cell. After addition of

the phenolic solution, the flat cell was immediately placed in the spectrometer and the

spectrum recorded within one minute. In this procedure the amount of oxygen is limited

to that dissolved in the solutions and the head space in the flat cell. The second
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procedure (Proc. 2) was carried out in an Eppendorf tube to test the influence of a

higher oxygen concentration. 200 !J.lof the NaOH-solution and 200 !J.lof the phenolic

solution were transferred into an Eppendorf tube and mixed with a Vortex mixer for a

few seconds. The mixed solution had an intensive yellow colour and since the oxidation

is an exothermic process the tube walls got warm very quickly. The oxidised solution

was transferred into a flat cell within a few seconds and placed immediately into the

spectrometer for recording the spectrum. The amount of oxygen available for reaction in

this experiment (Proc. 2) was expected to be much higher than in the first set up (Proc.

I).

The dependence of relative concentrations of NaOH and phenolic compound was tested

using Proc. 2 by thoroughly mixing the two solutions in an Eppendorf tube. The two

stock solutions were combined in different amounts; 1:1, 1.67: 1 and 3: 1 volume ratios

of phenolic compound:NaOH solutions.

HRPIHZPl.

Concentrations of solutions for the system HRPIH202 were similar to that published by

Miura et al. (2003). 200 !J.lof a potassium phosphate buffer (pH 7) were mixed in an

Eppendorf tube together with 50 !J.lof ZnClz (10 mM), 50 !J.lHRP (12.5 !J.M),and 5 !J.l

H202 (l00 !J.M). All solutions were made with distilled water. 200 !J.l of the mixed

solution were transferred into the flat cell and 200 !J.lof the phenolic stock solution were

added. The flat cell was placed in the spectrometer and the spectrum recorded within 1

minute.

Xanthine/Xanthine oxidase

The system X1XO was used to generate superoxide anion radicals. The experiment was

carried out with 200 !J.lof a potassium phosphate buffer (pH 7) mixed for a few seconds

together with 20 !J.l of xanthine solution (657 !J.M) and 5 !J.l of xanthine oxidase

(8 !J.Uml,22 unit/ml). All individual solutions were prepared with distilled water. 200 !J.l

of the mixed solution were transferred into the flat cell and 200 !J.lof the phenolic stock

solution were added. The flat cell was placed in the spectrometer and the spectrum

recorded within 1 minute.
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Fenton reaction system

Hydroxyl radicals are generated in the Fenton system by the reaction of H202 with

Fe(m; ascorbic acid is added to ensure redox cycling of the iron. The reaction

concentrations were taken from the PhD thesis of Pascual (2000). 200 III of a potassium

phosphate buffer (pH 7) were placed in an Eppendorf tube. 20 III ascorbic acid

(20 mM), 5 III FeCh.6H20 (10 mM), 5 III EDTA (25 mM), and 5 III H202 (100 IlM)

were added and the solution was mixed for a few seconds using a Vortex mixer. To

avoid competitive reactions of the phenolic compound with ascorbic acid, the system

was also tested without ascorbic acid. Distilled water was used for preparation of the

individual solutions. 200 III of the mixed solution were transferred into the flat cell and

200 III of the phenolic stock solution were placed on top of that. The cell was

immediately placed into the spectrometer and the EPR spectrum recorded immediately

after tuning.

Potassium superoxide

The reaction of superoxide radical anIOns with phenolic compounds was also

investigated using potassium superoxide. For this purpose 40 III of the phenolic solution

(10 mM) where mixed in an Eppendorf tube with 60 III of distilled H20 in the case of

luteolin and RA and with 160 III DMSO in the case of kaempferol and CA. The solution

was added to c. 0.5 mg K02 and the reaction was stopped after approx. 5 sec. by adding

300 III (in the case of luteolin and RA) resp. 200 III (in the case of kaempferol and CA)

of buffer (pH 6.9) containing 5 III catalase (1 mg/ml) and 10 III SOD (2 m~ml). The

solution was then transferred into a flat cell which was placed in the spectrometer and

the spectrum was recorded within 1 minute.

After fixing the flat cell in the cavity, the spectrometer was always tuned manually to

minimise the time between the commencement of the reaction and recording the

spectrum.
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3.5.1. Kaempferol

Kaempferol is a compound of the flavonol group. Its structure is given in Fig. 3.37. It

consists of two aromatic rings and one heterocyclic ring with four hydroxyl groups on

the positions 3, 5, 7, and 4'. Ring e contains also a keto group. The main reaction centre

where oxidation occurs is thought to be the hydroxyl group on the B-ring.

HO 7

OH 0

Fig. 3.37. Structure of kaempferol.

Autoxidation

3'
OH

Autoxidation of kaempferol led to five different EPR signals which could be separated

and simulated. Other weak signals, which were partially hidden behind these main

peaks, could not be isolated. The experiment using Proc. 1 gave mainly a spectrum of

five peaks (Fig. 3.37.), whereas with Proc. 2 seven peaks (Fig. 3.38.) were visible in the

spectrum. The seven peak spectrum was also eventually observed with Proc. 1 after the

intensity of the five peak spectrum decreased. Fig. 3.39. shows the spectra at different

times after mixing the solutions, the last one being recorded 8 minutes after the first.

Additional peaks, which were unstable and disappeared after one minute, are visible

between the 1si and the 2nd as well as between the 41h and 5th peak of the quintet, but the

complete signal from this/these radicalls could not be resolved.

With the majority of the measurements uSlOg Proc. 1, two quintets with similar

parameters were visible. In an attempt to slow down the reaction kinetics and therefore

to allow a better observation of the spectral changes, solutions cooled to DoC were also

investigated. Fig. 3.40. shows time sequence spectra obtained from two cooled

kaempferol solutions. One solution was one week old (Fig. 3.40.a-c), the other solution
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was prepared fresh on the day of measurement (Fig. 3.40.d-f). Both experiments

showed two sirrùlar quintets with slightly different g-values and intensities. One quintet

signal was less stable than the other and its intensity decreased faster (Figs. 3.40b, c and

3.40.e, f). The relative intensities ratio of the two components was slightly different in

the two solutions. Interpretation of the spectra in terms of two quintets with slightly

different g-values was confirmed by simulation of Fig. 3.40.b and 3.40.e (Fig. 3.41.).

The splitting in the upper part of the peaks was simulated with a lower intensity of the

left of the two quintets whereas the splitting in the lower part of the peaks was obtained

with a lower intensity of the right quintet. An explanation for this observation could be

the use of an organic medium (DMSO solution) in the upper phase containing the

flavonoid and a water based medium (NaOH solution) in the lower phase. At the

interface of these two phases in the flat cell the radical was formed in both phases. Since

the g-value as well as the stability of the signal is dependent on the solvent, the shift of

the two observed quintets can be explained by the simultaneous formation of this radical

in both phases.

The intensity of the quintet signal decreased with time. Flushing air through the flat cell

using a syringe reoxidised the flavonoid, but this time the seven peak spectrum

appeared immediately. Obviously, the amount of oxygen influences the radical

cherrùstry of the flavonoid.

In another experiment only 100 I!l of NaOH were transferred into the flat cell and 300

I!l of the kaempferol stock solution was added on top of it. The quintet signal was

obtained after flushing a few millilitres of air through the flat cell to mix the two

solutions, but it was much more stable (>24 rrùn.) than in the original measurement

using 200 I!l NaOH and 200 I!l kaempferol.

Autoxidation of kaempferol carried out by Proc. 2 resulted in the 7 peak spectrum when

the volume ratio of the two solutions was 1:1 = kaempferol:NaOH. The influence of the

ratio of the two solutions was tested by changing it into 1.67: 1 and 3: 1

(kaempferol:NaOH), i.e. increasing the concentration of kaempferol in the mixed

solution. This change led to different signals in the EPR spectrum. The spectrum

obtained with a 1.67: 1 kaempferol to NaOH ratio showed the 7 peak spectrum with

additional structure after the quintet signal decreased (Fig. 3.42.). Since the spectrum
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was more complex than the original 7 peak spectrum, a 2nd derivative of the radical

compound was recorded (Fig. 3.42.c) in order to improve resolution of the overlapping

peaks.

A 3: 1 ratio kaempferol:NaOH gave a spectrum with at least three components

(Fig. 3.43.). The first spectrum (Fig. 3.43.a) consisted of at least two components - the

quintet and a signal containing 13 peaks (compound 2). Approximately 5 minutes later

the quintet had disappeared and a mixture of two signals was visible, including the 13

peak spectrum (Fig. 3.43.b). After another c. 21 minutes compound 2 had almost

disappeared and a spectrum of 8 peaks (compound 3) with nearly equal intensity

(Fig. 3.43.c) was observed. The simulation of compound 3 is shown in Fig. 3.43.d. The

simulation of Fig. 3.43.b is based on the spectrum of compound 2 after subtracting a

simulation of compound 3 (Fig. 3.44.a), since this component was already present in the

spectrum.

By using deuterated buffer, it was shown that no exchangeable protons contributed to

the hyperfine splittings.

When kaempferide, a compound where the hydroxyl group on ring B is replaced by a

methoxy-group (Fig. 3.45.), was used instead of kaempferol for the autoxidation

experiments no spectrum was detected. The assumption of ring B as the oxidation site

was sustained by this investigation .
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Fig. 3.37. EPR spectrum of kaempferol obtained by autoxidation using Proc. 1. Spectral
interpretation is shown by the stick diagram. (MA 0.048 mT, 1 scan)
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Fig. 3.38. EPR spectrum of kaempfero1 obtained by autoxidation using Proc. 2 with a
kaempferol:NaOH ratio of 1:1. Spectral interpretation is shown by the stick diagram.
(MA 0.01 mT, 10 scans)
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Fig. 3.39. Kinetic measurement of the autoxidation of kaempferol (Proc. 1).
(MA 0.038 mT, 1 scan) The times indicate the elapsed period after the 1sI spectrum was
recorded.
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Fig. 3.40. Autoxidation of kaempferol solutions at 0 oe. (a)-(c) one week old solution of
kaempferol (MA 0.03 mT), (c) was recorded 15 min. after (a), (d)-(f) freshly prepared
solution of kaempferol (MA 0.01 mT), (f) was recorded 41 min. after (d).
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a
0.1 mT

~

b

c
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d

Fig. 3.41. ExperimentaI spectra and simulations from autoxidised kaempferol (Proc. 1).
(a) one week old solution of kaempferol, (b) simulation of (a), height ratio of the two
compounds 1:0.2, (c) freshly prepared kaempferol solution and (d) simulation of (c),
height ratio of the two compounds 1:0.27.
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aeH) = 0.08 mT
a(IH) = 0.08 mT
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Fig. 3.42. Autoxidation (Proc. 2) of kaempferol using a ratio of
kaempferol:NaOH=1.67:1. (a) experimental spectrum, (b) simulation of (a), (c) 2nd

derivative of autoxidised kaempferol, (d) simulation of (c). Spectral interpretation is
shown by the stick diagram. (MA 0.01 mT, 10 resp. 11 scans)
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Fig. 3.43. Autoxidation (Proc. 2) of kaempferol using a ratio of kaempferol:NaOH=3: 1.
(a) first recorded spectrum (3 scans), (b) EPR spectrum obtained 5 min. after the first
spectrum, (c) EPR spectrum obtained 21 min. after the first spectrum, (d) simulation of
(c). Spectral interpretation of (d) is shown by the stick diagram. (MA 0.01 mT,
10 scans)
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a(IH) = 0.108 mT

aeH) = 0.108 mT

a(IH) = 0.075mT-+
a(IH) = 0.075mT-+

a(IH) = 0.075mT-+
a(IH) = 0.075mT

a 0.1 mT
I I

Fig. 3.44. (a) EPR spectrum of Fig. 3.43.b after subtracting the contribution from
compound 3 using the simulated spectrum Fig. 3.43.d, (b) simulation of (a). Spectral
interpretation is shown by stick diagram.

HO 7

OH 0

Fig. 3.45. Structure of kaempferide.

3'
OCH3

4'
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Oxidation with /Jotassium sU/Jeroxide

The use of potassium superoxide in a buffer of pH 7 to oxidise kaempferol resulted in

the same quintet spectrum (Fig. 3.46.) as that in Fig. 3.37. A few minor components are

also visible in this spectrum.

0.1 mT
~

Fig. 3.46. EPR spectrum obtained by oxidation of kaempferol with potassium
superoxide. (MA 0.01 mT, 1 scan)

Enzymatic systems: HRPIHZOg X/XO. and Fenton reaction system

Three different enzymatic systems were used to oxidise kaempferol at pH 7. Although

the oxidising agent is completely different with these systems (HRP/H202 forms a ferryl

heme complex, X1XO generates superoxide anion radicals, and the Fenton system

produces hydroxyl radicals) the same 6-peak spectrum was obtained in all three cases

(Fig. 3.47.). These results show again that there is no high oxidation potential necessary

to oxidise kaempferol. The spectra could be simulated with five proton couplings

around 0.1 mT (Fig. 3.48.).
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0.1 mT
I I

0.1 mT
I I

Fig. 3.47. EPR spectrum from kaempferol after reaction with the systems (a) X1XO
(0.08 mT, 10 scans), (h) HRPIH202 (0.05 mT, 20 scans) and (c) Fenton reaction system
(0.1 mT, 20 scans).
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a(IH) = 0.103 mT
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a
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HO

•
Fig. 3.48. EPR spectrum from kaempferol after reaction with the system X1XO. (a)
experimental spectrum, (b) simulation of (a). Spectral interpretation is shown by the
stick diagrams.
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Structural sUJ!J!estions

The initial signal in most of the spectra was a quintet, which was identical to that

reported by Kuhnle et al. (1969) and assigned to the p-benzosemiquinone radical

(Fig. 3.49.). An investigation from van Acker et al. (1996) of the half peak oxidation

potential of kaempferol in the pH range between 2 and 13 showed that no further release

of protons occurred at pH > 9. Thus no protons are involved in oxidation reactions at

pH > 9. According to their spin distribution calculations, the spin density in the

kaempferol radical is mainly in ring B and remains at the oxygen from which the proton

was removed.

Fig. 3.49. Structure of p-benzosemiquinone.

Thus, if autoxidation results in the formation of a phenoxyl derivative on ring B as

suggested by van Acker et al (1996), the rapid appearance of the EPR signal from

p-benzosemiquinone indicates that it is unstable and fragmentation occurs at the 2-1'

bond (Fig. 3.50.). Water addition to the double bond is a likely first step after oxidation

of ring B. This 2,3-dihydroxyflavanone has been reported by Schröder and Barz (1979) .

Miller and Schreier (1985) also detected 2,2-dihydroxy-l-(2,4,6-trihydroxyphenyl)-3-

(4-hydroxyphenyl)-I,3-propandione, an oxidation product in which ring A is opened.

4-hydroxybenzoic acid and 2,4,6-trihydroxybenzoic acid are two further products of the

oxidation reaction of kaempferol with HRPIH202 (Miller and Schreier, 1985).

4-hydroxybenzoic acid is not very stable in alkaline solution and probably degrades to

phenol and CO2. The intermediate phenoxyl radical is also unstable. Neta et al. (1974)

reported the formation of p-hydroquinone from phenoxyl radicals (Fig. 3.51.). Two

phenoxyl radicals disproportionate to a phenoxide ion (anion) and a cation of the

phenol. In the presence of hydroxyl ions or water, addition of OH groups to the phenol

structure is possible at the ortho and para positions to the oxygen. Since the reaction

takes place in an alkaline aerated solution, oxidation of hydroquinone occurs very easily
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with formation of a benzosemiquinone radical. In the present experiments, formation of

the p-benzosemiquinone (Fig. 3.49.) was observed but not o-benzosemiquinone.

The 7 peak spectrum, which was observed after the p-benzosemiquinone radical, could

be best simulated by 8 equivalent protons. This radical, therefore, corresponds (most

likely) to a dimeric structure where the unpaired electron interacts equally with 8

protons. A possible structure is based on two aromatic rings connected with either an

ether bridge or a simple carbon-carbon bond. The original quintet signal, which was

always the first signal detected in the spectrum, indicates the presence of semiquinone

radicals, and hence quinones, as well as phenoxyl radicals in the solution. It is probable

that the short-lived phenoxyl radical reacts with the quinone or semiquinone generating

a radical dimer, or a non-radical dimer which is then oxidised to a radical. Based on the

equivalence of the eight protons, a most likely structure is suggested in Fig. 3.52.a; two

aromatic rings connected by an ether bridge with the unpaired electron delocalised over

the whole structure.

To test this interpretation, a solution of phenol with a trace of hydroquinone was

oxidised according to Proc. 2. Its spectrum was identical to the 7 peak spectrum from

kaempferol. The same signal was also observed after oxidation of a pure phenol

solution but the intensity was much lower than from the solution containing a trace of

hydroquinone. Thus the hydroquinone is probably part of the radical reaction.

Different ratios of kaempferol and NaOH solution gave different EPR spectra. A slight

increase in the kaempferol to NaOH ratio (1.67: 1) gave a spectrum with 2 sets of 4

equivalent protons, although their average hyperfine splitting was similar to that of the

previous 7-peak spectrum from equivalent 8 protons. It is probable that this signal is

also a dimeric radical and may correspond to Fig. 3.52.b, which would be expected to

show two sets of four equivalent protons.
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Fig. 3.50. Proposed reaction pathway for the oxidation and disproportionation of
kaempferol.
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Fig. 3.51. Formation of hydroquinones from phenoxyl radicals (Neta et aI., 1974).

A further increase in the kaempferol:NaOH ratio to 3: 1 led to the production of two new

signals after the quintet disappeared. The first. spectrum consisting of 13 peaks was

simulated with 6 proton couplings, four equivalent with a smaller value than the other

two. The second signal which was detected after the previous one decreased in intensity

had 3 inequivalent protons. The structures of these two radicals are most likely products

of reactions of breakdown species, since the presence of the quintet at the beginning of

the reaction showed an initial degradation of the kaempferol molecule. The higher

concentration of kaempferol in this solution than in the previous experiments enhances

the probability of dimeric, trimeric and polymeric radical formation. There is, however,

not enough information at present to make definite structure suggestions.
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b
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Fig. 3.52. Possible structures of radical dimers produced during autoxidation of
kaempferol (the unpaired electron is delocalised over the whole structures but for
simplification it is just shown on one oxygen atom).

Oxidation of kaempferol with three different enzymatic systems at physiological pH of

7 resulted in the same spectrum; it consisted of 6 peaks from interaction of the unpaired

electron with five tH nuclei. No other signal was detected before or after the sextet was

generated including the quintet which was visible with each experiment at alkaline pH

and with potassium superoxide at pH 7. This indicates that the flavonoid structure

remained intact. When oxidation of kaempferide by HRPIH202 was investigated, no

radical was detected. Thus the OH-group on ring B must be involved in the oxidation

reaction. The generation of a phenoxyl derivative where the OH-group in ring B is

oxidised can be excluded because of the small hyperfine splitting constants around 0.1

mT. For para-substituted phenoxyl radicals, hyperfine splittings for the two hydrogens

on carbon 3' and 5' would be expected to be in the range 0.4 - 0.7 mT dependent on the

substituents (Dixon et aI., 1974). The small splittings in the present experiments suggest

a dimeric structure where the unpaired electron spin density is delocalised over two

aromatic rings and is, therefore, smaller at individual carbon atoms. Loth and Klinge

(1964) detected a dimeric structure after oxidation of kaempferol with HRPIH202.

Fig. 3.53.a shows three possibilities for the suggested dimer.

On the basis of the hyperfine splitting constants, the most likely structure consists of an

ether bridge from the oxygen on ring B of one kaempferol molecule to carbon 6" in ring

A of a second kaempferol molecule (Fig. 3.53.b). The two biggest splittings

(aeH)=0.115 mT) would result from interaction with protons on carbon 3' and 5' and

the two smallest splittings (a(tH)=O.087 mT) from coupling with protons on carbon 2'

and 6'. The hyperfine splitting constant of aeH) = 0.103 mT would then be due to the

spin density on carbon 8".
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OH
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Fig. 3.53. (a) Three possibilities for the dimeric formation from kaempferol after
oxidation with HRPIH202 (Loth and Klinge, 1964), (b) dimeric structure which fits best
with the experimental data.

Discussion

Oxidation of kaempferol under different conditions led to the detection of 6 different

radicals. One of them, the initial quintet in alkaline solutions, was published by Kuhnle

et al. (1969) and assigned to p-benzosemiquinone, whereas the other signals are

unpublished. VanAcker et aI. (1996) also detected a quintet after autoxidation in KOH,

but with different hyperfine splitting constants. At pH 7 they recorded a weak triplet

when using HRPIH202 as oxidising agent. This triplet could be part of the six peaks

which we detected with HRPIH202. According to their quantum chemical calculations

the spin density of the initial radical produced by kaempferol oxidation is mainly

concentrated in ring B on carbon 4'.

The autoxidation experiments showed a dependency of the radical chemistry on the

amount of oxygen and on the ratio of kaempferol to NaOH. Yu et al. (1994) reported

the formation of dimers from phenoxyl radicals in water after oxidation with

HRP1H202. There is some evidence that most of the detected radicals from our
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autoxidation experiments are also based on a dimeric or polymeric structure which

follows degradation of kaempferoI.

The effect of the HRPIH202 system on kaempferol has been investigated with various

analytical methods. Miller and Schreier (1985) used UV-, IR-spectroscopy, mass

spectrometry, IH-NMR and 13C_NMR to identify products of the reaction such as 4-

hydroxybenzoic acid, 2,4,6-trihydroxybenzoic acid, 2,2-dihydroxy-l-(2,4,6-

trihydroxyphenyl)-3-( 4-hydroxyphenyl)-1 ,3-propandione and 2-(4-methoxyphenyl)-5, 7-

dihydroxy-4H- I-benzopyran-4-one(acacetin), but none of these had structures that

could be related to the hyperfine structure in our EPR spectra. In the PhD thesis of

Miller (1984), there was speculation of a dimeric structure for one reaction product but

this was not confirmed. A dimer as product of the reaction of kaempferol-3-glucoside

with HRPIH202 was also suggested by Loth and Klinge (1964) on the basis of results

from UV spectroscopy, vapour pressure osmometry (for molecular mass determination)

and alkaline degradation. One of the three structural suggestions for this dimeric

product (Fig. 3.52.b) could generate a radical that might explain our EPR results.

Takahama (1987) investigated the oxidation of kaempferol by superoxide anion radicals

using techniques other than EPR. Two degradation products were detected but neither

of them has a structure that correlates with our EPR results. There are some reports

about inhibitory effects of kaempferol on the enzyme xanthine oxidase (Cotelle et aI.,

1996; Selloum et al., 2001; van Hoom et aI., 2002), where it is supposed that OH-

groups on carbon 5 and 7 block the position in the enzyme where xanthine should add.

Since in our experiments the xanthine/xanthine oxidase reaction commenced before

addition of the flavonol, any inhibitory effect will have no consequence for the initial

radical generation in the reaction with kaempferoI.

Kaempferol has been reported to be able to function as both an antioxidant and a pro-

oxidant in Fenton-type reactions (Puppo, 1992). In the presence of Felli, EDT A and

H202 kaempferol stimulates hydroxyl radical formation by reducing Felli to Fell, and

therefore helping to redox-cycling the iron. In the presence of ascorbate, there is a

competition between the flavonoid and the ascorbate molecule to reduce the iron. Using

ATP instead of EDT A which does not allow the redox cycling of iron, kaempferol acts

as .OH scavenger. Both effects were observed to a much lower extent with kaempferol
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than with other flavonoids. In our experiments the Fenton system was already

generating .OH-radicals before the flavonol was added on top of it in the flat cell. Thus

reaction with .OH radicals might be the dominant process in the oxidation of

kaempferol.
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3.5.2. Luteolin

Luteolin is a flavone with a catechol group in ring B. The structure (Fig. 3.54.) is

similar to that of kaempferol, but with one additional OH-group on the B ring and no

OH group on carbon 3 of the C ring.

OH

Fig. 3.54. Structure of luteolin.

Autoxidation

Autoxidation of luteolin gave two EPR signals at different times after starting the

reaction. The first radical, which was generated using Proc. 1, consists of 6 main peaks

(Fig. 3.55.a), but additional structure could be resolved with low modulation amplitude

(Fig. 3.55.b) and 2nd derivative recording (Fig. 3.55.d). This spectrum could be

simulated with 4 inequivalent proton couplings (Fig. 3.55.c). The hyperfine splitting

constants (Table 3.8.) varied slightly depending on the experimental conditions. The

EPR spectra obtained from Proc. 2 are shown in Fig. 3.56.

Table 3.8. Hyperfine splitting constants (mT) of the 1sI radical of autoxidized luteolin in
I. h . alre aUon to t e expenment setup.

Proc. 1 Proc. 2 (luteolin:NaOH)

1:1 1.67: 1 3: 1

aCH) 0.275 0.277 0.275 0.278

aCH) 0.150 0.150 0.150 0.151

a('H) 0.125 0.122 0.125 0.132

aCH) 0.117 0.102 0.117 0.122
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This 1sI radical was not stable in all experiments and after around 25 minutes the signal

in Proc. 1 had changed into an 8 peak spectrum from 3 inequivalent proton splittings

(Fig. 3.57.). Similar spectra were also obtained using Proc. 2 (Fig. 3.58.). Again there

were slight differences in the hyperfine splittings observed using the different

experimental setups (Table 3.9.).

If ZnCh was added to the alkali solution in the Eppendorf tube (Proc. 2), the 1SI radical

was stabilised for more than 1 hour and formation of the 2nd radical was completely

prevented.

Table 3.9. Hyperfine splitting constants (mT) of the 2nd radical of autoxidised luteolin in
I. h . alre atlOn to t e ex :>enment setup.

Proc. 1 Proc. 2 (luteolin:NaOH)

1:1 1.67: 1 3: 1

aCH) 0.465 0.475 0.463 0.450

aCH) 0.083 0.084 0.082 0.080

aCH) 0.025 0.026 0.026 0.027

Oxidation of luteolin with the three different enzymatic systems (HRPIH202, XlXO,

Fenton reaction system) and with potassium superoxide at pH 7 resulted in a 6 peak

spectrum (Fig. 3.59.) that is similar to the one obtained with autoxidation (Proc. 1).

However, with potassium superoxide the spectrum consisted of sharp lines with a good

hyperfine splitting resolution whereas with the systems HRPIH202, XlXO, and the

Fenton reaction the resolution of the spectra was poorer than that obtained with

autoxidation; with these spectra resolution was not improved either by decreasing the

modulation amplitude or flushing the solutions with N2 gas.

Structural sUJ!J!estions

Two different EPR spectra from oxidised luteolin were observed under different

conditions at pH 7 and pH 13. These spectra are similar to those reported by others

(Cotelle et al., 1996; Kuhnle et al., 1969 and van Acker et al., 1996). The oxidation site

is most likely the catechol group on ring B, which is known to be the region responsible
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for the antioxidant activity in flavonoids (Amié et al., 2003). The probable structure of

the radical from oxidised luteolin is shown in Fig. 3.60.

The largest splitting can be assigned to the proton on carbon 6', whereas smaller

splittings around 0.1 mT come from interactions with protons in positions 2', 5' and 3

(Cotelle et al., 1996).

The 2nd radical of luteolin, which was detected at pH 13 after the 1st radical decreased in

intensity, was also reported from Cotelle et al. (1996). These authors explained the

structure as resulting from oxidation at carbon 2' (Fig. 3.61.). With this radical, the

largest hyperfine splitting again comes from the proton on carbon 6'.

A comparison of the various hyperfine splitting constants from the present experiments

with those in the literature is presented in Table 3.10. There is good agreement between

our data and those of Cotelle et al. (1996), but the results are completely different from

those published by van Acker et al. (1996).
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a
0.1 mT
1--1

aeH) = 0.275 mT

aeH) = 0.150 mT

aeH) = 0.125 mT

aeH) = 0.117 mT

b

c

d

Fig. 3.55. EPR spectra of the 1st radical from luteolin autoxidised using Proc. 1. (a)
spectrum recorded in the 1st derivative, MA 0.034 mT, (b) spectrum recorded in the 1st

derivative, MA 0.01 mT (c) simulation of (b), (d) spectrum recorded in the 2nd

derivative.
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0.1 mT
I I

0.1 mT
I I

0.1 mT
I I

Fig. 3.56. EPR spectra of the 1sI radical from luteolin autoxidised using Proc. 2. (a)
luteolin:NaOH = 1:1 (MA 0.008 mT, 10 scans) (b) luteolin:NaOH = 1.67: 1 (MA 0.01
mT, 9 scans), (c) luteolin:NaOH = 3: 1 (MA 0.003 mT, 7 scans).
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a('H) = 0.465 mT

a(' H) = 0.083 mT

a(' H) = 0.025 mT --+

a 0.1 mT
I

b

Fig. 3.57. EPR spectrum of the 2nd radical from luteolin autoxidised using Proc. 1.
(a) experiment spectrum (MA 0.01 mT, 10 scans), (b) simulation of (a).
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a
0.1 mT
I I

0.1 mT
I I

b

c 0.1 mT
I I

Fig. 3.58. EPR spectrum of the 2nd radical from luteolin autoxidised using Proc. 2.
(a) luteolin:NaOH = 1:1 (MA 0.01 mT, 20 scans), (b) luteolin: NaOH = 1.67:1
(MA 0.01 mT, 10 scans), (c) luteolin:NaOH = 3: 1 (MA 0.008 mT, 10 scans).
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0.1 mT
I I

0.1 mT
I I

d

0.1 mT
I I

Fig. 3.59. EPR spectra from luteolin oxidised by (a) HRPIH202 (MA 0.05 mT,
20 scans), (b) X1XO (MA 0.03 mT, 17 scans), (c) Fenton reaction system (MA 0.08 mT,
30 scans), (d) K02 (MA 0.04 mT, 10 scans).
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o 0
Fig. 3.60. Proposed structure for the 1st radical from luteolin oxidised under alkaline
conditions.

o

Fig. 3.61. Suggested structure for the 2nd radical from luteolin oxidised under alkaline
conditions.

Table 3.10. Hyperfine splitting constants (mT) from our experiments compared with
previously reported data .

•
0- 0

1st signal

aeH=2') aeH=5') aeH=6') a(IH=3)
1st signal Proc. 1 0.117 0.150 0.275 0.125

Cotelle 1996 0.115 0.140 0.260 0.125
Kuhnle 1969 0.160 0.140 0.260 0.125
van Acker 0.184 0.184 0.326 0.099
1996

2M Proc. 2 (1:1) 0.840 0.475 0.026
signal

Cotelle 0.850 0.500 0.025
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Discussion

Two different EPR signals were detected during the oxidation of luteolin. The present

results were in close agreement with those published by Cotelle et al. (1996), who

investigated the autoxidation of various flavonols and flavones with catechol and

pyrogallol structures in ring B. In contrast to the experiments with kaempferol, where

the radicals seen in the EPR spectra correspond to either fragmentation or dimerisation

of the oxidised molecule, the flavonoid structure was stable in oxidised luteolin, and

radicals are formed by deprotonation and electron abstraction from one of the OH-

groups in ring B. A second radical, which was observed at pH 13 but not at pH 7,

probably results from hydroxylation at the 2' position on ring B. Cotelle et al. (1996)

obtained this spectrum after increasing the pH to 13, whereas our spectrum developed

over the time at pH 13.

Formation of the 2nd radical was prevented by ZnCh at pH 13, and the 1sI radical was

stable for more than 1 hour under these conditions. Flavonoids with catechol groups on

ring B are able to form complexes with Zn2+ ions, which thus prevent the oxidised

molecule from dimerisation or solvent attack (Le Nest et al., 2004). Hydroxylation of

this complex was, therefore, completely inhibited.

The spectrum of the 1SI EPR signal in van Acker et al. (1996) appeared identical to our

spectrum, but using their reported hyperfine splitting constants produced a completely

different spectrum on simulation. Furthermore, they were not able to detect a signal

using HRP and H202 at pH 7.4, which may be a consequence of the different

experimental setup they used. In our case the flavonoid solution had contact with the

solution where .OH-radicals were already generated in the flat cell, whereas van Acker

et al. (1996) included the flavonoid from the beginning in the radical generating

solution. Recently, Huang et al. (2005) have reported that HRP can be inactivated by

phenoxyl radicals generated by reaction of H202 with phenols. If luteolin has a similar

effect on the enzyme, this could explain the failure of van Acker et al (1996) to observe

radical formation in their HRPlH202/luteolin system.

Oxidation of luteolin by K02 resulted in a similar spectrum to the initial sextet spectrum

obtained from autoxidation.
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The spectra obtained using X1XO and the Fenton reaction system were weak, whereas

the identical spectrum obtained with HRPIH202 was stable and sufficiently intense for

good signal to noise ratios to be obtained with single scans. However, all were

essentially identical.
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3.5.3. Rosmarinic Acid

Rosmarinie acid (RA) is a major phenolic component of Rosemarinus officinalis L. The

structure consists of two aromatic rings both of which have catechol groups (two OH-

groups in o-position) that are separated by a carboxylic acid, a carbonyl, an ether group,

and a double bond (Fig. 3.62.).

HO

Fig. 3.62. Structure of rosmarinie acid.

Autoxidation

Autoxidation of RA using Proc. 1 gave two radical components, a 19 peak spectrum

(Fig. 3.63.) first, followed by a 14 peak spectrum (Fig. 3.64.). If air was flushed through

the flat cell, the same two spectra were observed, but with smaller intensities. The

spectrum of the 1sI radical component was simulated with 5 proton couplings, including

two equivalent splittings of 0.36 mT, whereas the spectrum of the 2nd radical component

was simulated with 4 inequivalent protons.

Autoxidation of RA using Proc. 2 always resulted in a 14-peak spectrum irrespective of

the RA:NaOH ratio, although there were slight differences in the hyperfine splittings

(Fig. 3.65.). However, with a RA:NaOH ratio of 3:1, a weak 19 peak spectrum was

detected initially, but was then quickly replaced by the 14 peak spectrum, whereas the

14 peak spectrum was observed from the outset with 1:1 and 1.67: 1 ratios.
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Oxidation with potassium superoxide

Oxidation of RA with K02 led first to a spectrum of at least three components, but two

of them could not be separated or identified. After c. 25 minutes a single component

spectrum of at least 15 peaks was detected (3rd radical component of RA). This radical

was already partially visible in the initial spectrum. Fig. 3.66. shows these spectra along

with a simulation of the 3rd component with 5 proton couplings.

Enzymatic systems

RA oxidised by the enzymatic systems HRPIH202, xanthine/xanthine oxidase and the

Fenton reaction system, at pH 7, all gave similar spectra consisting of at least two

components (Fig. 3.67.). The spectra obtained using HRPIH202 and the Fenton reaction

were recorded with a higher modulation amplitude since their signal intensities were

low. Smaller peak splittings can be seen in the spectrum where X1XO was used as

oxidising agent because of its higher signal intensity. When the Fenton reaction was

performed with ascorbic acid to generate a 'recycling Fenton system' no RA radicals

were seen; only the ascorbate radical was visible. The spectrum obtained with X1XO is

similar to the later spectrum from RA oxidised with K02. The simulation of this 4th

radical component (Fig. 3.67.d) which was achieved from Fig. 3.67.c after subtracting

the 1st radical component from Fig. 3.63.a, showed that the smallest hyperfine splitting

constant has the biggest deviation from the coupling constants of the 3rd radical

component. Table 3.11. summarises the hyperfine splitting constants of the radical

components of oxidised RA.
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Table 3.11. Hyperfine splitting constants (mT) of the three obtained spectra in relation
to the experimental setup.

oxidation type aCH) aCH) aCH) aCH) aeH)
1SI component Proc. 1 0.360 x 2 0.178 0.108 0.059

K02

enzymatic systems
2na component Proc. 1 0.305 0.178 0.145 0.038

Proc.2 0.302 0.176 0.146 0.037
(RA:NaOH= 1:1)
Proc.2 0.307 0.176 0.146 0.036
(RA:NaOH=I.67: 1)
Proc.2 0.318 0.175 0.151 0.034
(RA:NaOH=3: 1)

3/'0component K02 0.265 0.239 0.118 0.118 0.053
4tn component enzymatic systems 0.257 0.235 0.114 0.110 0.107

Structural sUlu!estions

Four different EPR spectra were detected after oxidising RA under alkaline or neutral

conditions. Radical formation of RA can occur at either of the two catechol groups in

rings A and B (Cao et aI., 2005). Previously reported DFf (density functional theory)

calculations from Cao et al. (2005) showed that rings A and B have similar reducing

activities. Although ring B is a stronger electron donor than ring A, the radical formed

on ring A is more stable. Based on these facts and on publications of hyperfine coupling

constants for o-semiquinone radicals substituted in p-positions, the following structures

are suggested for the observed radicals.

The 1SI radical is most likely generated by oxidation of ring B (Fig. 3.68.a). Similar

hyperfine splitting constants were published by Pedersen (1982) for oxidised

dihydrocaffeic acid ester in an alkaline ethanol solution (Fig. 3.68.b). The two largest

hyperfine splitting constants arise from interaction of the unpaired electron with the

proton in position 6' and with one of the two protons in position 13. The other splittings

come from the second proton on carbon 13, and the protons in position 5' and 2'. Table

3.12. gives an overview of the hyperfine splitting constants of our spectrum compared

to those from Pederson (1982) for dihydrocaffeic acid ester and from Pilar (1970) for p-

substituted o-benzosemiquinones.
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a( 1H) = 0.360 mT
ae H) = 0.360 mT

aeH) = 0.178 mT~
aeH) = 0.108 mT

aeH) = 0.0594 mT

a

b

c

Fig. 3.63. EPR spectra of the 1st radical component of RA oxidised by Proc. 1. (a)
experimental spectrum recorded in the 1st derivative (MA 0.01 mT, 1 scan), (b)
simulation of(a), (c) experimental spectrum recorded in the 2nd derivative
(MA 0.02 mT, 2 scans). Spectral interpretation is shown by the stick diagram.
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aeH) = 0.305 mT

aeH) = 0.178 mT
aeH) = 0.145 mT---+

aeH) = 0.038 mT-

a

b

0.1 mT
I I

c 0.1 mT
I I

Fig. 3.64. EPR spectra of the 2nd radical component of RA oxidised by Proc. 1. (a)
experimental spectrum recorded in the 1SI derivative, (b) simulation. of (a),
(c) experimental spectrum recorded in the 2nd derivative. Spectral interpretation is
shown by the stick diagram.
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a

0.1 mT
I I

b

0.1 mT
I I

•
c

0.1 mT
I I

Fig. 3.65. EPR spectra of RA oxidised by Proc. 2. (a) RA:NaOH = 1:1 (MA 0.01 mT,
10 scans), (b) RA:NaOH = 1.67:1 (MA 0.003 mT, 10 scans) (c) RA:NaOH = 3:1
(MA 0.003 mT, 7 scans).
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a

• a(IH) = 0.265 mT
a(IH) = 0.239 mT

a(IH) = 0.118 mT
a(IH) = 0.118 mT

a(IH) = 0.053 mT

0.1 mT
1---1

•

b

c

Fig. 3.66. EPR spectra of RA oxidised by K02• (a) 1sI spectrum (MA 0.03 mT, 5 scans),
(b) 3rd radical component (MA 0.02 mT, 30 scans), (c) simulation of (b). Spectral
interpretation is shown by the stick diagram.
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a

b

c

ae H) = 0.257 mT

ae H) = 0.235 mT

aeH) = 0.114 mT

aeH) = 0.110 mT

aeH) = 0.107 mT

0.1 mT
I----l

0œ- o~ 0-o 12 P 4'

0~011 l~ 5'
._~5 8 10 13 6'

o 2 t4

•
d

0.1 mT
1--1

e

Fig. 3.67. EPR spectra of RA oxidised by (a) HRPIH202 (MA 0.05 mT, 40 scans),
(b) Fenton reaction system (MA 0.03 mT, 10 scans), (c) xanthine/xanthine oxidase
(MA 0.01 mT, 20 scans), (d) spectrum of the 4th radical component (c) after subtraction
of the 1si radical component, (e) simulation of (d).
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Table 3.12. Hyperfine splitting constants (mT) from the 1sI radical component compared
with those from the literature.

1SI radical

a2' aS' ~, aI3(CH2) aI3(CH2)

1SI radical 0.059 0.108 0.360 0.360 0.178

Pedersen (1982)3 0.046 0.104 0.370 0.330 0.330

Pilar (1970)1'J 0.032 0.100 0.380 0.330 0.330

ainvestigation of a dihydrocaffeic acid ester
b investigation of o-benzosemiquinone with 4-propyl as substituent

•

a

b

o

o
(0.046 roT) 3~O

(2) 2' -9' I 4'

11 1~ 5' (5) (0.104 roT)
13 (a) 6' (6)

(0.370 roT)
(0.330 roT)
(0.330 roT)

Fig. 3.68. (a) Proposed structure for the 1sI radical component from RA. The coupling
constants are assigned to the probable hydrogen atoms, (b) radical structure of
dihydrocaffeic acid ester (Pedersen, 1982) (the numbering of the structure is adapted to
the one from rosmarinic acid, numbers according to the nomenclature are in brackets
and assigned in blue).

The 2nd radical was only observed in alkaline solution and was much more stable than

the 1sI radical. Following the DFT calculation of Cao et al. (2005), it is likely that this

radical is derived from oxidation at the A-ring. However, the spectrum was simulated

with 4 protons whereas oxidation of the A-ring would be expected to lead to 5 couplings

taking into account the hydrogen atoms in a- and ß-position to the aromatic ring on the
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double bond. Ashworth (1976) reported that trihydroxycinnamic acids are formed as a

result of hydroxylation of dihydroxycinnamic acids during prolonged autoxidation in

strongly alkaline solution. If a similar reaction occurs in our solution, carbon 4 would be

hydroxylated and the resulting radical would have the structure shown in Fig. 3.69.a.

The hyperfine splitting constants are in fairly good agreement with those of Pedersen

and Ollgaard (1982) and Ashworth (1976) for the radical from 2,4,5-

trihydroxycinnamic acid (Fig. 3.69.b) although Ashworth assigned two values in the

opposite way to Pedersen. Table 3.13. shows a comparison of our spectral parameters

with those in the literature for radicals from similar structures (e.g. di- and

trihydroxycinnamic acids) .

a

b

Fig. 3.69. (a) Proposed structure for the 2nd radical component from RA, the coupling
constants are assigned to the probable hydrogen atoms, (b) radical structure of 6-
hydroxycaffeic acid (pedersen and Ollgaard, 1982) (the numbering of the structure is
adapted to the one from rosmarinic acid, numbers according to the nomenclature are in
brackets and assigned in blue).

The 3rd and 4th radical components were only detected at pH 7, the 4th radical in

combination with the 1si radical. It is probable that oxidation took place on ring A since

the hyperfine splitting constants are quite different from that of the 1SI radical

component in which ring B is oxidised. The parameters obtained from simulation were

compared with those reported for oxidised 3,4-dihydroxycinnamic acid in alkaline and

acidic medium (Ashworth, 1976; Dixon et aI., 1975). The parameters of the 3rd radical
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component are in good agreement with those reported by Ashworth (1976), whereas for

the 4th radical component the smallest hyperfine splitting is appreciably different. (Table

3.13.). A proposed structure for the 3rd and 4th radicals is shown in Fig. 3.70. together

with the structure of 3,4-dihydroxycinnamic acid.

Table 3.13. Hyperfine splitting constants (mT) for the 2nd and 3rd radicals compared
with values from the literature.

o
o 0- 3' 0

o 12 2 Ps 14'

}~

9011 .;:,. S'.-IIAS 8,013 6'
2 ~4

3

3rd and 41h radicals

a3 '4 él6 a7 as

2nd radical component (pH 13) 0.145 - 0.038 0.305 0.178

Pedersen and Ollgaard (1982) (alkaline 0.137 - 0.040 0.292 0.180

oxidation)3

Ashworth (1976) (alkaline oxidation)3 0.044 - 0.132 0.283 0.175

Bors (2003) (HRPIH202, pH 9.5) 0.258 - 0.126 0.385 -

Bors (2004) (HRPIH202, pH 9.5) 0.126 - 0.258 - 0.385

Dixon (1975) (alkaline oxidation)o 0.135 0.275 0.015 0.245 0.120

Dixon (1975) (CelY oxidation, 0.5M 0.350 0.150 0.175 0.480 0.245

sulphuric acid)b

Ashworth (1976) (alkaline oxidation)b 0.119 0.282 0.023 0.236 0.130

3rd radical component (K02, pH 7) 0.118 0.265 0.053 0.239 0.118

41n radical component (enzymatic 0.110 0.257 0.107 0.235 0.114
systems, pH 7)
3 investigation of 2,4,5-tri-OH-cinnamic acid
b investigation of 3,4-dihydroxycinnamic acids

Discussion

There are some previous reports of EPR measurements of free radical formation in RA

by alkaline oxidation (Pedersen, 1978 and 2000; Mouhajir et al., 2001) and by oxidation

with HRPIH202 at pH 9.5 (Bors et aI., 2003 and 2004). The radicals reported by

Pedersen and Mouhajir et al. are similar to our 1SI radical, but there is no agreement with

the results from Bors et al. The 1SI radical was probably formed by oxidation of the
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catechol group in ring B and was observed at pH 13 and pH 7 whereas the 2nd
, 3rd and

4th radicals were most likely generated by oxidation of the catechol group in ring A.

a

b

(0.236 mT)
(0.023 mT)7 ( )o 6(2) ~ COO-

_) 1 ~ I 5 8(ß)
. 2~ 4(6) (0.130 mT)
o 3(5) (0.282 mT)

(0.1l9 mT)

•

Fig. 3.70. (a) Proposed structure for the 3rd and 4th radical component from RA. The
coupling constants are assigned to the probable hydrogen atoms (red for the 3rd and
green for the 4th radical), (b) Structure of 3,4-dihydroxycinnamic acid radical
(Ashworth, 1976) (the numbering of the structure is adapted to the one from rosmarinic
acid, numbers according to the nomenclature are in brackets and assigned in blue).

Formation of free radicals from RA is pH dependent (2nd radical at pH 13, 3rd and 4th

radical at pH 7). A good agreement with reported hyperfine splitting constants from

oxidised 2,4,5-trihydroxycinnamic acid (pedersen and Ollgaard, 1982) led to the

assumption that the 2nd radical was hydroxylated at carbon 4 under the strong alkaline

conditions that we used. A comparison of the 3rd and 4th radicals with that from 3,4-

dihydroxycinnamic acid (Ashworth, 1976), which has a similar structure to the A-ring

part of the structure from RA, showed a good consistence of the coupling constants. The

different values for the smallest hyperfine splitting for the 3rd and 4th radicals may be

due to the different DMSO content in the solutions of K02 (only 10 %) and the

enzymatic systems (50 % DMSO). The fact that RA is larger than hydroxycinnamic

acid, and therefore has more restricted motion, could be an explanation for the smaller

hyperfine splitting constant of the proton on carbon 8.
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Recently Cao et al. (2005) investigated the high antioxidant activity of RA in a Off

study. Similar activity was found for both rings A and B; ring B is a stronger electron

donor than ring A, but the radical formed on ring A is more stable than that of ring B.

These calculations support the possibility that both rings could be oxidised under the

various experimental conditions used in the present work.
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3.5.4. Carnosic Acid

Camosic acid (CA) (Fig. 3.71.) is a diterpene and a major component of rosemary and

cornmon sage. The antioxidant effect in CA comes from the catechol structure - two

OH-groups on carbon 11 and 12.

Fig. 3.71. Structure of camosic acid.

Autoxidation

Equal volumes of CA and NaOH solutions transferred separately into a flat cell

(Proc. 1) generated a sextet spectrum, which was stable for more than 40 min. and was

not accompanied by any other signal (Fig. 3.72.). Additional splittings were resolved in

the 2nd derivative recording (Fig. 3.72.c), and the spectrum could be simulated with 4

proton splittings - one large splitting of 0.7 mT, two around 0.4 mT, and one small

splitting of 0.04 mT.

Mixing CA with NaOH in al: 1 ratio using Proc. 2 resulted first in a spectrum of 8

peaks (Fig. 3.73.a) that was simulated with 3 proton couplings (Fig. 3.73.b). This

decreased fairly quickly and was then replaced by a complex spectrum consisting of at

least 3 different radical species (Fig. 3.73.c). Changing the CA:NaOH ratio to 1.67: 1

gave the same complex spectrum (Fig. 3.74.a) as that in Fig. 3.73.c. Autoxidation of CA

with NaOH in the volume ratio of 3: 1 produced similar results to the mixture with al: 1

ratio; an initial 8 peak spectrum followed by a complex spectrum of at least 2

components (Fig. 3.74.b, c). The outermost peaks from Fig. 3.74.a are missing in this

spectrum, hence Fig. 3.74.c probably consists of two components. Since the complex

spectrum of Fig. 3.74.a was the one with the highest intensity, it was chosen for
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deconvolution to obtain the spectra of individual radicals. Two of these components

were identified as the 6 peak spectrum of Fig. 3.72.a, and the 8 peak spectrum of Fig.

3.73.a. The spectrum which remained after subtracting the contributions from these

components is shown in Fig. 3.75. This spectrum is still complex and has not been

simulated. It most likely contains more than one component. Since the spectrum was

obtained by accumulation of multiple scans due to its weak intensity, it was not possible

to record any time dependent changes and hence to isolate further components.

Additional measurements were carried out with a 10 mM solution of CA

(CA:NaOH = 1:1) instead of using a 1 mM solution. The spectrum was dominated by

the 6 peak resonance, indicating that the radical reactions are dependent on the

concentration of CA.

Enzvmatic oxidation

Oxidation of CA with either HRPIH202 or xanthine/xanthine oxidase at pH 7 gave

similar 8-peak spectra (Fig. 3.76.a and b), although there was an additional minor

component with the xanthine/xanthine oxidase system (Fig. 3.76.b). No signal was seen

with the Fenton reaction system using a CA concentration of 1 mM, but a weak 4 peak

spectrum (Fig. 3.76.c) was detected with a 5 mM CA solution using 0.1 mT modulation

amplitude. This probably arises from the same radical as Figs. 3.76.a and b, and the

small IH splitting is not resolved in Fig. 3.76.c because of the large modulation

amplitude.

Oxidation bv votassium suveroxide

Oxidation of CA with K02 at pH 7 also produced the 8 peak spectrum (Fig. 3.77.), but

the signal intensity was much higher than when the enzymatic systems were used as

oxidising agents.

The hyperfine splitting constants obtained by simulation of the two maIO radical

components of CA are given in Table 3.14.
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Table 3.14. Hyperfine splitting constants (mT) for the radical species from CA.

aCH) a(IH) aCH) a(IH)
CA autoxidised by Proc. 1 0.728 0.449 0.406 0.043
CA autoxidised by Proc. 2, 0.466 0.298 0.061
oxidised by enzymatic systems
and K02

a(IH) = 0.728 mT
a(IH) = 0.449 mT

a(IH) = 0.406 mT --+
a(IH) = 0.043 mT

0.1 mT
I--f

a

b

0.1 mT
H

Fig. 3.72. EPR spectrum of camosic acid autoxidised by Proc. 1. (a) experimental
spectrum recorded in the 1st derivative (MA 0.01 mT, 10 scans), (b) simulation of (a),
(c) experimental spectrum recorded in the 2nd derivative (0.03 mT, 10 scans). Spectral
interpretation is shown by the stick diagram.
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a(IH) = 0.466 mT

aeH) = 0.298 mT
a(IH) = 0.061 mT

a
0.1 mT

t--I

b

0.1 mT
~

Fig. 3.73. EPR spectrum of carnosic acid autoxidised by Proc. 2. (carnosic
acid:NaOH=l:l). (a) experimental spectrum of the 1st component (MA 0.05 mT, 20
scans), (b) simulation of (a), (c) experimental spectrum after the 1st component
decreased (MA 0.05 mT, 30 scans). Spectral interpretation of the 1st component is
shown by the stick diagram.
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a

b

c

0.1 mT
H

Fig. 3.74. EPR spectra of camosic acid autoxidised by Proc. 2. (a) camosic acid:NaOH
= 1.67:1 (MA 0.05 mT, 40 scans), (b) camosic acid:NaOH = 3:1, 1st component (MA
0.03 mT, 9 scans), (c) camosic acid:NaOH = 3:1, spectrum after the 1st component
decreased (MA 0.05 mT, 37 scans).
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Fig. 3.75. EPR spectrum of Fig. 3.74.a after subtracting simulations of the 6- and 8-peak
spectra.

a
0.1 mT
~

b

c

Fig. 3.76. EPR spectra of camosic acid oxidized by (a) HRPIH202 (MA 0.034 mT, 21
scans), (b) xanthine/xanthine oxidase (MA 0.034 mT, 20 scans), (c) Fenton reaction
system (MA 0.1 mT, 30 scans).
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0.1 mT
t---I

Fig. 3.77. EPR spectrum of camosic acid oxidised by K02 (MA 0.01 mT,5 scans).

Structural SUf!f!estion

Two different EPR signals could be isolated and simulated with four or three proton

couplings respectively for the 151 and 2nd radical components. The structure of the 151

component could be generated by oxidation of one of the OH-groups on carbon Il or

12. According to Geoffry et al. (1994), the preferred oxidation site is the OH group on

carbon 12, leading to the formation of an o-hydroxyphenoxyl radical rather than an 0-

semiquinone because of an interaction of the near carboxyl group with the proton in

position 11. Fig. 3.78. presents a possible structure for the 151 radical component. The

largest hyperfine splitting of 0.73 mT would then come from interaction of the unpaired

electron with one of the two hydrogen nuclei in position 7 since this is the p-position to

the oxidised OH-group and therefore the position with the highest spin density (Dixon

et al., 1974). The 0.45 mT splitting is probably due to the proton on carbon 15

representing the o-position. Another 0.4 mT splitting could be detected from the 2nd

proton in position 7. Although this coupling is supposed to be very small in methyl

oleate (Geoffroy et al., 1994), it may be larger in DMSO/H20. The smallest coupling of

0.04 mT then very likely arises from the proton in rn-position on carbon 14.

There are some reports about the transformation of oxidised CA to camosol (Hosny et

al., 2002; Wenkert, 1965; Schwarz, 1992). Comparing the hyperfine splitting constants

of the 2nd radical component with the structure of camosol, it seems likely that the

radical corresponds to oxidised camosol (Fig. 3.79.). The largest splitting of 0.47 mT

probably arises from the proton in position 7 and the 0.3 mT splitting from the proton

on carbon 15. The 3rd and smallest coupling of 0.06 mT would then result from the

169



•

•

CHAPTER3.EXPER~ENTS

proton on carbon 14. The formation of carnosol would explain the loss of the largest

coupling of 0.7 mT in the 2nd radical component.

Fig. 3.78. Possible structure of the 1sI radical component of carnosic acid in alkaline
solution .

Q. CH3

15 CH
3

Fig. 3.79. Possible structure of carnosol-derived 2nd radical component of carnosic acid
in alkaline solution.

Discussion

Oxidation of CA was detected with all oxidising agents. Two radical species could be

identified as I-electron oxidation products of CA and carnosol. Spectral parameters for

a third radical could not be derived and consequently it is not possible to speculate on

its structure at present.

The stereochemistry of CA and carnosol was investigated by Narayanan and Linde

(1965) who first proposed that the AlB rings were trans-fused (Fig. 3.71.), and the

potential site of oxidation is the catechol group on carbon 11 or 12, generating an

o-semiquinone. These are also the positions suggested by Geoffroy et al. (1994), who

investigated EPR spectra of CA in oxidised methyl oleate, and by Masuda et al. (2001),
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who identified the formation of two oxidation products of CA. The spectra and

hyperfine splitting constants reported by Geoffroy et al. (1994) are completely different

from our results, even though our discussion of the spectra is based on the same radical

structure as their's (i.e. oxidation at the OH-group on carbon 12). An explanation for

this difference might be the use of different solvents and oxidation conditions. Masuda

et al. suggested the OH-group on carbon 11 as the oxidation site. However, one would

expect that the EPR spectrum of such a radical would show only two proton couplings

(from C14 and the proton from the OH-group in position 12), since these would be the

positions of highest spin density. The most likely structure is a mixture of both oxidised

forms generating an a-semiquinone.

The formation of carnosol from carnosic acid under oxidising conditions has been

reported previously. Wenkert et al. (1965) found that carnosol was produced in a

methanolic solution of CA when standing in the dark at room temperature for 3 weeks.

Carnosol was also generated from CA by microbial transformation using Nocardia

(Hosny et al., 2002). This was suggested to occur via enzymatic oxidation of CA to a

quinoid intermediate, followed by an intramolecular Michael addition of the carboxylate

anion at position 7. Schwarz and Ternes (1992) found that CA was converted to

carnosol in methanol solution if O2 was present. Hence it is likely that carnosol was

generated in our oxidation experiments and that the 2nd radical from CA is in fact an

oxidation product of carnosol.
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Carrots, herbs and mushrooms were investigated by grinding a small amount of the

material in the presence of a spin trap to detect free radical formation generated by cell

disruption. With mushroom, a trapped carbon-centred radical was identified as 4-

(hydroxymethyl)phenyl radical, whereas with carrots and herbs the spin adducts were

assigned to the .OH radical and carbon-centred radicals in general but with no specific

identification. The 4-(hydroxymethyl)benzene diazonium salt which is the substrate for

the 4-(hydroxymethyl)phenyl radical is found in appreciable amounts in mushrooms

(Levenberg, 1962; Ross et al., 1982) .

Herb samples were examined in a screening experiment using the spin trap 4-POBN. A

few spectra of herbs were dominated by the ascorbate radical, some showed a spin

adduct similar to a carbon-centred radical, but the majority of the investigated herb

extracts were able to oxidise the spin trap. This oxidation product of the spin trap 4-

POBN was also seen with carrot samples in addition to t-butylhydronitroxide, a

breakdown product of the spin traps PBN and 4-POBN. It's possible that this pro-

oxidant activity arises from specific plant components which are oxidised by cell

disruption under atmospheric condition. The resulting product(s) may be powerful

oxidants which are able to oxidise and degrade the spin trap. Carrot samples taken from

different positions of the root (top, centre, tip) varied in their pro-oxidative activity

showing the highest activity in the tip of the root which may be correlated with a higher

generation of .OH radicals in this growing zone (Liszkay et al., 2004; Schopfer et al.,

2002; Schopfer, 2001). Variations in the pro-oxidative behaviour were also observed

with different herb leaves of sage which were harvested on different times on a day

distinguishing between sunny and shady leaves. However, inconsistencies in the results

with the sage leaves made it impossible to relate them to time or sunlight intensity.

Different leaves showed randomly either the presence of a carbon-centred radical or

oxidised the spin trap 4-POBN.

This pro-oxidative ability of tissue extracts from carrots and herbs was the basis for

further investigations of oxidation reactions with specific phenolic compounds
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(kaempferol, luteolin, rosmarinic acid (RA) and camosic acid (CA» which occur in a

significant amount in herbs (kaempferol in lemon balm; luteolin in parsley, 'thyme,

peppermint, basil; RA and CA in rosemary and sage). These reactions were initiated

with 5 different systems - autoxidation at -pH 13, HRPIH202, X/XO, Fenton reaction

system and K02 at pH 7.

The .OH radical which is often the initial radical formed in living systems e.g. by the

Fenton reaction, is not stable and reacts with virtually every molecule it contacts. It is

often the initiator of lipid peroxidaton by abstracting a hydrogen atom from lipid

molecules such as fatty acids. (Halliwell and Gutteridge, 1984) Since it plays an

important role in biochemical reactions it was chosen as oxidising agent in a Fenton-like

reaction system.

Superoxide anion radicals which are major products of the photosynthetic pathway

(Smimoff, 1993), and therefore are present in any green tissue, were taken as the second

oxidation medium. They were generated using the enzyme system xanthine/xanthine

oxidase and potassium superoxide, both at pH 7.

Phenolic compounds were also oxidised with a solution containing the enzyme HRP

and H202, which functions by generating compounds with iron in a high (+IV)

oxidation state. Compound I is reduced to compound II by oxidising a phenolic

compound. This reaction is repeated with compound II and oxidation of another

phenolic molecule leads to regeneration of the original enzyme structure. (Chen and

Schopfer, 1999)

Plants protect themselves against free radical damage by the production of antioxidant

molecules. In herbs this role is often ascribed to phenolic compounds such as

flavonoids. (Pietta et al., 2003) The antioxidant activity of such compounds has been

investigated extensively (Sichel et al., 1991; Pedrielli et al., 2001; McPhail et al., 2003;

Bors and Saran, 1987), although the in vivo function of flavonoids is still not clare.

There is evidence that flavonoids not only function as antioxidants, but they may

modulate proteins and lipid kinase signalling cascades (Williams et al., 2004). They

may also act as pro-oxidants or mutagens at high concentrations, where toxicity effects

may dominate. Up to now there are no human data on long-term effects of high-dose
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supplementation of flavonoids (Skibola and Smith, 2(00), and the influence and

consequence of the radical formation of flavonoids is not fully understood, even though

their chemistry has been studied over many years.

This work presents some new EPR spectra of oxidised phenolic compounds. The

stability of the phenolic radicals ranged from -6 min. (semiquinone radical generated by

the oxidation of kaempferol) to >3 hours (hydroxylated structure of RA).

Autoxidation which plays an important role in food storage processes, was used to gain

preliminary information about the radical formation of such antioxidants. Some spectra

from the autoxidation experiments at pH 13 were also observed with oxidation

conditions at pH 7, which are physiologically more relevant.

Although the flavonoids luteolin and kaempferol differ only in the position of one

hydroxyl group, they behaved completely differently under the applied oxidation

conditions. Whereas kaempferol reacted with the formation of degradation products and

dimers, the structure of luteolin was sustained after oxidation. Various measurements of

the antioxidant activity did not produce a clear picture as to which of the two

compounds has the higher free radical scavenging activity, e.g. peroxyl radicals and

azide radicals were better scavenged by kaempferol, but galvinoxyl radicals were

scavenged from both flavonoids with equal intensity (Madsen et al., 2000; McPhail et

al., 2003; Bors and Saran, 1987). The sustained free radical scavenging activity of

luteolin is probably due to its ability to redox cycle, whereas the activity of kaempferol

may be related to the chemistry of its metabolites.

RA and CA are main components in rosemary and sage and are thought to be also

responsible for some of the positive health effects of these herbs (Munné-Bosch and

Alegre, 2001; del Bano et al., 2003). In both structures catechol groups are the sites of

oxidation. It seems as if the original structure of RA remains intact after oxidation as is

the case with luteolin. EPR spectra of luteolin and RA, recorded after some time in

alkaline solution, are most likely based on hydroxylated structures. CA is not

regenerated once it is oxidised. Monné-Bosch et al. (2001) made concentration

measurements in cell compartments and showed that the location of CA and its

oxidation product carnosol is only at their site of generation, in chloroplasts. After
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oxidation the concentration of other products such as rosmanol and isorosmanol

increased in the cells. The present EPR results indicate free radical formation from both

CA and camosol.

All of the chosen phenolic compounds could be oxidised and free radicals were detected

under the various oxidation conditions. The EPR signals were sufficiently stable to

produce good quality spectra, most of which could be interpreted, and some structures

could be formulated. The concentrations of the phenolic solutions in these

measurements were between 0.5 and I mM, which may be already in the range for

toxicity effects according to some in vitro experiments (Spencer et al., 2003), but the

results may still serve as basis for further investigations under physiological relevant

conditions .

It could be clearly shown that the mechanism of the reaction of antioxidants and free

radicals varies with the antioxidant molecule, the type of oxidising reagent and pH.

These results indicate the importance of such EPR measurements in addition to

biochemical methods for understanding antioxidant behaviour.
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SUMMARY AND CONCLUSION

The generation of free radicals by cell disruption in different biological materials was

investigated in the presence of spin traps. This is considered to be a simulation of the

mechanical destruction of these plant tissues during the preparation and eating of fresh

food products. Pro-oxidative activity of carrot and herb samples was observed with the

spin traps PBN and 4-POBN. Carbon-centred radicals were detected with DM PO

derivatives, TRAZON and PEPO, .OH radicals were also trapped with DEPMPO and

DPPMPO as spin traps. Specific identification of the free radical from mushroom as the

N-t-butylhydronitroxide radical was possible with this range of spin traps.

More controlled experiments from the chemical point of view were performed with four

specific phenolic compounds which are considered to be important components in

several herbs. Oxidation under different conditions resulted in different EPR spectra

which were interpreted and various structural suggestions have been formulated. The

chosen oxidation conditions were relatively mild but all components could be easily

oxidised, consistent with their excellent abilities to scavenge free radicals by donating

hydrogen atoms.

The stability of the detected radicals was quite long with at least 6 min. lifetime. Such

radicals in vivo would probably be able to diffuse in other parts of the cell and away

from their site of oxidation.

The structures of kaempferol and CA changed by oxidation and their metabolites may

be of relevance in the antioxidant mechanism. In contrast, the structures of RA and

luteolin remained intact, and they are likely to be able to be redox-cycled.

Information gained in this work could serve as basis for further investigations of food

preparation or even the chewing process. Furthermore the radical formation of relevant

phenolic compounds was detected under physiologically relevant conditions at pH 7 and

the formation of stable free radicals may be relevant to questions relating to their use as

health products or pro-oxidative and toxic substances.
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Abstract

Electron paramagnetic resonance (EPR) spectroscopy is used to measure directly the generation of free radicals during a simulation of the
mastication process. This invol ves the gentle grinding of the food product in the presence of a spin trap, a molecule which reacts selectively
with unstable free radicals to generate (more) stable radical adducts, which can then be characterised. With mushrooms of the Agaricus
family, adducts consistent with a carbon-centred radical are seen with a wide range of spin traps and this radical has been confirmed as
4-(hydroxymethyl)phenyl. In plant tissues that are rich in ascorbic acid, this molecule competes successfully with spin traps for the free
radicals and the (monodehydro)ascorbate radical, formed by the I-electron oxidation of ascorbic acid, is seen in the EPR spectra. However,
with >50% ofthe plant tissue samples studied in the present experiment, free radicals resulting from oxidation ofthe spin traps were observed.
The formation of such molecules, for which oxygen was found to be necessary, requires the existence of powerful oxidation processes as the
plant tissue is broken down. Such pro-oxidant behaviour is contrary to the popular assumption that the beneficial effects of uncooked plant
tissues are the result of their high levels of anti-oxidant molecules.
@ 2004 Elsevier B.Y. All rights reserved.

Keywords: Free radicals;Spintraps;Mushrooms;Herbs;Antioxidant;Pro-oxidant

1. Introduction

There is currently great interest in the relationships be-
tween health and eating habits and major efforts are now
being made to develop our understanding of what consti-
tutes a healthy diet. Indeed, there is clear evidence that high
blood pressure and elevated low-density lipoprotein (LDL)
cholesterol, two factors that are associated with the risk of
a heart disease and stroke, have strong dietary links [1,2].
Fresh fruits and vegetables are established as essential com-
ponents of healthy diets, and it is generally assumed that this
is because they contain appreciable quantities of molecules
with antioxidant properties that can act as scavengers of re-
active oxygen species (ROS). ROS is a general name given
to oxygen-derived natural products that have higher reac-
tivity than atmospheric oxygen e02), examples of which
include diamagnetic molecules, such as hydrogen peroxide
(H202) and singlet oxygen <'02), as weIl as free radicals
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E-mail address:katharinapirker@arcs.ac.at(K.F. Pirker).

0003-2670/$- see frontmatter@ 2004ElsevierB.V. All rights reserved.
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such as the hydroxyl radical (OOH), the superoxide radical
anion (02°-), and radical products of lipid peroxidation re-
actions (R00°, RO° and RO).

Herbs and spices have been suggested to play important
roles in stabilising blood pressure and cholesterollevels [3].
Since smaIl quantities ofherbs in a dish are enough to change
its sensory properties, this indicates that herb-derived sub-
stances are involved in chemical reactions with other food
components. In addition, many herbs are commonly used as
medicinal plants [4,5]. The activities of a number of herbal
medicines are considered to be derived from their general
antioxidant properties (e.g. Gingko biloba L.-[4]; Silybum
marianum L. (milk thistle}-[6]). In other cases activity has
been specifically associated with phenolic compounds (e.g.
Melissa officinalis L.-[7]; Thymus vulgaris L.-[8]), which
would also be expected to function as antioxidants. However,
reaction of an organic molecule with a free radical generally
leads to the generation of a new free radical species, and
hence the reactions of many antioxidants might be expected
to proceed via free radical pathways, as has been shown for
the phenols thymol and carvacrol from T. vulgaris L. [9,10].
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The aim of the present paper is help develop our un-
derstanding of free radical reactions in foodstuffs that
may be consumed in uncooked forms, and the present
work is based on the use of electron paramagnetic reso-
nance (EPR) spectroscopy to detect directly free radicals
that are generated during simulated mastication. These
measurements have been performed on the liquid phases
separated from mushroom and plant tissues that were
crushed in the presence of chemical spin traps to sta-
bilise and detect short-lived radicals. Extensive measure-
ments were performed with mushrooms from the Agaricus
family in order to demonstrate the potential of this ex-
perimental approach, since it was shown previously [11 J
that they give intense and informative EPR signals in the
presence of the spin traps phenyl-N-t-butylnitrone (PBN)
and cr-(4-pyridyl-l-oxide )-N-t-butylnitrone (4-POBN). The
present work builds on these earlier studies by investigat-
ing the radical adducts formed with various derivatives of
the spin trap 5,5-dimethyl-l-pyrroline-N-oxide (DMPO),
and also the role of 02 in the generation of the radical.
The radical responsible for the EPR spectra was identified
as a carbon-centred radical which was then confirmed by
chemical synthesis. The experimental approaches devel-
oped for the study of mushrooms were then applied to a
range of culinary herbs and other plant tissues. A variety
of responses were obtained and examples are presented of
specimens which show antioxidant and pro-oxidant reac-
tions as well as the generation of free radicals that can be
stabilised by the formation of adducts with spin traps as
was the case with the Agaricus mushrooms.

Table I
Full details of herb samples investigated

2. Materials and methods

2.1. Mushrooms atul. herbs

Cultivated mushrooms (Agaricus bisporus) were pur-
chased from a local supermarket and stored in a refrigerator
at 4°C until they were studied (1-2 days from purchase).
Fresh herb samples were either harvested from the gar-
den of one of the authors, immediately frozen to 77 K and
maintained at that temperature until being studied, or pur-
chased from a local vegetable market on the day of study.
These latter samples were kept at room temperature. In
addition commercial samples of freeze-dried herbs (mar-
keted by Kotanyi, Wolkersdorf, Austria) were purchased
pre-packaged from local suppliers. Full details of the spec-
imens studied are presented in Table I.

2.2. Spin traps

4-POBN was purchased from Sigma (SI. Louis, MO,
USA) and stored in the solid form in a cold room (at ca.
- 15°C) for approximately 2 years prior to use. EPR spectra
of solutions of this 4-POBN sample did not show the pres-
ence of any signal that could have resulted from reactions of
the spin trap during storage. Other spin traps, namely 5-(di-
ethoxyphosphoryl)-5-methyl-l-pyrroline-N-oxide (DEPM-
PO), 5-propoxy-carbonyl-5-ethylpyrroline-l-oxide (PEPO)
and 1,3,3-trimethyl-6-azabicyclo[3.2.l ]oct-6-ene-N-oxide
(TRAZON) were synthesised at the Institute of Applied
Botany in Vienna according to previously published methods

Common name Latin name Physical fonn investigated

Fresh Frozen Freeze-dried

e Basil Ocimum basilicum x
Bay Laurus nobilis x
Celery Apium graveolens x
Chives Allium schoen()pra~um x x x
Coriander Coriandrum sativum x
DeadnettIe (red) Lamium maculatum x
Deadnettle (white) Lamium album x
Elder Sambucus nigra x
Ivy Hedera helix x
Lavender Lavendula angustifolia x
Lemon balm Melissa officinalis x
Lovage Levisticum officinalis x x
MaJjoram Origanum majorana x x
Mint Mentha piperita x x
Oregano Origanum vulgare x
Parsley Petroselinum sativum x x x
Parsley crimpy Petroselinum crispum x x
Rosemary Rosmarinus officinalis x x x
Sage Salvia officinalis x x
Stinging-nettIe Urtica dioica x
Tarragon Artemisia dracunculus x
Thyme Thymus vulgaris x x x
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[12-14]. Solutions of these spm traps were made up in
distilled water.

2.3. Sample preparation

The mushroom samples studied with DEPMPO, PEPO
or TRAZON spin traps were cut into thin slices (ca. 2 mm)
and crushed gently in a mortar together with the spin trap
solution (ca. 100 mM). The mixture was then centrifuged
for 3 min (13,000 rpm, 4 0c) and 500 ,.Ll of the supernatant
were transferred into cryo tubes and frozen immediately to
77 K. In an additional experiment with DEPMPO the cryo
tubes were allowed to stand at room temperature for 30 min
before they were transferred into liquid nitrogen. All ofthese
samples were then stored in liquid nitrogen. Immediately
prior to running the EPR spectra, the samples were thawed
in a water bath (ca. 40°C) and transferred rapidly to a flat
cell. For measurements with 4-POBN as spin trap, a thin
slice of mushroom in a mortar was crushed gently with a
small quantity of 4-POBN (ca. I mg) and distilled water
(500 ~l), filtered through a disposable syringe filter holder
(Fa. Sartorius, 0.45 ~m), and the solution transferred to a
flat cell for recording the EPR spectrum. The effects of 02
were investigated by performing the above operations in a
glove bag filled with argon and using distilled water that had
been saturated with argon.

All of the measurements with herb specimens were per-
formed with 4-POBN and the sample preparation method
was analogous to that described in the previous paragraph.
Measurements with a sample of thyme in which the spin
trap was added separately to fresh and frozen leaves showed
that there were no qualitative differences between the results
from the two preparation procedures.

2.4. Synthesis of the 4-(hydroxymethyl)phenyl radical

It had been reported previously that the 4-(hydroxy-
methyl)phenyl radical is produced from 4-(hydroxymethyl)-
benzene diazonium salts that are found at appreciable levels
in Agaricus mushroom samples [15]. In order to confirm
this, adducts with the spin traps 4-POBN, DEPMPO, PEPO
and TRAZON were prepared using the following reaction:

Ar-NH2 + N02- + 2H+ ---+ Ar-N2 + + 2H20

Ar-N2 + + e- + ST ---+ ST-Are + N2

One mole of the primary amine was dissolved in 2.5 mol
hydrochloric acid, placed in an ice-salt mixture, and an
equivalent amount of a 2.5 moln sodium nitrite solution was
then added slowly under agitation. Fifty microlitre of this
diazo solution were transferred to an Eppendorf tube along
with 50 ~l of spin trap (ST) solution (0.1 moIn for 4-POBN,
ca. 15 mmoIn for DEPMPO, PEPO and TRAZON). After
30 s, 400 ~l phosphate buffer was added and the mixture
was transferred to a flat cell for measurement of its EPR
spectrum.

The involvement of oxygen in the synthesis of the
4-(hydroxymethyl)phenyl radical was also investigated by
performing the above preparation under an inert atmo-
sphere. Two approaches were tried, both using degassed
solutions of the amine, NaN02, spin trap, buffer and wa-
ter, and differing only in the way the spin trap solution
was mixed with the diazonium salt. In the first method the
preparation procedure was identical to that for the prepa-
ration in air, except that all operations were carried out in
a glove bag filled with argon. In the second method the
solutions were made up in a test tube bubbled with nitrogen
gas, and the final solution was pumped directly into a flow
cell located in the EPR spectrometer. This latter method
decreased appreciably the time delay between mixing the
spin trap and radical solutions and recording the EPR
spectrum.

2.5. EPR spectral measurement and processing

All EPR spectra were recorded at X-band frequencies at
ambient temperature (ca. 22°C) on solutions in flat cells
(Wilmad-Labglass, Buena, NI, USA) using a Bruker ESP
300E computer controlled spectrometer (Bruker Biospin,
Rheinstetten, Germany) with an ER41 03TM microwave cav-
ity. Microwave generation was with a klystron and the fre-
quency was measured with a built-in frequency counter. All
spectra were acquired with a microwave power of 20 mW
and 100kHz modulation frequency. A modulation ampli-
tude of 0.1 mT was used for most spectra, but smaller values
(~0.03 mT) were used with selected samples to check for
the possible presence of small hyperfine splittings. Addition-
ally, larger modulations (~O. I6 mT) were used on occasions
when the spectra were very weak). DEPMPO adducts were
recorded over a 12 mT scan range, PEPO and TRAZON
adducts with an 8 mT scan range, whilst allother spectra
were recorded over 6 mT. These values are typical of those
used for recording spectra of radical adducts of these spin
traps.

The accuracy of parameters derived from the spectra was
confirmed by simulation using the Bruker Simfonia soft-
ware. g-values are expressed relative to diphenylpicrylhy-
droxyl (DPPH) (g = 2.(036) which was used as an external
standard.

3. Results and discussion

EPR spectra of radical adducts of 4-POBN and PEPO are
normally sextets, which result from interaction of the un-
paired electron with the 1H (/ = 1/2) on the a-carbon of the
spin trap and the 14N (/ = 1) of the nitroxide group; With
DEPMPO an additional hyperfine splitting from the interac-
tion of the unpaired electron with 31 P (/ = 1/2) is observed.
Spectra from Trazon adducts are more complex. Two in-
equivalent molecules can be formed by radical addition to
the a-C, and each of these can' show hyperfine structure
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Fig. 2. EPR spectrum of (a) the C-centred radical from mushroom trapped
by DEPMPO. (b) 4-(hydroxymethyl) phenyl radical. Spectral interpretation
is shown by the "stick" diagram.

(b)

_,_,,_, __ ,_,_, _, __ , _,,_,13C (methyl)
-, -, ~,-,-,~,-, ~,-, -, -,-,13C (t-C)

(b)

(a)

•

15N

(c) , '" •• ,. "" 13C (ll-C)

Fig. I. EPR spectrum of (a) the C-centred radical from mushroom trapped
by 4-POBN. (b) 4-(hydroxymethyl) phenyl radical. (c) spectrum from a
measured with a high instrumental gain. Spectral interpretation is shown
by the "stick" diagram.

from up to five inequivalent protons ln addition to the
14N nucleus.

3.1. Agaricus mushroom samples

The main feature in the EPR spectrum from mushroom
crushed with 4-POBN (Fig. la) is the expected sextet struc-
ture and it is essentially identical to that reported for similar
samples [11]. As suggested previously, the a(14N) andae H) parameters (Table 2) are consistent with the trapping
of a carbon-centred radical [16]. In addition, weak satellite
peaks were observed at high instrumental gain (Fig. lc).
However, whereas, previous experiments led only to the
resolution of features originating from l3e atoms (1 = 1/2,
natural abundance 1.108%) in the t-butyl group [11], Fig. 1b
shows clear presence of three different 13e splittings. Fur-
thennore, two additional peaks were observed and these
correspond to part of the quartet structure expected for
interaction of the unpaired electron with ISN (1 = 1/2,
natural abundance 0.365%), with aesN) = 2.19 mT. The
value of 1.404 for the ratio of the hyperftne splittings
aeSN)/ae4N) is that expected from the ratio of their
magnetic moments (see e.g. Tables 6 and 7 in Poole and
Farach, [17]).

When the above reaction was perfonned in a glove bag
under argon an identical spectrum was observed, but its in-
tensity was greatly reduced (to ca. 2% of that observed when
the preparation was made in air). Since it is unlikely that the
atmosphere in a glove bag could be completely 02-free, and
there would likely have been some air trapped within the
mushroom structure, this result strongly suggests that 02 is
required for the generation of the radical.

Spectra from the reaction of mushroom with the spin traps
DEPMPO, PEPO and TRAZON (Figs. 2-4) also had pa-
rameters (Table 2) that are broadly in line with the values
expected for carbon-centred radical adducts. However, with
samples from DEPMPO the signals were unstable and de-
cayed with a half life of a few minutes. Interestingly, the
intensity of the spectrum from the DEPMPO adduct that
was allowed to stand in air for 30 min before freezing was
similar to that of the freshly prepared sample. The logical
interpretation of this result, therefore, is that 02 is required
for the production of the radical and that on standing in air
a steady-state concentration is achieved when the rates of
adduct fonnation and decay are balanced. The EPR signal
decayed in the spectrometer, because of the limited air space
and/or restricted 02 diffusion within the flat cell.

3.2. Identity of the free radical formed in mushrooms

In their original work, Hiramoto et al. [15] reported EPR
spectral parameters for DMPO, PBN and 3,5-dibromo-4-
nitrosobenzene sulfonate (DBNBS) adducts of the 4-(hyd-
roxymethyl)phenyl radical. This radical is readily fanned
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System ael P)" (mT) a(IH)' (mT) ae4N)" (mT) l1Bppb (mn g-vaIue"

Mushroom 4.50 2.33 1.48 2.0057
4-(Hydroxymethyl)phenyl radical 4.50 2.33 1.48 0.1 2.0056

Mushroom 0.33 1.56 2.0058
4-(Hydroxymethyl)phenyl radical 0.32 1.56 0.05 2.0057
POBN" radical 0.145,0.05 1.49,0.18
Coriander, elder, chives 0.26 1.57

Mushroom 2.30 1.50 2.0057
4-(Hydroxymethyl)phenyl radical 2.30, 0.129 1.52 0.15 2.0056

Mushroom 1.69,0.97,0.18,0.11 1.55 2.0056
4-(Hydroxymethyl)phenyl radical 1.70,0.97,0.18,0.11 1.55 0.1 2.0055

DEPMPO

TRAZON

PEPO

4-POBN

Table 2
Summary of the hyperline splittings observed with different spin traps

Spin trap

• Hyperline splinings were confirmed by simulation and are accurate to ca. 0.01 mT. Errors associated with the g-vaIues are ca. :I: 0.0003 (estimated
by variability in the centre field correction from repeated measurements with DPPH).

b l1Bpp is the field separation of the peaks and troughs of the first derivative spectra (from simulations using Gaussian shape).

from the 4-hydroxymethyl benzene diazonium salt, which in
turn is formed by enzymatic hydrolysis of agaritine, a major
component of A. bisporus, [18,19]. Previous experiments
[11] showed that the EPR spectral parameters for PBN and
4-POBN adducts from mushrooms were similar to those
from the synthetic radical. Our current measurements using
the spin traps 4-POBN, DEPMPO, PEPO and TRAZON
support this conclusion.

In the spectrum of the DEPMPO adduct of the synthetic
4-(hydroxymethyl)phenyl radical, the hydroxyl-radical
adduct of DEPMPO, with the parameters ae IP) = 4.72 mT,
ae H) "" a( l4N) = 1.38 mT, was visible at the beginning
of the experiment, but its intensity decreased rapidly. The

(a)

_a~CH)nnaCH) ~ ~
aC4~) - -aCH)

aCH)

1 mT(a)

(c)

(b)

Fig. 3. EPR spectrum of (a) the C-centred radical from mushroom trapped
by PE PO, (b) 4-(hydroxymethyl) phenyl radical. Spectral interpretation is
shown by the "stick" diagram.

Fig. 4. EPR spectrum of (a) the C-centred radical from mushroom trapped
by TRAZON, (b) 4-(hydroxymethyl) phenyl radical, (c) simulation with
a('H) = 1.70mT, a(IH) = 0.97mT, aeH) = 0.18mT, a('H) = 0.11 mT,
a(14N) = 1.55 mT and Gaussian Iineshape. Spectral interpretation is
shown by the "stick" diagram.
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generation of this radical was not observed after prepara-
tion under inert atmosphere. In contrast, the carbon-centred
radical adduct was stable for at least 20 min. Reaction of
the spin traps with the synthesised radical under inert atmo-
spheres (nitrogen or argon) gave the same results as these
seen in air. The stability of the 4-(hydroxymethyl)phenyl
radical adducts indicates that the instability of the signal in
mushroom extracts (Fig. 2) is not the result of an inherent
instability of the radical adduct, and may, therefore, be the
result of reaction with radical scavengers in the mushroom.
Such behaviour has been observed with coffee (instant),
which has the ability to rapidly scavenge radical adducts of
DEPMPO, but forms stable adducts with 4-POBN [20].

3.3. EPR spectra from herb samples

In the absence of any spin trap the EPR spectra from the
herb samples were dominated by a sextet signal from Mn(II).
In the presence of 4-POBN three fundamentally different
EPR spectra, consisting doublet, sextet or dodecet signals,
were obtained from different herb samples. Similar types
of signal were observed in a study of macerated vegetables
[11], where the doublet had a(1 H) = 0.18 mT, the sextet had
ae4N) = 1.59 mT, ae H) = 0.32 mT and the dodecet could
be fitted with three hyperfine splittings, a(14N) = 1.493 mT,
ae4N) = 0.182 mT, ae H) = 0.145 mT. These spectra are
assigned respectively to the (monodehydro)ascorbate radical
[21], a carbon-centred radical adduct of 4-POBN [16] and
the 4-POBN adduct of the 4-POBW radical [22].

In the samples studied, the ascorbate radical was seen
with parsley, bay, white dead nettle and lovage, although
the spectrum from lovage also contained the sextet compo-
nent. The ascorbate radical is produced by the (I-electron)
oxidation of ascorbic acid. However, the same signal was
observed when the sample preparation was carried out in
an inert atmosphere, indicating that the oxidation agent was
derived exclusively from the plant tissue. Different methods
of sample preparation were investigated with parsley, but
no qualitative differences in the spectra were observed be-
tween fresh, frozen, and freeze-dried samples. The similar-
ity of these results is somewhat surprising since the drying
of plant tissues generally leads to a major reduction in their
ascorbic acid contents [23], and we have shown previously
[24] that the freeze-drying process involves substantial free
radical activity. It might have been expected, therefore, that
the sextet signal would have been secn in the freeze-dried
sample, since the formation of radical adducts of the spin
trap becomes more important as ascorbic acid levels drop
[25]. However, parsley is generally very rich in ascorbic acid
[23] and the present results suggest that appreciable quan-
tities of this antioxidant remain in the freeze-dried sample.
Variations in the levels of various antioxidants, including
ascorbic acid, as a function of post-harvest treatments will
be the subject of a future investigation.

In addition to lovage (see above), the sextet signal was also
observed with coriander leaves, elder fruits and freeze-dried

chives. The wide range of tissue types that exhibit this sig-
nal suggests that it results from a general reaction of physi-
cally damaged tissue. However, the same spectrum was ob-
served when sample preparation was performed under an
inert atmosphere, indicating that 02 was not involved in the
reactions leading to the formation of the radical adduct. In-
deed, with red dead nettle leaves the sextet spectrum was
observed when sample preparation was performed under ar-
gon, but the dodecet spectrum (see below) was obtained
when the sample was prepared in air. No signal was ob-
served with fresh and frozen samples of chives, but this
could be because it was below the detection limit, and does
not necessarily indicate that the sextet signal was the conse-
quence of a reaction that occurred during the freeze drying
process.

The dodecet spectrum was observed with samples of basil,
celery, red deadnettle, ivy, lavender, lemon balm, marjoram,
mint, rosemary, sage, stinging nettle, tarragon and thyme; it
has been shown by McCormick et al. [22] to correspond to
the4-POBN adductofthe4-POBW radical, which is formed
by oxidation of the spin trap. The EPR spectrum obtained
with stinging nettle (Fig. 5a) can be interpreted in terms of
two triplets from interaction of the unpaired electron with
two nitrogen nuclei and one doublet from interaction with
the hydrogen nucleus. However, at low modulation ampli-
tude, additional hyperfine structure was observed (Fig. 5b),
analogous to that reported by Glidewell et al. [26] for let-
tuce macerated in the presence of 4-POBN. This spectrum
can be simulated (Fig. 5c) by two triplets from 14N and two
doublets from IH. Similar spectra were also observed in
previous experiments [II] with samples of carrot hypocotyl
rootstock and lettuce leaf, and with >50% of the herb sam-
ples studied in the present work. Its generation indicates
that the ability to oxidise the spin trap is a property that is
common to many plant tissues. This reaction was shown to
require 02, as mentioned in the previous paragraph for red
dead nettle leaves, but the fact that the dodecet signal was
not universally observed in all aerobically-prepared samples
suggests that this is not a direct reaction. Thus it seems likely
that specific plant components are oxidised when tissues are
broken down in air and that product(s) of this reaction are
sufficiently powerful oxidant(s) to oxidize the spin trap.

We also observed in experiments with stinging nettle that
the ability to generate the dodecet signal diminished with
increased storage time, even at low temperature. Measure-
ments made at the beginning ofthe experiment (about 3 days
after the harvest), produced a strong dodecet signal, whereas
a much weaker signal was obtained after the sample had
been stored for three weeks in liquid nitrogen (but with a
few minutes exposure to ambient temperature). It would ap-
pear, therefore, that a component of this oxidation pathway
in stinging nettle has limited stability after the sample has
been harvested, although the observation of dodecet spec-
trum from the reaction of 4-POBN with freeze-dried sam-
ples of marjoram, thyme and rosemary indicates that this is
not a general characteristic.
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with DEPMPO is unstable in the absence of 02. The in-
stability of the DEPMPO adduct is likely to be the conse-
quence of its reaction with components in the mushroom,
since this adduct is stable in simple solutions. This result
suggests that mushrooms contain compounds that are effec-
tive radical scavengers. The apparent stability of the adduct
when the sample was allowed to stand in air is then in re-
ality a steady state situation, in which the rates of adduct
formation and decomposition are balanced.

For the 4-(hydroxymethyl)phenyl radical adducts of
4-POBN the present experiments measured values for the
13C hyperfine coupling constants from the tertiary- and
methyl-carbons of the t-butyl group, as well as from the
a-carbon adjacent to the nitroxide group. Such values are
potentially informative for the characterisation of adducts
formed with unknown radicals, but at present there is no
library to show the level of variability of 13C coupling
constants for 4-POBN adducts of different types of known
radicals. We strongly suggest that such values should be
reported whenever there is sufficient spectral sensitivity for
their resolution. The present work has also derived spectral
parameters for adducts of 4-(hydroxymethyl) phenyl radi-
cals with the spin traps DEPMPO, PEPO and TRAZON,
whose adducts with such radicals had not previously been
reported.

In contrast to the observations with Agaricus mushrooms,
there was no influence of atmosphere on the formation
of the sextet signal with the coriander samples. There
are, therefore, fundamental differences in the processes
for carbon-centred radical formation in these two types of
food product, and the radical trapped from the plant tissues
would appear to be formed directly as a result of physical
damage to the tissue. It might be possible that the coriander
samples contained sufficient quantities of 02 for oxidation
to occur in the inert atmosphere since they were photosyn-
thetic tissue. However, the experiments with red deadnettle
showed that the sextet signal was only observed in an inert
atmosphere, thus indicating that 02 is not required for its
formation in these plant tissues.

It is also interesting to compare the EPR spectral be-
haviour of Agaricus mushrooms described above, with that
from the herb thyme, which contains large quantities of the
phenols thymol and carvacrol. Spectra from thyme were very
weak and inconsistent with the formation of a carbon-centred
radical adduct of 4-POBN, even though both carvacrol and
thymol readily generate radicals in simple chemical systems
[9,10]. Indeed, the reaction between 4-POBN and the plant
tissue extract resulted in oxidation of the spin trap, again in-
dicating that the chemical processes occurring on physical
damage to the plant tissue are distinctly different from those
of major potentially-reactive components.

Oxidation of the spin trap also occurred on reaction of
4-POBN with >50% of the various types of herb sam-
ples studied in the present work (Table 1), whereas the
expected radical adduct spectra were only seen with three
plant species (coriander, elder and chives). It appears that

1 mT
I-------<

(c)

(b)

(a)

Fig. 5. EPR spectrum of 4-POBN" radical from stinging nenle trapped by
4-POBN, (a) experimental spectrum using 0.1 mT modulation amplitude,
(b) experimental spectrum using O.04mT modulation amplitude, (c) sim-
ulation with a('4N) = 1.493 mT, a(14N) = 0.182 mT, a(' H) = 0.145 mT,ae H) = 0.05 mT and Gaussian Iineshape. Spectral interpretation is shown
by the "stick" diagram (which does not include the small tH splining).

4. GeneraI discussione
The present experiments show that extensive free radi-

cal generation occurs in plant tissues when they are phys-
ically damaged in a simulation of the mastication process.
This is presumably largely the consequence of reactions be-
tween cellular contents when compartmentalisation is bro-
ken down. Thus the reactions which occur on mastication
are analogous to the plant defence reactions that are initiated
in response to physical damage by a parasite or infection
by an incompatible pathogen. Not surprisingly, the nature of
these reactions differs between different types of plant tissue.
Such radical generation will, therefore, result in a reduction
in the levels of free radical scavengers/antioxidants relative
to those in the undamaged tissue prior to mastication.

The results from the measurements with Agaricus mush-
rooms indicate the trapping of a carbon-centred radical,
which is most likely the 4-(hydroxymethyl)phenyl radical.
Our results show conclusively that the 4-POBN radical
adduct requires 02 for its formation, and that the adduct
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physical damage to the tissues of many herb samples re-
sults in the initiation of powerful oxidation reactions. Such
reactions may, therefore, be fundamental to the generation
of flavour active compounds in foods in which such herbal
products are incorporated, and mayalso have a role in the
medicinal properties of these plants. This observation is
in contrast to the common assumption that health benefits
from plant tissues are due to their high contents of an-
tioxidants which reduce the formation of free radicals and
other ROS (e.g. Madsen et al., [27]; Parejo et al., [28]).
However, since the ability of tissues to oxidise 4-POBN
may be greatly affected by storage (as demonstrated for
stinging nettle), there is a case for more extensive studies
of the effects of both production and post-harvest stor-
age conditions on the chemical properties of these plant
products.

In parsley, which is known to be rich in ascorbic acid
[23], no reaction was observed with 4-POBN, and instead
the spectrum of the ascorbate radical was generated. Sim-
ilar spectra have also been reported for cabbage leaf, carrot
hypocotyls root stock, celery stalk, cress shoots, cucum-
ber fruit and parsley leaf [11], and for fruits of pepper
(Capsicum annuum) and leaves of French bean (Phaseolus
vulgaris) [25,29]. The fact that ascorbate radical formation
(investigated in parsley, but there is no reason to suspect that
this is not a general effect) was independent of 02 suggests
that the ability of ascorbic acid to inhibit carbon-centred
free radical generation exists under anaerobic as well as
aerobic conditions, an observation which could at least
in part explain the health benefits of Vitamin e rich
foods.

In the present experiments, lovage was the only sam-
ple which produced simultaneously the signals from the
ascorbate radical and the carbon-centred radical adduct of
4-POBN. Although Muckenschnabel et al. [29] observed a
gradual transition between the two types of spectrum with
distance from the edge of soft rot lesions in leaves of P.
vulgaris and fruits of C. annuum, other investigations [11]
showed that it was rare to see signals from both of these
radicals in the same food sample. It would appear, therefore,
that this happens only in samples with appreciable quanti-
ties of ascorbic acid, but insufficient to completely prevent
carbon-centred radical generation when the tissue is dam-
aged.

5. Conclusions

Free radical generation as a result of physical damage (in
a simulation of the eating process) has been observed in
Agaricus mushrooms and several species of herbs that are
used for culinary or medicinal purposes. With mushrooms,
the identity of the free radical as the previously proposed
4-(hydroxymethyl)phenyl species has been confirmed, and it
has been demonstrated that it is the product of an oxidative
process (involving 02) in the mushrooms. Adducts with the

spin trap DEPMPO showed limited stability, even though
the 4-(hydroxymethyl)phenyl radical adducts of this spin
trap were stable, an observation which indicates that mush-
rooms also contain appreciable quantities of free radical
scavengers. EPR spectral parameters have been determined
for the first time for adducts of the 4-(hydroxymethyl)phenyl
radical with the spin traps DEPMPO, PEPO and TRAZON.
In addition, 13e hyperfine splittings for the a-carbon and the
tertiary and methyl carbons of the t-butyl group have been
measured for the 4-POBN adduct.

Oxidative processes were also important in the free rad-
ical generation in many of the herbs, and in >50% of the
samples product(s) were formed which were able to oxi-
dise the spin trap 4-POBN. This observation of widespread
pro-oxidant activity in plant tissues (that are traditionally
consumed in uncooked forms) was surprising, since such
foods are generally promoted for their anti-oxidant proper-
ties. The influence of cooking was not investigated in the
present experiments, but it might be expected that the cook-
ing process would change both the levels and bioavailabil-
ity of many food components. However, the observation of
pro-oxidant activity in many plant food products suggests
that it may be necessary to rethink our ideas on antioxidants
in foods. Nevertheless, a specific role for the antioxidant
ascorbic acid was also observed in these experiments, since
it inhibited the formation of carbon-centred free radicals.
This inhibition was independent of oxygen, consistent with
the ability of this molecule to function as a food preservative
and beneficial dietary component.
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EPR spectra of • c..:enl1ad radical from mushroom trapped by 4-POBN (1). DEPMPO (2), PEPO (3)
and TAAlON (4); A: 8Jll>8rimenlal epectnJm, S: .ynthe.isad 4-{hydroxymethyt) ph8nyt radical, C:
simulation.

The syntheslsed 4-(hydroxymethy1)pheny1 radical trapped by the various spin traps gave
similar spectra compared wtth the radical detected in mushroom. According to Ross et
al. (1982) the 4-(hydroxymethy1) benzene diazonium ion is produced in lresh mushroom
by enzymatic hydrolysis 01agamine and produces hyperfine splnting constants similar to
that 01carbon-centered radicals (Hiramoto et al., 1995).

Investigations in controlled atmospheres showed that the 4-
POBN radical adducts require oxygen (02) lor their lormatlon •. , _. '_,
and that the adduct wtth DEPMPO is unstable in the absence of .', ..
O2, In contrast the synthesis 01 the 4-(hydroxymethy1) phenyl '. . - ~-
radical is independent 01the surrounding atmosphere. -.

Mushroom samples were investigated wtth different spin trapsawhich led to typical spectra 01spin trap adducts including carbon-
,.' '. r~, centered radicals (Buettner, 1987). 4-POBN and PEPO gave

~. sextets whereas OEPMPO showed 12 peal<s and TRAZON 28
peaks due to addnional interactions 01the nuclei wtth the unpaired
electron. Wnh 4-POBN weak satellne peaks were observed et high
instrumental gain.

-»*-' ~ +VMt.
-H+ 1WI11Mt~ tI*t
tH- ~E ~

Herbs

Wnh coriander the sextet signal was shown in the EPR
spectra corresponding to a 4-POBN adduct 01 a carbon-
centred radical. The same spectrum was observed when
sample preparation was perlormed under inert
atmosphere, indicating that oxygen was not involved in
the reactions leading to the formation of the radical
adduct.

Frash lrults and vegetables are now established as essential
components 01 heatthy diets, and n is generally assumed that
this is because they contain appreciable quantnies of molecules
wtth antioxidant properties that can react as scavengers 01
reactive oxygen species (ROS).

Herbs and spices are important lood addnions as taste
improvement as well as a heatth benetn. They have been
suggested to stabilize blood pressure and the cholesterollevels
(Walker, 1996).

The present work is based on investigations about lree radical
generation In rnascinated lood using electron paramagnetic
resonance (EPR) spectroscopy. Different spin traps were used 10
delect shortlived radicals produced under gentle grinding 01lhe
samples.

Materials and Methods

In addnion to parsley, bay, whne dead nettle and lovage also
showed the ascorbate radical in the EPR spectra. No qual native
differences were observed in the spectra 01parsley wtth varlous
methods 01sample preparation, e.g. between lresh, lrozen, and
lreeze-<lried samples resp. between inert and air atmosphere.
There was no reaction wtth the spin trap 4-POBN visible. Tha
absence 01 any influence 01 oxygen on the abUny 01 ascorbic
acid to inhibit carbon-centred lree radical generetion could al
leas1in part explain the heatth benefits of Vn&min C rich loods.

Mushrooms were bough1 from a local supermarket and stored at
room temperature until use. Different herbs were taken from one
01 the author's garden, lrozen in liquid nnrogen and maintained
at that temperature until measurement, or bough1 lresh lrom a
local mar1<etresp. lreeze-<lried from the supermar1<et,stored at
room temperature. Fresh samples were measured on the same
dayof purchase.
Thin slices 01mushroom samples resp. small amounts 01 herbs
were crushed gently in a mortar together wtth spin trap solutions,
littered through a disposable syringe fitter holder and transterred
to a flat cell lor recording the EPR spectrum. The 4-
(hydroxymethy1)phany1 radical was synthesised by reaction of
the primary amine, solved in hydrochloric acid, placed on an ice-
satt-mixture, wnh sodium nMte which was added slowly under
agnation. The Influence 01 oxygen was investigated by
performing all operations in both air and inert atmospheres.

EPR spectrum of PQBN. radical from .tinging
nettle trapped by 4.f'OBN, A: eJll>8rimenlal
spectrum, S: oimulation.

Stinging nettle was one of the herbs which led to an oxidation 01 the
spin trap 4- POBN producing a dodecet signal in tha EPR spectrum
corresponding to the 4-POBN adduct 01 the 4-POBN. radical. Table 1
gives an overview 01 aU lhe other samples that have the abilny to
oxidize the spin trap.
The generation of the 4-POBN. radicalls dependent on oxygen which
could be shown wtth red dead nellie. The dodecet spectrum was
obtained when lhe samples were prepared under air whereas the
sextet signal was seen alter preparalion under inert atmosphere.
There is also a storage effect on the Intensny 01 the signal. Stinging
nellie showed a strong dodecet signal a lew days after harvest but a
very weak signal was observed alter a three week storage time in
liquid Mrogen which could be related to oxygen consumption in the
dawar.

Conclusion

• The chemical nature 01 the lree radical 4-(hydroxymethy1) phenyl
generated lrom mushroom and most likely the product 01an oxidative
process has now been posnlvely ident~ied.

• Pro-oxidant actlvny was lound in >50 % 01 the herb samples where
product(s) were lormed which were able to oxidise the spin trap 4-
POBN.

• The majorny 01 the herb samples which showed the ascorbate
radical were lree 01 carbon-centred radicals indicating possible
inhibnion reactions 01the antioxidant ascorbic acid.
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EPR-Results

Csrotanoids were anslysed by HPLC using the approsch
described by Hart and Scott (Food Chemistry 54. pp. 101.111.
1995).

Thin allces of esch cerrot 88mple were taken
from the top, the centre, and the tip of the root,
Immediately frozen to n K and stored in liquid
nitrogen until analyais.

SamDIe DreDaration

Analvsis

EPR-analysis was cerrled out using two different spin
treps - one more lipophilic, phenyl-N+butylnitrone (PBN),
and one more hydrophilic, O-{4-9yridyl-l-oxiderN+
butylnltrone (~OBN), to dstect short-lived radicals when
cells were disrupted. Samples were ground under liquid
nitrogen, the powder was gently merged together with the
spin trap solution, then filtered end measured In a flat cell .
The lirat peak, doublet, quartet was taken for quantifying
the results.

Material
Carrota (Clf. Maestro) wera grown In pots fitted
with a self-irrigating systam. Three harvests (49,
55 and 83 days after sewing) were cerried out,
representing three different developmental
stages of the cerrots.

Introduction

The influence of maturity on the
composition of pigmenta and free radicei
generation W88 detarmined with 88mples
hsrvested at three different growth
stages.

One variety of cerrot (Daucua CBrola Clf.

Maestro), grown under atre88 free
conditions, was studied.

Carrots Ste Important horticultursl crops
grown In central Europe. They make
contributions to s healthy diet because of
their contents of beneficial antioxidant
molecules, especially the csrotenoids.

In our investigation levels of cerotenolds
were datermlned along with those of free
rsdicela genersted when tl88ues were
broken down (es in eating).

•
•C-centred radical could be trapped with PBN • sextet
• 4-POBN was oxidised by the sample. oxidation product
• additionally the spin traps were degraded by the sample activity .. breakdown product

Carotenoids-Results

PBN
SEXTET SIGNAL coming from a C-œntred redical: BREAKDOWN PRODUCT of the spin trap:

• amount of a. and !i-carotene increased between
the 2nd snd 3" harveats in both the top and centre

• slightly lower amounts of CI- end !karotene were
found in the centre of the carrot than In the top

I:::::.:::1
• Lutein levels were highest in the tope and lowest in
the tips, shown below normalised to those at the
centres. Deviations from the centre values decreased
with maturation for the tops, bu1 increased for the tips .

breakdown product
16

:; 14

.!!.12
~10..
j 8
oE 6
~ 4
!P2
CI) o

• lowest signsl intensity In the centre of the cerrot
• decreasing signal intensity with maturation of the

carrot

sextet

4-POBN

• highest slgnsl intansity In the tip of the carrot
• loweat signallntansity in the centre of the carrot

_N"_~"_~~_N"_N~_N"
••• ~~~ ••• ~Q~ ••• Q~~!!!!!!~~~~~~~~~~~~

UlISIlS

OXIDATION PRODUCT of the spin trsp:

• highest slgnallntensity In the centre of the cerrot
• lowest slgnalintensity In the tip of the carrot

•
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Conclusion
• Carrots showed both pro-oxldative and antk>xidative capacity and these varied over small distances
• The levels of a. and jk:arotene Increased with Increasing maturity of the tissues, whereas the extent of breakdown of the spin trap PBN

decreased
• The pro-oxldant activities seen with the spin trap 4-POBN were highest In the tips
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•

•

A.4. POSTER OF KAEMPFEROL

Pirker K.F., Stolze K., Reichenauer T.G., Nohl H., Goodman B.A., 2005, The influence of
oxidation conditions on free radical formation in kaempferol, "Advanced Techniques &
Applications of EPR", The 38th Annual International Meeting, Bath, UK, 20th -24th March .

192



tomatoesGingko leaves
mdapp/es

mdwlne
II

K,F. Pirkerl, K. Stolze2, T.G. Reichenauer', and B.A. Goodman'

'ARe Seibersdorf research GmbH, Dept. of Environmental Research, A-2444 Seibersdorf, Austria;
2Research Institute for biochemical Pharmacology and Toxicology, A-1210 Vienna, Austria

MATERIALS AND METHODS

Foods rich in f1avonoids have numerous positive effects such
as anticancer, antiviral, antiallergic, anti-atherogenesic,
antithrombosic, and anti-inflammatory properties. These are
often considered to be related to antioxidant activity and there
is a growing tendency to use antioxidant assays as Indicators
of beneficial properties'" Aavonoids also show inhibitory
effects on enzymes such as xanthine oxidase.'
Although the free radical chemistry of flavonoids has been
studied by EPR spectroscopy over many years, we have
recently revisned the subject and are finding many
unexpected resuns. This poster describes the work on the
oxidation of kaempferol, a polyphenolic component in various
foods (see above).
RESULTS

~O~OH

HO'WOH'

OH 0

•
INTRODUCTION

Lemonbalm

Autoxidation 01kaempferol was carried out In 0.1 M NaOH using two procedures:
Procedure 1: 200 III of the NaOH solution was transferred into the flat cell and 200 IJI of the
flavonoid solution (1 mM in DMSO) were added on top. Mixing of the solutions was diffusion
controlled and dissolved O2 performed the oxidation.

Procedure 2' Similar solutions to those In Proc. 1 were added
to an Eppendorf lube, and mixed in a Vortex mixer for a few
seconds before transferring into a flat cell. This gave a
homogeneous solution with higher 02 concentration.
In both procedures the flat cell was placed in the spectrometer
as quickly as possible for recording the spectrum.
The dependence of relative concentrations of NaOH and the
flavonoid was tested with the NaOH and kaemplerol solutions in
ratios of 1:1, 1:1.7 and 1:3.

~o-
H H H H

rsdicale baseel on
dimerle or trlmerle

structures
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radical is based on a dimerie structure, in which the unpaired electron has equal
density on each of the unsubstriuted aromatic carbons. Radical 3, which was
observed at slightly higher llavonold concentmtion, has 2 sets 01 4 equivalent
'Hs, with average splittJngs equal to that of Radical 2. n probably also
corresponds to a dimerie structure similar to that proposed lor Radical 2. When
higher levels 01kaemplerol were used, two new radicals were observed, Radical
5 appearing alter Radical 4. n seems likely that both are formed from small
degradation products of kaempterol and are based on structures wrih 2 or more
aromatic rings. At present these have not been identified.

• The rapid oxidative degradation of kaemplerol means thaI no redox-
cycling is observed.

• Some products of kaempferol degradation are reactive radical
species .
• The dietary/nutritional relevance of kaempferol is likely to be more
complex than a simple antioxldBnt process. Thus simple
determinations of antioxldBnt capacity may not be a reliable indicator
of ris biological effect.

• A thorough understanding of the basic chemistry needs to be
obtained before using such natural products in concentrated form as
dietary supplements.

~

~'

+
~

CONCLUSIONS

EXPERIMENT SPECTRUM

all experiments

Proc.1 and
NsOH : kaempfenol (1:1)

Proc.2

NsOH : kaempfenol (1:3
Proc.2

FIVedifferent EPR-spectra were observed during autoxidation of kaemplerol. The
quintet signal (Radical 1), which was the I" redical detected in all experiments, is
identical to thet of the lHlemlqulnone radicBJ5. (ns formetion could have been
preceded by a short-lived phenoxy radical, but there was no evidence for such a
radical in our experiments). A septet signal (Radical 2) was observed alter the
quintet decreased (Proc. 1) and from the outset with Proc, 2. The intensity
distribution of the peaks sugges1s that they are the inner 7 peaks of a nonet from
8 equivalent protons; this was confirmed by simulation. An idanlical spectrum
was obtained by oxidising a phenol solution with a trace of hydroquinone, which
suggests thatthe

1:1i1l1r.l;1 ... NsOH : kaemplerol (1 :1.7)
Proc.2

.:F.TiRiF.1~.

SUMMARY
• The flavonoid molecule is degraded rapidly by O2 in
alkaline

solutions.
• The posemiquinone radical is the I" signal seen In all the

EPR spectra (though ris formation could be preceded by a
phenoxy radical).

• Subsequent radicals are likaly based on reactions of po
semiquinone.

• These radicals probably have d~ andlor trfmerie structures.
• Radical 2 is also formed by oxidation 01 a mixture 01 po

hydroqulnone and phenol.

•
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Abstract

Free radical processes in carrot hypocotyl root stock at different positions and

developmental stages were investigated by electron paramagnetic resonance (EPR)

spectroscopy after reaction with the chemical spin traps phenyl-N-t-butylnitrone (PBN)' and

a-( 4-pyridyl-l-oxide )-N-t-butylnitrone (4-POBN), the former is lipophilic, whereas the latter

is hydrophilic. The EPR spectra from the products of reaction with PBN were identified as a

carbon-centred radical adduct of the spin trap and the N-(t-butyl)aminoxyl radical (also called

N-t-butyl hydronitroxide), which is formed via a radical induced fragmentation of the spin

trap. With 4-POBN, the N-(t-butyl)aminoxyl radical was also seen along with an adduct of an

oxidation product of the spin trap. With both spin traps, the relative proportions of the EPR

signals varied with position from which the tissue was extracted, but not with its age of

development. Additional EPR measurements were made with a range of spin traps related to

5,5' -dimethyl-l-pyrroline-N-oxide (DMPO), but with substituents that produced a range of

properties varying between hydrophilic and lipophilic in order to obtain additional

information on the origin of the free radical species. With the hydrophilic spin trap 5-

(diethoxyphosphoryl)-5-methyl-I-pyrroline-N-oxide (DEPMPO), the EPR spectrum was

dominated by the signal from the hydroxyl radical adduct, whereas the carbon-centred radical

adduct increased in importance with increasing lipophilic character of the spin traps.

2
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List of Abbreviations

DBPMPO 5-(dibutoxyphosphoryl)-5-methyl-I-pyrroline-N-oxide

DEPMPO 5-(diethoxyphosphoryl)-5-methyl-I-pyrroline-N-oxide

DPPMPO 5-(dipropoxyphosphoryl)-5-methyl-I-pyrroline-N-oxide

EDT A ethylenediaminetetraacetic acid

EPR electron paramagnetic resonance

PBN phenyl-N-t-butylnitrone

PEPO 5-propoxycarbonyl-5-ethylpyrolline-I-oxide

4-POBN a-( 4-pyridyl-I-oxide )-N-t-butylnitrone
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1. Introduction

Carrots are important horticultural crops grown in central Europe. They make

contributions to a healthy diet because of their contents of beneficial antioxidant molecules,

especially the carotenoids. Since a function of these molecules in planta is to control free

radical reactions which are part of the normal metabolic processes, it is of interest also to

investigate these reactions in order to gain an understanding of the processes that influence

the levels of these carotenoid molecules.

Previous studies of free radical processes in carrot hypocotyl root stock by Goodman

et al. [9] found major differences in behaviour between different specimens with respect to the

products of their reaction with the spin trap a-( 4-pyridyl-l-oxide )-N-t-butylnitrone (4-POBN).

Those measurements were based on commercially-grown carrot samples of unknown age and

origin. It is thus unclear whether these differences were related to the plant genetics, growth

history or position in the carrot from which the sample was taken.

The present experiments were designed to address these problems. Effects related to

genetic variations were eliminated by using seeds of just one variety from a single seed lot.

Plants were grown under carefully controlled conditions using an automated irrigation system

to eliminate any effects of water stress. Harvests were made at three distinct developmental

stages and samples taken from different positions with the root tissue.

These samples were used in investigations of reactions with two related spin traps; 4-

POBN, as in the early experiments of Goodman et al. [9], and the related lipophilic molecule,

phenyl-N-t-butylnitrone (PBN). Also, in order to determine whether the lipophilicity of the

spin trap might be a factor influencing the differences observed between measurements with

PBN and 4-POBN, additional EPR measurements were performed using another family of

spin traps (derived from dimethyl piperidine oxide - DMPO).

4



2. EPR-Results

The EPR spectra obtained with PBN consisted of two components (figure 1), a sextet

with parameters (table I) similar to those of a carbon-centred radical adduct of the spin trap

and a quartet, with parameters identical to those reported for the N-(t-butyl)aminoxyl radical

[1, 2, 5]. The larger linewidth of the high field spectral components are the result of

incomplete averaging of the spectral anisotropy.

The intensity of the sextet signal varied according to the position in the carrot root

from which the sample was taken (figure 2), the highest intensity being obtained with samples

from the centre of the root and the lowest with those from the tip. The age/maturity of the

tissue did not appear to have much influence on the intensity of this signal.

The intensity of the N-(t-buty1)aminoxyl signal was also dependent on the position of

the carrot root from which the sample was taken. In this case, however, the lowest signal

intensity was obtained from tissue from the centre of the carrot (figure 3). The highest

intensity of this signal was obtained from the tip of the root. Also, its intensity appeared to

decrease with increasing age of the samples.

The EPR spectra obtained with the spin trap 4-POBN also consisted of two signals

(figure 4) but they were quite different from those obtained with PBN. The N-(t-

buty1)aminoxyl radical was present as a minor component, but the spectra were dominated by

a dodecet signal, which probably corresponds to an adduct involving a radical oxidation

product of the spin trap [11] (table I). Within individual carrots, there appeared to be a

relationship between the intensity of the dodecet signal and the position in the carrot from

which the samples were taken, the highest intensity being with samples from the tips and the

lowest from the centres (figure 5). No correlation with age/maturity of the carrot was

observed.

The EPR spectra obtained with carrots and the different DMPO-related spin traps are

shown infigures 6-8 and parameters in table I, along with selected values from the literature.

The main features in the spectrum with DEPMPO (figure 6 A) correspond to a hydroxyl

radical adduct of the spin trap. There is an additional peak near the centre of the spectrum

which corresponds to one half of a doublet from the monodehydroascorbate radical (aeH) =

1.8 gauss) [3], with the other half being obscured by the OH-radical adduct signal. There are

also broader features in positions characteristic of C-centred radical adducts.

With DPPMPO (figure 7) the spectrum contains a mixture of components from the

hydroxyl radical and carbon-centred radical adducts. When a simulation consisting of a
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weighted sum of these two components (figure 7 B) is compared with the original spectrum it

can be seen that there must also be a third component in the experimental spectrum. The

individual simulations of the carbon-centred radical adduct and the hydroxyl radical adduct

are given infigures 7 C and D.

When the experiment with DEPMPO was repeated in the presence of an iron chelator

(EDTA) at pH 7, the c-centred radical dominated the spectrum (figure 6 C) whereas the

contribution from the hydroxyl radical adduct was much lower than in figure 6 A, indicating

that formation of the hydroxyl radical was inhibited. Since EDT A is frequently used to hold

Fe(III) in solution in model Fenton reaction systems, the above result suggests that it

interferes with a reactant that is a precursor of the Fenton reaction, and possibly inhibits the

formation of H202 by the superoxide dismutase enzyme.

The spin trap PE PO mixed with carrot juice produced a spectrum which also

corresponded to a carbon-centred radical adduct (figure 8, table I) whereas no detectable

signal could be seen from the reaction of DBPMPO and carrot juice.
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3. Discussion

The carrot samples from different positions of the root all showed two distinct EPR

signals when mixed with the spin traps PBN and 4-POBN. One of the components, with

parameters identical to those reported for the N-(t-butyl)aminoxyl radical, was common to the

reactions with both spin traps and must derive either from a fragmentation of the spin traps

[1,2,5] or from an impurity of the spin trap [6]. The decomposition of PBN was described to

form benzaldehyde and N-t-butyl hydroxylamine (figure 9), the latter would also be expected

to be a fragmentation product of 4-POBN. According to Dikalov et al. [6] the N-(t-

butyl)aminoxyl radical is formed by metal catalysed oxidation of N-(t-butyl)hydroxylamine

which is an impurity of the Sigma product PBN. The most relevant metal in carrot tissue is in

this case iron with -2.1 mg/IOOg [4], which catalyses the Fenton reaction. Consequently, OH

radicals are formed which then react with N-t-butyl hydroxylamines forming N-(t-

butyl)aminoxyl radicals.

The carbon-centred radical that was seen with PBN may not be the primary radical

generated during cell disruption. Apart from its implication in the formation of N-(t-

butyl)aminoxyl radicals discussed in the previous paragraph, there is more direct evidence for

the presence of hydroxyl radicals from measurements with the spin traps DEPMPO and

DPPMPO. Hydroxyl radicals can react indiscriminately with a wide range of organic

molecules from which they extract a hydrogen atom with the formation of water and a carbon-

centred radical.

Such a carbon-centred radical could be detected in the reaction with PBN. The

differences in adducts seen with PBN and DEPMPO illustrate the differences in the

selectivity of different spin traps for different types of radical. As was reported by Goodman

et al. [9], the carbon-centred radical adduct with DEPMPO was less stable than the hydroxyl

radical adduct. We also observed a signal from a carbon-centred radical adduct when

DEPMPO and DPPMPO were used as spin traps.

It may be significant that the spectrum of the hydroxyl radical adduct with DEPMPO

was accompanied by a single component (which is probably one half of the spectrum from the

monodehydroascorbate radical). This result suggests that ascorbic acid may be reacting with

the carbon-centred radical formed from components in the carrot.
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When 4-POBN was used as spin trap, both of the observed EPR signals correspond to

reactions involving the spin trap. In addition to the N-(t-butyl)aminoxyl radical, which is

probably a fragmentation product as a result of a similar mechanism to that discussed above

for PBN, the dodecet signal almost certainly corresponds to an adduct of a radical formed by

oxidation of a 4-POBN molecule. Such a radical has been observed previously with carrots

[9] and with a number of different types of leaf tissue [8, 15]. The formation of the 4-POBN.

radical is dependent on the presence of oxygen and Pirker et al. [15] suggested that during the

disruption of cells some plant components are oxidised and that it is these products that then

oxidise 4-POBN.

In some specimens, there was a clear relationship between the intensities of the

various EPR signals and the position in the carrot from which the samples were taken. The

oxidation product observed with 4-POBN and the N-(t-butyl)arninoxyl radical observed with

PBN were highest in the tips and lowest in the central regions, whereas the carbon-centred

radical seen with PBN was highest in the samples from the central regions of the roots and

lowest in the tips. The hydroxyl radical has been shown to play an important role in root

elongation in maize (Zea mays) seedlings by facilitating cell wall loosening in the growing

zone [10, 12, 13]. These authors did not distinguish between the possibilities of HO' being

generated by Fenton chemistry or from peroxidases in the presence of NADH and H202.

It seems from the current experiments that the hydroxyl radical is also important in the

growth zone in carrot hypocotyl root stock, and it may be of general importance in plant root

development. The higher level of hydroxyl radical generation at the tips compared to the other

tissues in the carrot could also be the explanation for its higher oxidation potential.

Furthermore, the fact that the highest levels of carbon-centred radical adduct formation (with

PBN) were observed in tissues with the lowest levels of hydroxyl radical generation suggests

that formation of (much of) the carbon-centred radicals is independent of hydroxyl radicals.

The observation by Goodman et al. [9] of two separate carbon-centred radical adducts with

DEPMPO may represent radicals formed by .OH-dependent and .OH-independent

mechanisms. Similar adducts were also observed in the present experiments when

measurements were performed over extended periods of time.

The highest levels of the carbon-centred radical adduct were seen with the spin trap

PBN. In contrast, the tissue from the tips produced the highest levels of breakdown of the spin

traps PBN and 4-POBN, the former by fragmentation and the latter by oxidation. Since

measurements made with the spin traps DEPMPO and DPPMPO demonstrate that the

hydroxyl radical is formed in large amounts after tissue disruption, it seems reasonable to
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implicate this radical in the damage to the spin traps, either directly or indirectly. The work of

Goodman et al. [9] showed that hydroxyl radical production continued in the carrot extracts

long after tissue disruption, suggesting that it was the result of an enzymatic process.

4. Conclusions

These experiments show that there is considerable spatial variability in the

composition of carrot root tissue and this gives rise to differences in the reactions with spin

trap molecules. Carrot tissue reacts with the spin traps PBN and 4-POBN to generate

fragmentation and oxidation products respectively to a much greater extent when it is derived

from the rapidly growing root tips than with tissue from other parts of the root. This can

probably be referred to metal-catalytic generation of hydroxyl radicals maybe indicating

either a higher metal-concentration or a higher H202 concentration in this part of the root. In

contrast the levels of carbon-centred radical adducts of PBN were lowest when tissue from the

tips was used.
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5. Materials and Methods

5.1. Production of carrot tissue

Seeds of carrot (cv. Maestro) were sown in two 15-liter pots, which were covered with

plastic until the plants were c. 2 cm high. During this germination stage, the pots were

watered from above only; later a home-made self-irrigating system was used. Each pot was

placed on a bucket filled with water, to which it was connected by wicks of glass fibre.

Samples were harvested at three different developmental stages 49, 55 and 83 days after

sewing. Thin slices of each carrot sample were taken from the top, the centre, and the tip of

the root (figure 10). They were immediately frozen to 77 K and stored in liquid nitrogen until

analysis.

5.2. Chemicals

The spm traps PBN and 4-POBN were purchased from Sigma-Aldrich. 5-

(diethoxyphosphoryl)-5-methyl-l-pyrroline-N-oxide (DEPMPO), 5-(dipropoxyphosphoryl)-

5-methyl-l-pyrroline-N-oxide (DPPMPO), 5-(dibutoxyphosphory1)-5-methyl-l-pyrroline-N-

oxide (DBPMPO), and 5-propoxycarbonyl-5-ethylpyrolline-l-oxide (PEPO) were synthesised

at the Research Institute of Biochemical Pharmacology and Molecular Toxicology at the

University of Veterinary Medicine, Vienna. 20 mM phosphate buffer was used and the pH

was set to 7.

5.3. Preparation of samples for EPR spectroscopy

In one set of experiments, EPR spectroscopy was carried out using the spin traps PBN

and 4-POBN to detect short-lived radicals when cells were disrupted. The 4-POBN solution

was made with distilled water, the PBN solution was prepared with a 10% ethanol solution.

Frozen carrot samples were ground under liquid nitrogen until a homogenous powder was

obtained. A small quantity of the powder was gently mixed with 800!l1 of the spin trap

solution (164 mM) in a second mortar. The suspension was filtered through a disposable

syringe filter holder (Fa. Sartorius, 0.45 !lm), the filtrate was transferred into the flat cell and

the EPR spectrum measured immediately.
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In a second set of experiments using the spin traps DEPMPO and DPPMPO (-300

mM), thin slices of fresh carrot were crushed in a mortar together with the spin trap. The

mixture was then centrifuged for 3 minutes (13000 rpm, 4°C), after which 500 f!l of the

supernatant were transferred into cryo tubes and stored in liquid nitrogen. DEPMPO was also

diluted with 20 mM phosphate buffer (pH 7) containing a 0.5 mM iron chelator (EDT A). The

suspension was filtered through a disposable syringe filter holder (Fa. Sartorius, 0.45 f!m), the

filtrate was transferred into the flat cell and the EPR spectrum measured immediately.

A third set of experiments were performed with fresh carrot juice, prepared by

homogenising a mixture of carrot tissue and distilled water in a food blender. 300 f!l of the

mixture were transferred in an Eppendorf tube and 300 f!l of the spin trap solution (960 mM

PEPO and 288 mM DBPMPO) were added. After mixing, the solution was centrifuged for 3

minutes (13000 rpm, 4°C). 500 f!l of the supernatant were transferred into cryo tubes and

stored in liquid nitrogen.

Immediately prior to running the EPR spectra, the samples were thawed in a water

bath (hot water, -40°C) and transferred to a flat cell as quickly as possible.

5.4. EPR spectroscopy

All EPR spectra were recorded usmg a Bruker ESP300E computer-controlled

spectrometer operating at X-band frequencies equipped with an ER4103TM microwave

cavity. Microwave generation was by a klystron. Solutions were measured in a flat cell made

from Wilmad-Labglass (Buena, NJ, USA).

Spectra from the samples with PBN and 4-POBN spin traps were recorded as the sum

of 10 scans, (each taking about 42 s) in 1024 points using 100 kHz modulation frequency. A

microwave power of 20 mW, modulation amplitude of 0.16 mT and a sweep width of 6 mT

were used.

Spectra with the other spin traps were recorded as single scans, taking about 84 s in

1024 points using 100 kHz modulation frequency. A microwave power of 20 mW,

modulation amplitude of 0.068 mT and a sweep width of 12 or 14 mT were used.

All spectra used for quantification were baseline corrected and filtered twice every 15

points using a polynomial filter. The first peak, doublet or quartet of each spectral component

was integrated.

In addition, spectral parameters were confirmed by simulation usmg the Bruker

SimFonia software.
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table J. Summary of hyperfine splitting parameters compared with literature data.

Adduct System ae1p) aCH) aC4N)

(mT) (mT) (mT)

N-(t-butyl)aminoxyl Dikalov et al. [6] 1.393 1.461

4-POBN. radical McCormick et al. [II] 0.180 1.49,0.185

Carrot (present paper) 0.145,0.050 1.490, 0.180

PBN-COCH3 NIEHS database [14] 0.330 1.590

PBN-C Carrot (present paper) 0.328 1.590

DEPMPO-OH Fréjaville et al [7] 4.780 1.300 1.400

Carrot (present paper) 4.723 1.384 1.384

DPPMPO-OH Stolze et al [16] 4.695 1.320 1.400

Carrot (present paper) 4.680 1.382 1.382

DEPMPO-C Fréjaville et al [7] 4.810 2.230 1.500

Carrot (present paper) 4.773 2.185 1.486

DPPMPO-C Stolze et al [16] 4.848 2.218 1.512

Carrot (present paper) 4.780 2.223 1.515

PEPO-OH Stolze et al [17] 1.594, 0.063 1.400

1.201,0.078 1.387

PEPO-OOH Stolze et al [17] 1.16010.903 1.32 l/1.32 I

PEPO-C carrot juice (present paper) 2.300 1.500

PEPO-C(LOOH) (unpublished results) 2.349 1.503

PEPO-CH2OH (unpublished results) 2.150, 0.087 1.474

PEPO-CH3 (unpublished results) 2.417 1.508
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figure 1. A typical EPR spectrum of a carrot sample, USlOg the SplO trap phenyl-N-t-

butylnitrone. It consists of the sextet (carbon-centred radical) and the quartet (breakdown

product of the spin trap).

figure 2. Signal intensity of the C-centred radical trapped with phenyl-N-t-butylnitrone in

relation to the position and the maturation of the carrot. a, b are two replicates of the carrots.

top, centre, tip are the position of the carrot where the samples were taken. 1, 2, 3 are the 1st,

2nd and 3rd harvests.

figure 3. Signal intensity of the breakdown product from phenyl-N-t-butylnitrone in relation

to the position and to the maturation of the carrot. a, b are two replicates of the carrots. top,

centre, tip are the position of the carrot where the samples were taken. 1, 2, 3 are the 1sr, 2nd

and 3rd harvests.

figure 4. Typical EPR spectrum of a carrot sample USlOg a-(4-pyridyl-l-oxide)-N-t-

butylnitrone as spin trap. It consists of the oxidation product and the breakdown product.

figure 5. Signal intensity of the oxidation product from a-(4-pyridyl-l-oxide)-N-t-butylnitrone

in relation to the position and to the maturation of the carrot. c, d are two replicates of the

carrots. top, centre, tip are the position of the carrot where the samples were taken. 1 and 3 are

• the 1st and 3rd harvests.

figure 6. EPR spectrum of (A) a hydroxyl radical from carrot trapped by 5-

(diethoxyphosphoryl)-5-methyl-l-pyrroline-N-oxide, (B) simulation of spectrum (A), (C)

spectrum received from carrot and 5-(diethoxyphosphoryl)-5-methyl-l-pyrroline-N-oxide in

the presence of buffer and ethylenediaminetetraacetic acid, (D) simulation of a carbon-centred

radical. Spectral interpretation is shown by the "stick" diagram.

figure 7. EPR spectra from carrot and 5-(dipropoxyphosphoryl)-5-methyl-l-pyrroline-N-

oxide. (A) experimental spectrum, (B) simulation of a carbon-centred radical combined with a

hydroxyl-radical, (C) simulation of the carbon-centred radical adduct, (D) simulation of the

hydroxyl-radical adduct. Spectral interpretation is shown by the "stick" diagrams.
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•

figure 8. EPR spectrum of (A) a radical in carrot trapped by 5-propoxycarbonyl-5-

ethylpyrolline-1-oxide, (B) simulation of the spectrum (A). Spectral interpretation is shown

by the "stick" diagram.

figure 9. Decomposition of the spin trap phenyl-N-t-butylnitrone.

figure 10. Carrot samples (yellow marked) taken from each root.
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Abstract

Although the flavonoid molecules have attracted considerable interest in recent years

because of their antioxidant properties and their presence in many medicinal plants, there

are considerable differences in their chemical properties. The present paper uses electron

paramagnetic resonance (EPR) spectroscopy to compare the oxidative free radical

chemistry of two such molecules, kaempferol and luteolin, which have the same empirical

formula and differ only in the position of one OH group. However, whereas the basic

flavonoid structure remains intact in luteolin, structural changes occur in kaempferol when

it undergoes I-electron oxidation. Autoxidation of kaempferol in alkaline solution leads to

rapid fragmentation, and the subsequent free radical chemistry derives from these

fragments, whereas radicals generated enzymatically at physiological pH have spectral

properties that are best described by dimeric structures. The biological properties of

kaempferol are likely to be determined to a considerable extent by the chemistry of its

oxidation products.
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1. Introduction

Flavonoid molecules have attracted considerable interest in recent years, because of their

antioxidant properties, and their occurrence in plants that are used as traditional medicines

in many parts of the world. Based on measurements of antioxidant activity and free radical

scavenging ability, individual flavonoid molecules are now being used as dietary

supplements with claims for anti-aging and disease prevention properties. However, it is

by no means clear that such molecules consumed individually will have the same

biological effects as when part of a whole food. Nor is it clear whether the biological

properties are determined by the individual flavonoid molecules, or by their reaction

products.

In plants there are large numbers of flavonoid molecules, and there are likely to be

considerable differences in their chemistry depending on the nature and position of

substituent groups in the basic flavonoid structure. From a dietary supplementlherbal

medicine point of view, it is especially important to understand their behaviour with

respect to oxidation, since their use is being promoted on the basis of their antioxidant

properties. The present paper compares the oxidative free radical chemistry of luteolin and

kaempferol, two molecules which differ only in the position of one OH group. On the basis

of these results, it is proposed that the biological activity of kaempferol is likely derived

from oxidation products.

The structures of luteolin and kaempferol are shown in Figure 1 (a and b). Each has

two aromatic rings, one heterocyclic ring and four substituent hydroxyl groups; Ring C

contains also a keto group. Luteolin is a flavone with a catechol group in ring B.

Kaempferol, a flavonol, has the OH group at carbon 3' of the B ring replaced by one at

carbon 3 of the C ring.

Autoxidation proceeds by deprotonation and electron abstraction to produce

ionised radical anions. This was performed using alkaline, aerated solutions to produce

initial information on the oxidised components. In addition, reactions with three aqueous

oxidation systems were investigated at pH 7. These were (a) horseradish peroxidase and

hydrogen peroxide (HRPIH202), which has been reported to form three complexes with a

high oxidation potential [1]; (b) xanthine and xanthine oxidase (X1X0), which is supposed

to generate superoxide anion radicals [2, 3] and (c) the Fenton reaction system, which

generates hydroxyl radicals [4]. Reactions with Oi- were also investigated directly using

potassium superoxide at pH 6.9.
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2. Materials and Methods

The flavonoids kaempferol 0::96% purity) and luteolin (~99% purity) and the enzyme

horseradish peroxidase (-150 units/mg) were purchased from Fluka (Vienna, Austria),

catalase (from bovine liver, 2000-5000 units/mg) and superoxide dismutase (SOD) (from

bovine erythrocytes, 2500-7000 units/mg) were purchased from Sigma (Vienna, Austria),

potassium superoxide from Aldrich (Vienna, Austria), and kaempferide from

Extrasynthese S.A. (Lyon, France).

2.1. Autoxidation procedures

Two different experimental setups were used in order to investigate the influence of

oxygen levels as well as of the relative concentrations of NaOH and the phenol. In both

procedures a 1 mM stock solution of the phenol in DMSO was used.

In the first procedure (Proc. 1), 200 J.lIof a 0.1 M sodium hydroxide solution were

transferred into an EPR flat cell (Wilmad-Labglass, Buena, NJ, USA), then 200 J.lIof the

flavonoid solution were added. The reaction between the flavonoid and the alkali was

immediately visible as a strong yellow band at the interface of the two liquid phases. This

then spread slowly through the cell as a result of diffusion of the molecules. After addition

of the flavonoid, the flat cell was immediately placed in the spectrometer and the spectrum

recorded within one minute. In this procedure the amount of oxygen is limited to that

dissolved in the solutions. The second procedure (Proc. 2) was carried out in an Eppendorf

tube to test the influence of a higher oxygen concentration. 200 J.lIof the NaOH-solution

and 200 J.lIof the flavonoid solution were transferred into an Eppendorf tube and mixed

with a Vortex mixer for a few seconds. The mixed solution had an intensive yellow colour

and since the oxidation is an exothermic process the tube walls got warm very quickly.

The oxidised solution was transferred into a flat cell as quickly as possible and placed

immediately into the spectrometer for recording the spectrum. The oxygen concentration

in this experiment (Proc. 2) should have been much higher than in the first set up (Proc. 1).

The dependence of relative concentrations of NaOH and the flavonoid was tested

using Proc. 2 by thorough mixing of the two solutions in an Eppendorf tube. The two stock

solutions were combined in different amounts; 1:1, 1.67:1 and 3:1 volume ratios of

flavonoid:NaOH solutions.
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2.2. Oxidation with horseradish peroxidase/hydrogen peroxide (HRPIH202J

Concentrations of solutions for the system HRPIH202 were similar to those of Miura et al.

[5]. 200 III of a potassium phosphate buffer (pH 7) were mixed in an Eppendorf tube

together with 50 IIIof ZnCh (10 mM), 50 IIIHRP (l2.5 IlM), and 5 IIIH202 (100 IlM). All

solutions were made with distilled water. 200 III of the mixed solution were transferred

into an EPR flat cell and 200 IIIof the flavonoid stock solution were added.

2.3. Oxidation with xanthine/xanthine oxidase(X/XO)

The system XlXO was used to generate superoxide anion radicals. The experiment was

carried out with 200 III of a potassium phosphate buffer (pH 7) mixed for a few seconds

together with 20 III of xanthine solution (657 IlM) and 5 III of xanthine oxidase

(81l1l1 ml,activity). All individual solutions were prepared with distilled water. 200 III of

the mixed solution were transferred into the flat cell and 200 III of the flavonoid stock

solution were added.

2.4. Oxidation in a Fenton reaction system

Hydroxyl radicals are generated in the Fenton system by the reaction of H202 with Fe(II).

The reagent concentrations were those of Blank et al. [6]. 200 IIIof a potassium phosphate

buffer (pH 7) were placed in an Eppendorf tube. 5 III FeCh.6H20 (10 mM), 5 III EDTAe (25 mM), and 5 III H202 (100 IlM) were added and the solution was mixed for a few

seconds using a Vortex mixer. Distilled water was used for preparation of the individual

solutions. 200 III of the mixed solution were transferred in the flat cell and 200 III of the

flavonoid stock solution were added.

In each case the flat cell was placed in the spectrometer within 1 minute and the

EPR spectrum recorded immediately after tuning the spectrometer.

2.5. Potassium superoxide

The reaction of superoxide radical anions with phenols was investigated using potassium

superoxide. For this purpose 40 III of the flavonoid solution (lOmM) were mixed in an

Eppendorf tube with 60 III of distilled H20 in the case of luteolin and with 160 III DMSO
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in the case of kaempferol. The solution was added to c. 0.5 mg K02 and the reaction was

stopped after approx. 5 sec. by adding a pH 6.9 buffer solution (300 III for luteolin, 200 III

for kaempferol) containing 5 III catalase (I mg/ml) and 10 III SOD (2 mg/ml). The

resulting solution was then transferred into a flat cell which was placed in the spectrometer

and the spectrum was recorded as quickly as possible.

2.6. EPR spectroscopy

All EPR spectra were acquired in 1024 points using a Bruker ESP 300E CW spectrometer

operating at X-band frequencies and equipped with a ER4103TM cavity. Microwave

generation was by a klystron and the microwave frequency recorded continuously with a

frequency counter. 100kHz modulation frequency and 20m W microwave power were

used for all measurements. Magnetic field sweep widths were in the range 0.9 - 2.0 mT,

depending on the spectral widths. For most measurements a modulation amplitude of 0.01

mT was used and the spectra accumulated in 10 scans. Where different conditions were

used, these are indicated in the relevant figure captions.

After placing the flat cell in the microwave cavity, the spectrometer was tuned

manually to minimise the time between commencement of the reaction and recording the

spectrum.

All of the parameters derived from the spectra in this work were confirmed by

simulation using the Bruker Simfonia software. However, simulations are only shown for

the more complex spectra.
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3. Results and Interpretation

3.1. Luteolin

Autoxidation of luteolin (Figure la) gave two EPR signals at different times after starting

the reaction. The spectrum of the first radical (Figure 2a), which is similar to that reported

by Kuhnle et al. [7], Cotelle et al. [8] and van Acker et al. [9] can be simulated by 4

inequivalent proton couplings (Figure 2b). This subsequently developed into an 8 peak

spectrum from 3 inequivalent proton splittings (Figure 2c), although the first radical was

stabilised if ZnCh was added to the alkali solution.

Oxidation of luteolin with HRPIH202, X/XO, the Fenton reaction system or

_ potassium superoxide at pH 7 all resulted in a 6 peak spectrum similar to Figure 2a.

However, with potassium superoxide the spectrum consisted of sharp lines, whereas with

HRPIH202, X/XO, and the Fenton reaction the resolution of the spectra was poorer;

resolution was not improved either by decreasing the modulation amplitude or flushing the

solutions with N2 gas.

The oxidation site in luteolin is most likely the catechol group on ring B, which is

considered to be the region responsible for the antioxidant activity in flavonoids [10]. The

probable structure of the radical from oxidised luteolin is shown in Figure lc. The largest

proton splitting can be assigned to the proton on carbon 6', whereas smaller splittings

around 0.1 mT come from interactions with protons in positions 2',5' and 3 [8].

The second radical, which was detected at pH 13 after the 1st radical decreased in

intensity, was also reported from Cotelle et al. [8]. These authors explained the structure as

resulting from oxidation at carbon 2' (Figure Id). With this radical, the largest hyperfine

splitting again comes from the proton on carbon 6' and the smaller splittings from protons

on carbons 5' and 3.

3.2. Kaempferol

Autoxidation of kaempferol led to five distinct EPR signals, along with additional weak

peaks from components that could not be fully resolved. Thus the free radical chemistry of

kaempferol is considerably more complex than that of luteolin. The initial signal obtained

with equal volumes of the kaempferol and NaOH solutions was a five peak spectrum

(Figure 3a), consistent with four equivalent IH atoms in the radical. When there was

7



adequate 02 supply, this changed rapidly to a septet spectrum (Figure 3b), which was best

simulated with 8 equivalent tH atoms (the two outermost peaks being too weak to observe

in the EPR spectrum). Changing the kaempferol:NaOH ratios resulted in different signals.

With a 1.67: 1 ratio, additional structure was observed on the septet signal after the quintet

had decreased (Figure 3c); this spectrum was simulated with two sets of four equivalent tH

atoms (Figure 3d). A 3: 1 ratio kaempferol:NaOH gave a spectrum with at least three

components (Figure 4). The first spectrum (Figure 4a) contained the quintet and a signal

with 13 peaks (compound 2). Approximately 5 minutes later the quintet had disappeared

and a mixture of two signals was visible, including the 13 peak spectrum (Figure 4b). After

another c. 21 minutes compound 2 had almost disappeared and a spectrum of 8 peaks

(compound 3) with nearly equal intensity (Figure 4d) was observed. In order to produce

the simulation of compound 2 (Figure 4c), a small amount of the simulation of compound

3 was first subtracted from Figure 4b, since this component was already present in the

spectrum.

When kaempferide, which has a similar composition to kaempferol except that the

hydroxyl group on ring B is replaced by a methoxy-group (Figure Ie), was used for the

autoxidation experiment, no spectrum was observed, thus supporting the assumption that

the oxidation site in kaempferol is the hydroxyl group on ring B.

Oxidation of kaempferol at pH 7 with HRP/ H202, X1X0, or the Fenton reaction

system gave the same EPR spectrum in each case (Figure 5); this could be simulated with

five proton couplings around 0.1 mT. In contrast, oxidation with potassium superoxide at

pH 6.9 resulted in a quintet spectrum that is similar to Figure 3a.

The EPR spectral parameters for the initial free radical signal seen on autoxidation

of kaempferol are identical to those of p-benzosemiquinone (Figure If) [7]. It appears,

therefore, that there is rapid fragmentation of the flavonoid structure. According to the spin

distribution calculations of van Acker et al. [9], the unpaired electron density in the

kaempferol radical is mainly in ring B and is largely associated with the oxygen atom from

which the proton was removed. These authors also measured the half peak oxidation

potential of kaempferol in the pH range 2 to 13 and showed that no release of protons

occurred at pH> 9.

The "7 peak spectrum" (Figure 3b) was best simulated by 8 equivalent protons, and

thus most likely corresponds to a dimeric structure in which the unpaired electron interacts

equally with 8 protons. It seems probable that short-lived phenoxyl radicals react with the

quinone or semiquinone generating either a radical, or a non-radical dimer (which is then
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oxidised to a radical). A possible structure is based on two aromatic rings connected with

either an ether bridge (Figure 19) or a simple carbon-carbon bond.

To test this interpretation, a solution of phenol with a trace of hydroquinone was

oxidised in alkaline solution in a method analogous to Proc. 2. Its spectrum was identical

to that in Figure 3b. The same signal was also observed after oxidation of a pure phenol

solution but the intensity was much lower than from the solution containing a trace of

hydroquinone, thus suggesting that hydroquinone participates in the radical reaction.

Hydroquinone and quinone may form a charge-transfer complex called

quinhydrone. Although this complex seems to be more stable in an alkaline solution of pH

8.0 [11], it is most likely not the substrate for the detected radical forming the 7-peak

spectrum. Quinhydrone has a purple colour whereas the oxidised kaempferol solution at

pH 13 had an intensive yellow colour indicating the formation of benzoquinone.

The EPR spectrum obtained with a kaempferol to NaOH ratio of 1.67: 1 (Figure 3c)

could be fitted to 2 sets of 4 equivalent protons (Figure 3d) with an average hyperfine

splitting the same as that in Figure 3b. It is probable, therefore, that this signal is also

derived from a dimeric radical.

The two additional signals that were seen with a kaempferol:NaOH ratio to 3: 1 are

probably also radicals with two or more aromatic rings, because of the higher

concentration of kaempferol in this solution than in the previous experiments. The first of

these (Figure 4b) was simulated with 6 proton couplings (Figure 4c), four equivalent with

a smaller value than the other two. The second signal (Figure 4d), which was detected after

the previous one decreased in intensity, had 3 inequivalent protons. There is, however, not

_, enough information at present to make definite structure suggestions for these radicals.

Oxidation of kaempferol with HRPIH202, X1XO, or the Fenton reaction system at

physiological pH of 7 resulted in a spectrum with a sextet structure from interaction of the

unpaired electron with five IH nuclei. No other signal was detected, indicating that the

flavonoid structure remained intact. No radical was detected when oxidation of

kaempferide (Figure Ie) by HRPIH202 was attempted, thus indicating that the OH-group

on ring B is involved in the oxidation of kaempferol. The generation of a phenoxyl

derivative where the OH-group in ring B is oxidised can be excluded because of the small

hyperfine splitting constants around 0.1 mT. For para-substituted phenoxyl radicals,

hyperfine splittings for the two hydrogens on carbon 3' and 5' would be expected to be in

the range 0.4 - 0.7 mT dependent on the substituents [12]. The small splittings in the

present experiments suggest a dimeric structure, in which the unpaired electron spm
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density is delocalised over two aromatic rings and is, therefore, smaller at individual

carbon atoms. Loth and Klinge [13] detected a dimeric structure after oxidation of

kaempferol with HRPIH202, and Figure 6a shows three possibilities which they suggested

for the formation of the dimer.

On the basis of the hyperfine splitting constants, the most likely structure consists

of an ether bridge from the oxygen on ring B of one kaempferol molecule to carbon 6" in

ring A of a second kaempferol molecule (Figure 6b). The two biggest splittings

(aeH)=O.115 mT) would result from interaction with protons on carbon 3' and 5' and the

two smallest splittings (aeH)=O.087 mT) from coupling with protons on carbon 2' and 6'.

The hyperfine splitting constant of a('H) = 0.103 mT would then be due to the spin density

on carbon 8".

4. Discussion

Oxidation of kaempferol under different conditions led to the detection of 6 different

radicals. One of them, the initial quintet in alkaline solutions, was published by Kuhnle et

al. [7] and assigned to p-benzosemiquinone, whereas the other signals have not been

published previously. Van Acker et al. [9] also detected a quintet after autoxidation in

KOH, but reported different hyperfine splitting constants to those we obtained here.

Additionally they reported a weak triplet when HRPIH202 at pH 7 was used as the

oxidising agent; this could be part of the sextet spectrum which we detected with

HRPIH202•

The autoxidation experiments showed a strong dependency of the radical chemistry

on the amount of oxygen and on the ratio of kaempferol to NaOH. This could be because

the radical chemistry is based on dimeric or polymeric structures of degradation products

of kaempferol. Yu et al. [14] reported the formation of dimers from phenoxyl radicals in

water after oxidation of phenol with HRPIH202, and the spectra of four of the radicals

produced by kaempferol autoxidation are best interpreted in terms of di- or polymeric

structures from the phenol that is generated by fragmentation of the flavonoid molecule.

If the formation of a phenoxyl derivative on ring B is the initial product of

autoxidation, as suggested by van Acker et al [9], and of the reaction with K02 at pH 6.9,

the rapid appearance of the EPR signal from p-benzosemiquinone indicates that this

radical is unstable and fragmentation occurs at the 2-1' bond. A plausible mechanism for

the early stages of the oxidation is presented in Figure 7. Water addition to the double
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bond is a likely first step after oxidation of ring B. This 2,3-dihydroxyflavanon has been

reported by Frey-Schröder and Barz [15]. 2,2-dihydroxy-l-(2,4,6-trihydroxyphenyl)-3-(4-

hydroxyphenyl)-1,3-propandion, which is formed when ring A is opened, has been

detected by Miller and Schreier [16]. These authors also detected the formation of 4-

hydroxybenzoic acid and 2,4,6-trihydroxybenzoic acid from the oxidation of kaempferol.

4-hydroxybenzoic acid is not stable in alkaline solution and probably degrades to phenol

and C02. This phenoxyl radical is also unstable and Neta et al. [17] reported the formation

of p-hydroquinone from phenoxyl radicals. In the presence of hydroxyl ions or water,

addition of OH groups to the phenol structure is possible at both the ortho or para

positions to the oxygen. Since the reaction takes place in an alkaline aerated solution,

oxidation of hydroquinone should occur readily with the formation of ortho-and para-

'e benzosemiquinone radicals. However, although we observe extensive formation of p-

benzosemiquinone, we have not seen any o-benzosemiquinone in any of our current

measurements.

In the reaction of HRP with H202, three complexes with high oxidation potentials

are formed [1]. Two of these (complexes II and III) can be reduced directly to the ferric

form of the enzyme, whereas complex I is first transformed into complex II. There are

previous reports of products of the reaction of the HRPIH202 system with kaempferol, but

it is difficult to relate the results of these investigations to the present results. For example,

Miller and Schreier [16] identified several products using UV-, IR-spectroscopy, mass

spectrometry, IH-NMR and 13C-NMR, but none of these had structures that could be

related to the hyperfine structure in our EPR spectra, even though three of the products

may be included in the degradation process of kaempferol and formation of phenoxy

radicals. In the PhD thesis of Miller [18], there was speculation of a dimeric structure for

one reaction product but this was not confirmed. Formation of a dimer as a product of the

reaction of kaempferol-3-glucoside with HRPIH202 was also suggested by Loth and

Klinge [13] on the basis of results from UV spectroscopy, vapour pressure osmometry (for

molecular mass determination) and alkaline degradation. One of the three structural

suggestions they made for this dimeric product could generate a radical that might explain

our EPR results.

Takahama [19] detected two degradation products from the oxidation of

kaempferol by superoxide anion radicals, but neither had a structure that correlates with

our EPR results. There are some reports about inhibitory effects of kaempferol on the

enzyme xanthine oxidase [8, 20, 21], where it is supposed that OH-groups on carbon 5 and
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7 block the position in the enzyme where xanthine should add. Since in our experiments

the xanthine/xanthine oxidase reaction is commenced before addition of the flavonol, any

inhibitory effect will have no consequence for the initial radical generation in the reaction

with kaempferol.

Puppo [22] has reported that kaempferol can function as either an antioxidant or a

prooxidant in the Fenton reaction depending on the experimental conditions. In the

presence of Fe(ill), EDT A and H202, kaempferol stimulates OH-formation by helping

redox-cycling the iron. When ascorbate is present, it can also reduce the Fe(III). If ATP is

used instead of EDT A, redox cycling of iron does not occur and kaempferol acts as an OH

scavenger. In our experiments the Fenton reaction system was already generating OH-

radicals before the flavonol was added, suggesting that reaction with OH radicals might be

'e the dominant process in the oxidation of kaempferol.

The spectrum of the 1st EPR signal reported by van Acker et al. [9] for the

autoxidation of luteolin appeared identical to our spectrum (Figure 2a), but their reported

hyperfine splitting constants produced a completely different spectrum on simulation.

Furthermore, they were not able to detect a signal using HRP and H202 at pH 7.4, which

may be a consequence of the different experimental setup they used. In our case the

flavonoid had contact with the solution where OH-radicals were already generated,

whereas van Acker et al. [9] included the flavonoid in the radical generating system.

Recently, Huang et al. [23] have reported that HRP can be inactivated by phenoxyl

radicals generated by reaction of H202 with phenols. If luteolin has a similar effect on the

enzyme, this could explain the failure of van Acker et al [9] to observe radical formation in

their HRP/H202/luteolin system.

5. Conclusions

Although the structures of luteolin and kaempferol differ only in the position of one OH-

group, the behaviour of these molecules under oxidative conditions are completely

different. The catechol group of luteolin stabilizes the radical anion and hence prevents

degradation. In contrast, the initial phenoxyl radical formed by oxidation of kaempferol is

unstable, and depending on the pH, it either fragments or forms dimers. Thus, whereas

luteolin could be redox cycled, the biological activity of kaempferol is probably related to

its degradation and dimeric products.
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Captions for Fhmres

Figure 1. Chemical structures of (a) luteolin, (b) kaempferol, (c) the initial radical from the

oxidation of (a), (d) possible second radical from the oxidation of (a), (e) kaempferide, (f)

p-benzosemiquinone, and (g) possible structure for the radical dimmer formed after (f).

Figure 2. EPR spectra of (a) the 1sI radical from autoxidised luteolin (3 scans), (b) its

simulation (aeH) = 0.275 mT, 0.150 mT, 0.125 mT, 0.117 mT), and (c) the 2nd radical

from autoxidised luteolin.

Figure 3. EPR spectra of autoxidised kaempferol (a) the initial radical (observed under

conditions of limited O2) and 1:1 ratio kaempferol:NaOH solutions (MA 0.05 mT, 1 scan),

(b) the 2nd radical (obtained under 02-rich conditions, or after a time delay when 02 was

limited and 1:1 ratios kaempferol:NaOH solutions), (c) using a kaempferol:NaOH=1.67: 1

ratio, and (d) a simulation of (c) (aeH) = 0.08 mT x 4, 0.095 mT x 4).

Figure 4. EPR spectra obtained from autoxidation of kaempferol usmg a 3: 1

kaempferol:NaOH ratio. (a) the initial spectrum (3 scans), (b) the spectrum obtained 5

minutes after (a), (c) a simulation of (b) (aeH) = 0.108 mT x 2, 0.075 mT x 4) after

subtracting a small contribution from (d) which was obtained 21 min. after (a).

Figure 5. EPR spectra from kaempferol after reaction with (a) xanthine/xanthine oxidase

(MA 0.08 mT), (b) HRPIH202 (MA 0.05 mT, 20 scans), (c) the Fenton reaction system

(MA 0.1 mT, 20 scans), and (d) their simulation (aeH) = 0.115 mT x 2,0.103 mT, 0.087

mT x 2).

Figure 6. (a) Possible routes for the dimer formation from kaempferol after oxidation with

HRPIH202 (after Loth and Klinge, 1964), (b) the structure which fits best with the EPR

data.

Figure 7. Proposed reaction pathway for the oxidation and disproportionation of

kaempferol.
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