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Chapter 1

Introduction

1.1 Lipid oxidation and free radicals
“An adult at rest may produce close to 2 kg of O," per year.”
(Halliwell 1994)

The nickname “Dr. Jekyll-Mr. Hyde” can reasonably be attributed to oxygen. It is the first
life-essential element, needed for normal functioning of all aerobic systems (Namiki 1990)
but it is also responsible for a number of oxidation processes with harmful consequences
such as weathering of non-biological materials (Larson 1997a), oxidative stress in plants
(Dalton 1995; Garcia-Plazaola & Becerril 1999), food quality deterioration (Finley &
Otterburn 1993; Frankel 1996; Hiramatsu et al. 1997) and human health disorders that are
related to oxidative damage of important biological molecules (Bermond 1990;
Ramarathnam et al. 1995; Tyrrel 1995; Cook & Samman 1996; Arouma 1998; Papas 1999;
Pokorny et al. 2001; Halliwell & Whiteman 2004). Target substances of oxidation
encompass a multitude of chemical structures occurring in nature — proteins, DNA,
(poly)unsaturated fatty acids (PUFA), cholesterol, phospholipids, carbohydrates, etc. (for
abbreviations see the Appendix). Next to water and air, food is the third fundamental
element of our life. Lipids are major components of many foods and subject of intense
protection against oxidation since they are important building elements of cell membranes.
Lipid oxidation in food causes a number of problems such as deterioration of food safety,
nutritional value and flavour- and texture aspects or appearance, which has serious
economical consequences (Shahidi & Wanasundara 1992).

Due to their unsaturated chemical nature lipids are very susceptible to oxidation. This
takes place through reactions involving triplet oxygen (°O,) and singlet oxygen ('O,). The
main mechanism of lipid oxidation in foods is a free radical chain process called
autoxidation. This process comprises three main phases — initiation (start), propagation and
termination, whose kinetics are illustrated in Figure 1.1. Some authors have divided this
process into four steps instead of three and between propagation and termination they
include branching. A schematic presentation is given in Figure 1.2 (Hamilton 1983; Belitz
et al. 2004). The onset of oxidation of a lipid molecule (RH) starts with an initiator. Such an
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initiator can be UV light irradiation, heat, pro-oxidative metal ions or enzymes, or the

presence of a photosensitiser.

Termination

Propagation

Initiation

Level of oxidation
(e.g. oxygen
uptake)

\'4

Time

Figure 1.1 Kinetics of free-radical lipid oxidation (Larson 1997b).
Start or Initiation: Formation of peroxy (ROQO®), alkoxy (RO®) or alkyl (R®) radicals.

Chain propagation:

R+ 0, — ROO’ (fast) (1.1)
ROO*+ RH — ROOH + R°* (slow, rate-limiting) (1.2)
RO" + RH — ROH + R (1.3)

Chain branching:
ROOH —RO’+ *OH (1.4)
2 ROOH —ROO® + RO® + H,0 (1.5)

Chain termination:

R® +R® — stable products (1.6)
R® +ROO"® — stable products (1.7)
ROO* + ROO°® — stable products (1.8)

Figure 1.2 Schematic presentation of autoxidation (based on Belitz et al. 2004).
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Most foods contain traces of metals as a result of processing (e.g. Ni from oil
hydrogenation), storage (Cu or Fe from packaging), or as a food component. Traces of
metals in foods are unavoidable and concentrations of down to 0.5 ppm are sufficient to
catalyze lipid oxidation (Labuza 1971; Larson 1997¢). The most reactive are metals whose
capable of one-electron-transfer redox reactions.

RH+M ™" 5 R*+ Me™+ H' (1.9)

The main “consequence” of all initiation mechanisms is the formation of free lipid
radicals and this stage of the process is called the Initiation phase of the oxidation. The
reaction is slow and the radical concentration at the beginning is low. The detailed
mechanisms through which free radicals are formed from lipids with the participation of
initiators are not yet fully understood. Allyl radicals will be formed preferentially because
of resonance stabilization of the radical.

The Propagation phase of the oxidation begins after the initiation has occurred. The
generated free radicals easily react with the biradical oxygen to produce peroxyl radicals
(ROO") (reaction 1.1). Reaction 1.1 is fast and the concentration of peroxyl radicals rapidly
increases at the expense of alkyl or allyl radicals. Peroxyl radicals attack other lipid
molecules, which leads to the formation of lipid hydroperoxides (ROOH) and proliferation
of free radicals in the system (reactions 1.2 and 1.3). Peroxyl radicals are considered to be
key species in the lipid oxidation as they are the main chain-carrying radical species.
Reaction 1.2 is the rate-limiting reaction, it is much slower than reaction 1.1, which
basically is a rapid radical-radical coupling. The relatively moderate reactivity of ROO*
determines their selectivity for the most weakly bound hydrogen in the unsaturated fatty
acid molecule (Larson 1997c; Frankel 1998a; Min 1998), which are the allylic hydrogen
atoms in (poly)unsaturated fatty acids (PUFA). The type of the formed hydroperoxide
(ROOH) depends on the type and degree of unsaturation of the fatty acid. The formed
ROOHSs can disproportionate through a monomolecular route to hydroxyl (HO®) and
alkoxyl (RO®) radicals (reaction 1.4). This phase is called Branching. Hydroxyl radicals are
extremely reactive (half-life of 107 s) (Pieta 2000). They attack every species in their
vicinity and thus, lead to intensive free radical formation and a fast acceleration of the
oxidation. For comparison, the rate of abstraction of an allylic hydrogen atom from a lipid
molecule by HO® is 10° times higher than by ROO® (Noguchi & Niki 1999; Sanchez-
Moreno 2002). Alkoxyl radicals, though much less reactive than HO®, also contribute to

propagation and branching of the oxidation as they can either abstract hydrogen from lipid
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molecules (reaction 1.3) or from the formed hydroperoxides, or further decompose through
[B-fission to an allylic alkyl radical and an aldehyde. Hydroperoxide decomposition may
also occur through a bimolecular pathway which is exothermic (reaction 1.5), unlike the
endothermic monomolecular decomposition (reaction 1.4). However, reaction 1.5 is of no
relevance since oil oxidation makes a food unpalatable well before reaching the necessary

hydroperoxide level for this reaction step to occur (Belitz et al. 2004).

13 12 10 9 Figure 1.3 Oxidation of linoleic
Rzm Ri acid by singlet oxygen (Frankel
Linoleic acid 1998b).
102
181210 9 131219 9 Foods usually contain
R—AY =R R—" Yy 1—R : S
2 f—\& 172 — 1 natural pigments or artificial
H 0=0 0=0 H dyes and are often exposed to
l l light. This brings about the
OOH OOH possibility of another oxidation
12 — — 10 mechanism with the
Ry—~ R1 Ry N—R; o .
participation of singlet oxygen.
. 1 -
OOH + OOH Singlet oxygen (‘Ag O,) (0=0)
13 M is a non-radical species with
— — 9 .
R, AN Ri Ry 7 R, sufficient ~ energy and a

relatively long lifetime.

Being a very electrophilic compound it readily attacks electron-rich compounds such as
double bonds in unsaturated fatty acids. For comparison, it reacts 10° — 10* times faster
with methyl linoleate than triplet oxygen (Labuza 1971). Figure 1.3 represents oxidation of
linoleic acid by singlet oxygen (Frankel 1998b). Consequently, hydroperoxides different
from those produced by the radical autoxidation mechanism are formed. Singlet oxygen
reacts faster but stoichiometrically (mol per mol) with the lipid molecule (Noguchi & Niki
1999). Therefore, it is generally agreed that once the initial hydroperoxides are formed, the
radical chain reactions prevail as the main oxidation mechanism (Benavente-Garcia et al.
2000). Singlet oxygen can be formed through photochemical, chemical, enzymatic or
physical processes. The photochemical production of 'O, is initiated by sensitisers (Sens)
and light and is the most common way to produce 'O, in foods. The sensitisers can be food
dyes (e.g. erythrosine, FD and C red No 3) (Hamilton et al. 1997) or natural pigments (e.g.
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chlorophylls, hemeproteins and flavins), which are able to absorb UV/Vis light and become
electronically excited (*Sens). There are two types of sensitizers (Fig. 1.4). Type I
sensitisers (e.g. riboflavin) are those which, once activated by light, react directly with the
substrate (RH), generating substrate radicals (R") and form hydroperoxides, which are the
same as those formed via free radical autoxidation. These trigger the autoxidation process.
Type II sensitisers (e.g. chlorophylls) activate the ground state of oxygen by energy transfer
to produce 'O,. This attacks the lipid molecules to produce hydroperoxides through an
entirely different mechanism (as shown in Fig. 1.3) (Hamilton et al. 1997; Frankel 1998b;
Min 1998; Belitz et al. 2004). Free radical scavengers cannot interfere with the formation of
this type of hydroperoxides. Figure 1.4 represents the photooxidation by sensitizers
(Frankel 1998b).

3sens Figure 1.4 Photooxidation by sensitizers

[ (Frankel 1998b).
Type | (riboflavin)y Type Il (chlorophylls)

hv| +RH hv [+30,
[intermediate ] + %0, lintermediate] + 'Sens In the presence of both types of
L sensitisers, the favoured mechanism
R’ 0, depends on the structure of the sensitizer,
on the substrate polarity and structure,
\+RH and on the oxygen concentration.
ROOH + Sens ROOH

Pathway II is favoured in non-polar

media such as lipids

where the solubility of 'O, is higher than in water. In water-containing solutions, where the
concentration of oxygen is lower, pathway I is preferred (Min 1998).

Hydroperoxide decomposition may occur in the presence of transition metal ions
through reactions 1.10 and 1.11. It is assumed that first a metal-hydroperoxide complex is
formed before decomposition to free radicals occurs. The oxidation step of the redox cycle
of the metal ions is faster (the metal itself is reduced, reaction 1.10) than the reduction

(reaction 1.11) and it controls the overall catalytic activity of the metal ion (Labuza 1971).

ROOH + M™ — [ROOH-M"] — ROO* + H + M™"* 1.10
ROOH + M™D* 5 RO* + OH + M"™ 1.11
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The solvent may either inhibit or enhance the catalytic action of the metal. For
instance, water may complex with metals, thus preventing the peroxides from doing so, or
facilitate the formation of insoluble metal hydroperoxides. In some cases, the solvent may
increase the solubility and hence, the mobility of the metal, which results in a stronger
catalytic effect on the oxidation (Labuza 1971).

The main route for hydroperoxide decomposition occurs through cleavage reactions
leading to the formation of low molecular volatile products such as aldehydes, ketones,
hydrocarbons, acids and epoxides. In Figure 1.5 the homo/heterolytic mechanism for the
decomposition of 13-OOH methyl linoleate hydroperoxides is shown. A “mixed”
mechanism (homolytic-heterolytic) is proposed to avoid the formation of unfavourable

vinylic radical intermediates (de Groot 2001).

VY Y B-scission Vaul N °
Rj mclH_/E/\RZ —&n R, @lHJ\JR H‘ﬁ_MRz R-CH,
203 -~ Cos s03
:.._H
H Ay P —H2Q NG gy, H2O
R WCH/N\=""g, — Ri (3|HA)J\=/\R2 Ri o Rz
? o7
O-H (>+\H
+ HO_MR
AH _ AH PN —H_ 2
R{"C—0—"=""R, == R{ CO""=" R, ~ "R/ c=0 + |
JrOH2 O\H O—C/E/\R2
H

Figure 1.5 Homo/heterolytic mechanism for the decomposition of 13-OOH methyl
linoleate hydroperoxides (de Groot 2001).

These secondary products of oxidation are very important in food industry, as they
cause the rancid off-flavour and odour of lipid-containing products. They have low
threshold values. A few ppb are often sufficient to give an unacceptable odour to foods
(Labuza 1971). Secondary oxidation products may themselves participate in further
reactions such as oxidation, decomposition, polymerization, etc. The obtained products may
negatively alter the colour, texture and safety of foods (Bermond 1990; Finley & Otterburn
1993; Frankel 1998c). They may also interact with important proteins and cause enzyme
inactivation (Decker 1998b) and/or with other food components, which may lead to
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Lipid oxidation is a process, which involves different types of reactions, a variety of
chemical intermediates and a multitude of other factors. Therefore, various approaches to
control lipid oxidation are possible. In general, they impact on all phases of lipid oxidation.
In terms of protection and preservation of foods, different measures for control and
minimization of lipid oxidation are undertaken in industry. These include: blending of
polyunsaturated fats with more stable monounsaturated lipids; partial hydrogenation of the
polyunsaturated fats; control of processing parameters such as limited aeration; minimizing
traces of impurities and loss of endogenous antioxidants such as tocopherols; suitable
temperature regime; air-free packaging or encapsulation; and appropriate storage conditions
(e.g. lack of direct light, cold or frozen storage, etc.) (Decker 1998b; Frankel 1998f;
Yanishlieva-Maslarova 2001). Nevertheless, it is neither possible nor practical to remove
all factors that may provoke oxidation. Therefore, the use of added substances
(antioxidants), able to prevent, delay or retard the oxidative processes is indispensable in
contemporary food preservation.

An antioxidant is a reductant, but a reductant is not necessarily an antioxidant (Prior &
Cao 1999). The term “antioxidant” has been generally formulated as “any substance that,
when present at low concentrations compared with those of an oxidizable substrate,
significantly delays or prevents oxidation of that substrate” (Halliwell 1995a). ‘Food
antioxidant” is specially formulated as “any substance that in small quantities is able to
prevent or retard the oxidation of easily oxidizable materials such as fats” (Frankel &
Meyer 2000). However, a broader meaning is hidden in this simple description, which is
rooted in the complex phenomena involved in oxidation — antioxidation. Antioxidants
exercise their protection at different stages of lipid oxidation and by different mechanisms.
A distinction must be made between short- and long-term protection of antioxidants owing
to the reaction kinetics (Antolovich et al. 2002). Compounds with antioxidant properties
belong to various chemical groups. Therefore, an orderly classification of all existing
antioxidants is difficult. Usually, they are classified either by their mechanism of action or
by their chemical nature, the first approach being more comprehensive and theoretically
more sound. A general division of antioxidants into two main groups according to their
mode of action is commonly accepted. Labuza (1971) has proposed a third group, which
does not comprise specific compounds but concerns the control of environmental factors

such as temperature, oxygen level, or moisture content.

1.2.1 Division of antioxidants by the mechanism of action
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Group I Antioxidants. Primary, true or chain-breaking antioxidants or free radical
scavengers are the names attributed to antioxidants from this group. They are able to inhibit
the initiation and propagation of oxidation by inactivating the free radicals, participating in
oxidative chain reactions by converting them into stable non-radical products or more
stable radicals. Pryor et al. (1993) have defined another group of antioxidants as “retarders”
(e.g. hydroxytetronic acids - see the structure on the right in Fig. 1.6). In contrast to the true
antioxidants, retarders slow down the oxidation propagation and after their consumption,
the rate of oxidation does not return to its initial value. In Figure 1.6 the difference in the

action of the two types of oxidation inhibitors is illustrated.

No inhibitor added

Extent of t With added retarder O 0
oxidation

(oxygen = OH
Uptake, PV} With added HO

chain breaker
Hydroxytetronic acid

w

Time

Figure 1.6 Autoxidation with and without inhibitors (Larson 1997d).
(* - the structure on the right is an example of a retarder)

Primary antioxidants are mainly phenolic compounds (AH) able to donate a hydrogen
atom or an electron to the free radical and to convert it into a stable non-radical product
(chain-breaking electron donors). Free radical scavengers predominantly react with peroxyl
radicals — reaction 1.12 — for two reasons: the higher concentration (reaction 1.1 is faster
than reaction 1.2) and the lower energy of the ROO® in comparison to other radicals such as
RO’ and the low concentration of the free radical scavengers in food, which make them not
competitive with highly reactive species such as HO® (Decker 1998a). A good free radical
scavenger, even at low concentrations, efficiently competes with lipids to deactivate the
free radicals by donation of an electron, followed by deprotonation (Frankel & Meyer
2000). Furthermore, it itself forms a low-energy stable radical, which does not promote
further chain propagation and does not react with oxygen to produce peroxides (Decker
1998a). The latter is due to antioxidant radical stabilization through resonance
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delocalization, intramolecular hydrogen bonding or by further oxidation (Fig. 1.7) (Frankel

& Meyer 2000).
. o%...
Ho o) o] o) o) H
ROO\jROOH o
H OH OH OH OH formation of an

intramolecular
hydrogen bond

Ol

ROO*
ROO‘ ROO.
ROOH
o o o
OOR
OH HO OOR o

Figure 1.7 Antioxidant radical stabilization through resonance delocalization,

intramolecular hydrogen bonding or by further oxidation.

The most stable antioxidant radicals are formed by phenolics with o-dihydroxy groups
and a bulky alkyl substituent at the p-position (Robards et al. 1999). Free radical scavengers
may also block free radicals by coupling (termination) reactions (chain-breaking electron
acceptors) — reactions 1.13, 1.15, 1.17. Thus, one molecule of the free radical scavenger can
deactivate at least two free radicals as seen from reactions 1.12 — 1.17 and Figure 1.7
(Noguchi & Niki 1999).

AH +ROO®* — ROOH + A* 1.12
A*+RO0O® — ROO-A 1.13
AH+RO®—- ROH+A® 1.14
A*+RO* - RO-A 1.15
AH+R*—>RH+A’ 1.16
A*+R"—> RA - R H+ AH 1.17

Antioxidant radicals may interrupt the chain-carrying reaction further by forming non-

radical peroxide-antioxidant compounds such as: ROO-A, RO-A and RA (reactions 1.13,

10
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1.15, 1.17) (Rajalakshmi & Narasimhan 1995). The homolytic decomposition of ROOH to
alkoxyl radicals further leads to the formation of secondary oxidation products (see Fig.
1.5) producing rancid flavour (Frankel & Meyer 2000). Therefore, reactions 1.14 and 1.15
are very important as they represent the mechanism by which free radical scavengers may

inhibit the formation of rancid products.

AH+ 0, - A* + HOO® 1.18
AH+ROOH — RO*+ H,0 + A® 1.19
A*+RH— AH+R’ 1.20

At high antioxidant concentrations or elevated temperatures antioxidants, especially
less substituted phenolics, may participate in chain-propagating reactions and exert pro-
oxidant effect (reactions 1.18 — 1.20) (Cillard et al. 1980; Husain et al. 1987; Gordon 1990;
Larson 1997¢; Frankel 1998g; Robards et al. 1999).

Group II Antioxidants. Compounds from this group are referred to as preventive or
secondary antioxidants. They encompass a large group of chemically different substances,
which inhibit lipid oxidation by different mechanisms and do not convert free radicals to
non-radical products. With some exceptions, secondary antioxidants are generally related to
inhibition of the factors initiating oxidation. Group II antioxidants include: chelators of pro-
oxidative metals, quenchers of singlet oxygen, scavengers of molecular oxygen, UV light
absorbers, inhibitors of pro-oxidative enzymes, enzymatic antioxidants, and hydroperoxide
decomposers. Synergists, which enhance the effect of primary antioxidants but by
themselves do not possess antioxidant activity, are also categorised as a type of secondary
antioxidants

e  Deactivators (chelators) of pro-oxidative metals

They either alter metal solubility or its redox potential, or sterically hinder the formation of
metal-hydroperoxide complexes (reaction 1.10) and thus prevent their further
decomposition (Decker 1998a; Frankel 1998g; Reische et al. 1998). The most efficient
metal chelators are compounds that possess lone electron pairs to donate to the metal ion
and orbitals suitably arranged in space so that vacant metal orbitals can be accommodated.
Typical examples include EDTA and citric acid (Mahoney & Graf 1986; Arora & Strasburg
1997) but also some flavonoids exert such properties. For the latter a catechol moiety in the
B-ring (Fig. 1.8), a 3-hydroxy and a 4-oxo group in the heterocyclic ring C, and a 4-oxo and
a 5-hydroxyl group in the C- and A rings, respectively is necessary (Pietta 2000).

11
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Mo Figure 1.8 Binding sites for trace metals (Pietta 2000).

Depending on pH and the exact metal ion present, one or more

phenolic groups can be deprotonated.

e  Quenchers of singlet oxygen
Singlet oxygen can be inactivated by physical (collisional) or chemical quenching (it can
add to antioxidants to form endoperoxides) (Huang et al. 2005), the first mechanism being
predominant. Collisional quenching takes place by energy transfer from the 'O, to the
quenching molecule. The latter dissipates the acquired energy as emission of heat into the
surrounding medium (Larson 1997c; Beutner et al. 2001). This process allows one
molecule of the quencher to inactivate many moles of 'O,. Carotenoids are the most
efficient quenchers of 'O, by this mechanism (Burton & Ingold 1984). They are also able to
chemically incorporate the 'O, molecule or to act as UV absorbers but the physical
quenching is prevalent. Tocopherol, ascorbate and some phenolics are able to chemically
quench 'O, (Decker 1998a). Quercetin may also scavenge singlet oxygen (Kanner et al.
1994; Larson 1997e).
e Scavengers of molecular oxygen and reducing agents
Strong reducing agents such as ascorbate and sulfur dioxide are able to scavenge molecular
oxygen and are especially useful in foods with headspace or dissolved oxygen (Reische et
al. 1998).
e UV light absorbers
Substances such as carbon black that are able to absorb the harmful UV light promoting
oxidation are used in non-food formulations such as polymers (Larson 1997a; Frankel
1998g). The presence of conjugated systems in phenolic antioxidants may explain their use
as UV absorbers in this way protecting foods and beverages from oxidative deterioration
(Larson 1997e; Andersen et al. 2003).
e Inhibitors of pro-oxidative enzymes
Phenolics may inactivate pro-oxidative enzymes such as lipoxygenases by reducing the
metal ion in their active site to its inactive reduced form (e.g. F ¢ toF ez+) (Decker 1998a).
Anthocyanins may inhibit oxidative enzymes (Kanner et al. 1994; Larson 1997¢).

e  Enzymatic antioxidants

12
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These antioxidants deactivate oxidation intermediates such as the superoxide anion (O,"),
hydrogen peroxide (H,0,) or lipid hydroperoxides (ROOH). Superoxide dismutase (SOD)
converts O,” to H,O,, which in turn is decomposed to water by catalase (Munday &
Winterbourn 1989) — reactions 1.21a and 1.21b. More detailed information can be found in
Table 1.1. Some phenolics are also able to deactivate the superoxide anion (Robards et al.
1999).

205 + 20 L o, 4 0, 121a
tal
2H0, =8 H2H,0 + O, 121b

Table 1.1 Enzymes with antioxidant activity.

Superoxide dismutase (SOD) Converts O,” — H,0,

Glucosoxidase Converts glucose — glucuronic acid
Catalase Breaks down 2H,0, — 2H,0 + O,
Peroxidase (PH,) Breaks down H,0, and ROOH

ROOH + PH, — ROH + H,0 + P

H202 + PH2 — 2H20 +P
Glutathione peroxidase (cell) Breaks down H,0, and ROOH

H,0, + 2GSH — 2H,0 + GSSG

ROOH + 2GSH — ROH + H,0 + GSSG
Glutathione peroxidase Breaks down H,0, and phospholipid
(plasma) hydroperoxides (PhROOH)

PhROOH + 2GSH — PhROH + H,0 + GSSG

Phospholipid hydroperoxide Breaks down phospholipid hydroperoxides
glutathione peroxidase (PhROOH)

e  Hydroperoxide destroyers
The accumulation of lipid hydroperoxides, which decompose to generate new radicals or
unwanted secondary oxidation products represents a key feature in lipid oxidation.
Antioxidants that are able to induce decomposition of these hydroperoxides through non-
radical routes or “bind” the generated secondary products will favourably affect the
ultimate antioxidant effect. Specific enzymes such as catalases and peroxidases (Table 1.1),
and strong reducers such as reduced sulfur and phosphorous compounds (Larson 1997f),
melanoidins (Obretenov et al. 1986; Schuler 1990; Bailey et al. 1996) are effective
hydroperoxide destroyers.

Synergistic interaction between antioxidants enhances the total antioxidant potential
either by regeneration of one of the antioxidants or by “sparing” effects. A good synergistic

combination generally combines two free radical scavengers such as tocopherol and
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ascorbate (Fig. 1.9) (Frankel 1998g) or a free radical scavenger with a metal chelator
(Miller et al. 1996). In the first case, ascorbate regenerates tocopherol by donation of a
hydrogen atom to the tocopheryl radical. Amino acids, amines, proteins, phospholipids are

another example of synergistic action (Schuler 1990).

ROG -, Tocopherol Ascorbic acid® Figure 1.9 Synergistic combination between
tocopherol and ascorbate (Frankel 1998g).
[ ]
ROOH" ™ Tocopherol Ascorbic acid

The metal chelator diminishes the formation of free radicals and hence, the consumption of
a free radical scavenger will be slower and its total concentration will increase i.e. the free
radical scavenger will be “spared” (Banias et al. 1992; Wada & Fang 1992; Baldioli et al.
1996). Also, some flavonoids like quercetin and tea catechins (Pietta 2000), regenerate
tocopherol from tocopheroxyl radical, thus ensuring a “sparing” effect. A specific
synergistic interaction is the one between tocopherol and B-carotene (Fig. 1.10) (Frankel
1998b). Tocopherol enforces p-carotene by taking up part of its 'O,-quenching “duties” i.e.

exhibiting a “sparing” effect.

L 1
Tocopherol addition Chlorophyll* B-Carotene 0,

3
o))
products X physical quenching
chemical quenching
10,

Tocopherol Chlorophyll B-Carotene* %0,

Figure 1.10 Synergistic combination between tocopherol and 3-carotene (Frankel 1998b).

Some antioxidants exert multifunctional antioxidative properties. For example,
ascorbic acid can act as a free radical scavenger, deactivates molecular oxygen, scavenges
singlet oxygen in aqueous solutions and effectively regenerates tocopherol i.e. acts as a
synergist (Halliwell 1994). Many flavonoids are good free radical scavengers, metal
chelators or synergists (Miller et al. 1996; Arora & Strasburg 1997). Phospholipids and
Maillard reaction products are also antioxidants with multiple functions (Obretenov et al.
1986; Gordon 1990; Bailey et al. 1996).

The generally accepted classification of antioxidants presented above, however can be
somewhat misleading as the majority of the antioxidants termed as “secondary” act, in fact,
on the first defense line of oxidation i.e. inhibition of the factors and agents that initiate
oxidation. The “primary” antioxidants start to be effective on the next stages when the free

radicals are already formed and propagated.
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A mere mechanical addition of an antioxidant to food cannot ensure a sufficiently good
protection. Additional considerations should be borne in mind. The antioxidant and
oxidation agent should be in the same location. For example, a water-soluble metal chelator
may not be effective if the pro-oxidant metal is located in the lipid phase (Decker 1998a).
Tocopherol will be more effective against radicals generated in lipophilic media, while
ascorbate will scavenge aqueous radicals more efficiently despite having similar reactivities
toward oxygen radicals (Noguchi & Niki 1999). Different radical scavengers are effective
toward different radicals. For example, tocopherol (E” = 480 mV) scavenges ROO* (E’ =
1000 mV) but not *OH (E” = 2300 mV) and RO* (E” = 1600 mV) radicals the latter ones
being too reactive (Noguchi & Niki 1999; Pietta 2000). The potential of a free radical
scavenger to compete with the lipid molecule for donation of a hydrogen atom to the free
radical can be primarily predicted from their standard redox potentials (E”) (Pietta 2000;
Andersen et al. 2003). If there are no kinetic restrictions, any species having a redox
potential lower than that of the oxidizing free radical will be able to donate hydrogen to the
free radical. For example, a-tocopherol can react more rapidly with ROO® than a PUFA
because E” , rocopherol = 480 mV, E¥ pypa = 600 mV, and E* goo” = 1000 mV (Decker 1998a;
Pietta 2000). But redox potentials are not always correlated to the hydrogen atom donating
ability. Thus, the reducing capacity of a sample is not related to its scavenging capacity
(Lucarini et al. 1999).

Interfacial phenomena are another factor which have been proven to be important for
the oxidizable substrate and antioxidant partitioning. The so-called “polar paradox”
explains why lipophilic antioxidants perform better in polar media such as emulsions
whereas hydrophilic antioxidants are more efficient in bulk oil systems (Porter 1993;
Frankel & Meyer 2000). In emulsions apolar antioxidants concentrate in the oil and the oil-
water interface thus ensuring a better protection of the lipid while polar antioxidants
“dilute” in the aqueous phase. In bulk oil systems the reverse is observed i.e. by being
present near the oil-air interface hydrophilic antioxidants efficiently protect against lipid
oxidation (Fig. 1.11). Possible interactions between the antioxidant and medium
components, as well as pH and polarity of the medium should be considered (Fujimori et al.
1994; Huang et al. 1996; Moure et al. 2001; Huang et al. 2005).
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(1) Bulk (2) Oil-in-water emulsion
Air
* * * ¢ ¢
* * ¢ * A *
* ¢
¢ o
*
° °
° ° . °

Figure 1.11 Partitioning of hydrophilic (¢ ) and lipophilic (e) antioxidants in bulk oils and
oil-in-water emulsions (from Frankel & Meyer 2000). (1) Hydrophilic (¢), more protective
> Lipophilic (®); (2) Lipophilic (e), more protective > Hydrophilic ().

Apparently, no single antioxidant is able to ensure a total “security” for all type of
lipids and through all the stages of oxidation i.e. a “universal” antioxidant cannot be found.
It is clear that the key for an efficient protection lies in the balance between oxidative and
antioxidative species and other factors. In Figure 1.12, a schematic presentation of the
“HACCP” (Hazard Analysis of Critical Control Points) (Danchev 1997) in oxidation-
antioxidation processes is presented. Nature has created efficient mechanisms in living
organisms to inhibit oxidation by multicomponent antioxidant systems (Decker 1998a).
Following the examples presented by biological systems, efficient food-protection systems

can be developed by combining different types of antioxidants.

1.2.2 Division of antioxidants by chemical nature (synthetic and natural antioxidants)

In foods, the most widely used antioxidants are the phenolic chain-breaking antioxidants.
Several synthetic [BHT (1), BHA (2), TBHQ (3) and PG (4); Fig. 1.13(a)] and a few
natural compounds [tocopherol (5), ascorbic acid (6), B-carotene (7); Fig. 1.13(b)] have
been officially allowed for use in foods (Schuler 1990).
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Figure 1.12 The “HACCP” in oxidation-antioxidation processes (the abbreviation

“HACCP” is taken to show hazards and measures to inhibit them).
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However, toxicological studies have implicated synthetic antioxidants as a possible health
hazard (Barlow 1990; Evans & Reynhout 1992; Nieto et al. 1993; Madhavi & Salunkhe
1995). Superiority of “all-natural” antioxidants has intensified the search for novel
antioxidants of natural origin. A great deal of natural substances and mixtures have been
investigated and recognized as antioxidants. A huge amount of papers and extensive
reviews can be found elsewhere (Larson 1988; Namiki 1990; Léliger 1991; Shihidi &
Wanasundara 1992; Okuda et al. 1994; Madsen & Bertelsen 1995; Rice-Evans et al. 1996;
Decker 1998b; Robards et al. 1999; Pietta 2000; Moure et al. 2001). Some natural products
have already been exploited commercially (Schuller 1990). Examples include not only
ascorbic acid (6) and tocopherols (5) but also spices like rosemary, sage, thyme, oregano,
turmeric, and curcuma (Schuller 1990; Shihidi & Wanasundara 1992; Madsen & Bertelsen
1995; Nakatani 1996; Madsen et al. 1997); soya beans (Pratt 1980; Schuler 1990; Shihidi &
Wanasundara 1992); seeds such as grape seed, sesame, canary, cottonseed, rapeseed, chia,
olive (Pratt 1980; Taga et al. 1984; Shukla et al. 1996; White & Xing 1996; Yamaguchi et
al. 1999; Altarejos et al. 2005; Perez-Bonila et al. 2006); different teas (Cao et al. 1996; Ho
et al. 1996; von Gadow et al. 1997a,b; Zandi & Gordon 1999) and wine (Kanner et al.
1994; Vinson & Hontz 1995; Williams & Elliot 1996; Sanchez-Moreno et al. 1999;
Pellegrini et al. 2000). Others still require toxicological studies to prove their safety (Pratt
& Hudson 1990; Madhavi & Salunkhe 1995).

Meanwhile, intensive research with various plants is on-going and many active
compounds have been isolated and evaluated as antioxidants. In the majority of cases, the
active ingredients are of a phenolic nature — phenolic acids (8 — 12) (Dziedzic & Hudson
1984; Cuvelier et al. 1992; Marinova & Yanishlieva 1992; Marinova & Yanishlieva 1994;
Heilmann et al. 1995; Rice-Evans et al. 1996; Chen & Ho 1997), flavonoids (14, 15)
(Heilmann et al. 1995; Rice-Evans et al. 1996; Velioglu et al. 1998; Pietta 2000; van der
Sluis et al. 2000; Moure et al. 2001), isoflavones (16) (Dziedzic & Hudson 1984; White &
Xing 1996; Ruiz-Larrea et al. 1997; Hendrich et al. 1999), catechins (17) (Kanner et al.
1994; Sawai & Sakata 1998), phenylpropanoids (19) (Gao et al. 1999), anthocyanidins
(Rice-Evans et al. 1995; Wang et al. 1999) and chalcones (Fig. 1.14) (Mathiesen et al.
1997). Other classes include hydrolyzable tannins, proanthocyanidins, lignans as well as
biflavones, aurones, and coumarins (18) (Pietta 2000). Some compounds of terpenoid
nature are also antioxidants (carnosic acid (13), carnosol) (Frankel et al. 1996). Because
phenolics are widespread in the plant kingdom (approx. 5000 — 8000) (Cao et al. 1997,
Robards et al. 1999; Pietta 2000), they are currently attracting the biggest attention. The
chemical structures of selected synthetic and natural antioxidative compounds are given in
Figures 13(a) and 13(b).
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Figure 1.13 Selected (a) synthetic and (b) natural antioxidants.
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Figure 1.14 General structures of flavonoids (adapted from Frankel 1998g; Robards et al.
1999; Pietta 2000; Pannala et al. 2001).

The strong antioxidant properties of phenolics are determined by their electron-rich
nature, which implies an easy electron donation followed by deprotonation of their phenolic
hydroxyl groups or the other way around, first deprotonation and then electron donation
(Frankel & Meyer 2000). The formed phenoxyl radical is stabilized by electron
delocalization (Fig. 1.7), which is eased by the presence of conjugated systems such as the
2,3-double bond in conjugation with a 4-oxo function in the C-ring of flavonoids (Hudson
& Lewis 1983, Rice-Evans 1995; Rice-Evans et al. 1996; Lien et al. 1999; Fukumoto &
Mazza 2000; Pietta 2000) or the conjugated side chain in cinnamic acid derivatives (10)
(Larson 1997e). The latter explains why cinnamic acid derivatives are stronger antioxidants
than hydroxybenzoic acid derivatives (8) (Hudson & Mahgoub 1980; Fukumoto & Mazza
2000). In general, both the position and degree of hydroxylation (catechol structure in the
B-ring) are important for the exhibited activity of flavonoids or phenolic acids (Robards et
al. 1999; Fukumoto & Mazza 2000; Pietta 2000; Pannala et al. 2001). The presence of a 3-
hydroxyl group in the heterocyclic ring increases the radical scavenging activity of
flavonoids, like flavonols being more active than flavones. Flavanonols and flavanones are
weak antioxidants because of the lack of conjugation with the 4-oxo group (see Fig. 1.14)
(Fukumoto & Mazza 2000; Pietta 2000). Methylation or esterification (e.g. chlorogenic
acid (12)) and glycosylation (e.g. rutin (15)) of one or more of the hydroxyl groups
generally reduce the antioxidant abilities (Larson 1997e; Robards et al. 1999; Fukumoto &
Mazza 2000; Pietta 2000). The opposite for glycosylation has also been observed (Robards
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et al. 1999; Fukumoto & Mazza 2000). Ortho-dihydroxy groups like in some phenolic acids
(8 — 12) and in the A- and B-rings of flavonoids, or hydroxyl groups at C-3 and C-5 with a
4-oxo function in the A- and C-rings of flavonoids enhance the antioxidant potential and
enable metal chelation (Figs. 8 and 14) (Rice-Evans 1995; Larson 1997¢; Robards et al.
1999; Pietta 2000).

In the plant kingdom, natural substances exist as mixtures, which ensure an efficient
protection for the plant from oxidative damage or stress due to synergetic or additive effects
(Pratt & Hudson 1990; Moure et al. 2001). Utilizing plant extracts or enriched fractions
may present an attractive alternative for preservation of foods. In addition, many natural
products (real antioxidants) have been found to exhibit other wholesome properties such as
anticarcinogenic, immunostimulating or antiinflammatory properties (Alcaraz & Ferrandiz
1987; Bermond 1990; Madhavi et al. 1995). Indirect evidence is the established relationship
between the low incidence of diseases such as cancer, atherosclerosis and cardiovascular
diseases and the increased dietary in-take of fruits and vegetables rich in phenolics (e.g. the
so-called “French paradox”) (Renaud & de Lorgeril 1992; Cook & Samman 1996; Robards
et al. 1999; Moure et al. 2001). However, it should be kept in mind that “natural” is not
necessarily equivalent to “harmless”. For example, some flavonoids have been found in
vitro to be mutagenic (Sahu & Gray 1993; Sahu & Gray 1994). The biological and
pharmacological properties of flavonoids depend on their antioxidant or pro-oxidant
behaviour (Cao et al. 1997). It should be noted that, in general, the more hydroxyl
substituents, the stronger the antioxidant activity but also the pro-oxidant activity.

Moreover, in in vivo studies more factors such as metabolic transformation and dietary
interactions play a role than in in vitro studies in foods (Ghiselli et al. 2000). Any natural
substance aimed to be used as food preservative should be toxicologically tested for its
safety. Nowadays the authorities in many countries only allow antioxidants included in the
so-called “Positive list” and approval of any new antioxidant requires intensive
toxicological studies, including mutagenic, teratogenic and cancerogenic ones (Mikova
2001). For commercial application, a natural antioxidant mixture should also be

“compatible” with the food i.e. not change its appearance, taste, flavour, odour or texture.
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1.3 Evaluation of antioxidant activity and determination the level of lipid oxidation
A process or phenomenon is not of much value if it cannot be adequately
measured and evaluated. Five main questions should be answered when oxidation and

antioxidant activity is evaluated: which, what, how, when and where.

(This thesis; Halliwell 1995a)

In literature numerous methods and techniques for assessment of lipid oxidation and
evaluation of antioxidant activity have been reported (Shervin 1968; Ragnarsson & Labuza
1977; Khal & Hilderbrant 1986; Namiki 1990; Frankel 1993b; Frankel 1998d,e; Tian &
Dasgupta 1999; Frankel & Meyer 2000). In principle, if a compound is a poor antioxidant
in vitro, it is unlikely to be any better in vivo (Hanasaki et al. 1994). That is why, assays
concerning in vitro lipid oxidation and antioxidant effectiveness will be discussed here.
Mechanisms of oxidation and its prevention in in vivo systems are different due to the
cellular permeability of antioxidants and transport processes (Antolovich et al. 2002) and
are not discussed in this thesis. The majority of the methods rely on objective chemical or
physical processes and instrumentation and include: chromatographic like TLC, GC, HPLC
and all varieties of these techniques; spectroscopic like UV/Vis, IR, fluorimetry, MS, NMR
and electrochemical ones like polarography and voltammetry. Almost any analytical
procedure requires a substantial pre-treatment of the sample before the actual measurement.
The methods cover primary and secondary antioxidants.

Except for sensory analysis of foods, most methods measure a particular parameter at a
single time (e.g. DPPH, ABTS, static head-space GC), other monitor the dynamics of
oxidation (such as oxygen by AOM, Rancimat, oxygen uptake and bomb, weight gain; fatty
acids by GC and HPLC; or free radicals by EPR, chemiluminescence). To speed up the
analysis, elevated temperatures and/or increased access to air are applied. Storage at
ambient temperatures is also used, as it is most representative for “real-life” circumstances.
To simplify the experimental protocol or to facilitate theoretical studies, model or
simplified test systems are used instead of authentic food: linoleic acid (Mahoney & Graf
1986; Roozen et al. 1994; Lavelli et al. 1999) and its methyl ester (Yamauchi et al. 1988;
Bertelsen et al. 1995; Roginsky et al. 1996), B-carotene bleaching, citronellal (Bocco 1998),
model radicals, liposome and microsome systems (Aruoma et al. 1989; Kansci et al. 1997,
Plumb et al. 1997; Heinonen et al. 1998). Some analyses measure the amount of final or
intermediate products generated through the oxidation (conjugated dienes or PV, TBARS
test, total or selected carbonyls, anisidine value, head-space GC or sensory analysis).

Because radical scavenging properties are of primary importance for an antioxidant
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defense, a number of methods have been developed to evaluate the radical-trapping
efficiency of antioxidants (ABTS, DPPH, DMPD, DBO, automated ORAC, TRAP, FRAP,
cyclic voltammetry (Chevion et al. 1997), O, (Thornalley & Bannister 1985; Hanasaki et
al. 1994; Quick et al. 2000; Toyo’oka et al. 2003). Different parameters have been
elaborated for expressing the efficiency of antioxidants [e.g. TEAC (Miller et al. 1993; Cao
& Prior 1998; Prior & Cao 1999; Re et al. 1999; Arnao 2000), % Inhibition (Yoshida et al.
1989; Rice-Evans & Miller 1994; Strube et al. 1997), ECs, (Brand-Williams et al. 1995),
Antiradical Efficiency (Sanchez-Moreno et al. 1998), AUC (area-under-curve) (Cao &
Prior 1998), lag-time (Anotolovich et al. 2002; Huang et al. 2005) and TAA (Arnao et al.
1996)]. A universal classification of all existing methods is not possible and different
classifications for assays have been proposed (Frankel 1998d,e; Shahidi & Wanasundara
1998; Huang et al. 2005).

) Peroxides
Polymeric compounds

Volatile compounds

]t

Induction period Rancid

P

Figure 1.15 Dynamics of oxidation as a function of time, expressed by different oxidation
products (based on Labuza 1971).

Depending on what we want to measure and evaluate in a given sample, the
appropriate methods should be chosen, which is illustrated by the dynamics of oxidation in
time, expressed for different oxidation products in Figure 1.15 (Labuza 1971). For example,
the amount of accumulated hydroperoxides is to be measured before they start to break
down. After the hydroperoxide decomposition has commenced, the rancidity of a sample
has to be estimated on the basis of volatiles or other secondary oxidation products formed.
Each assay possesses a range of abilities and suffers from specific drawbacks. The

advantages and limitations of some of the methods together with relevant references are
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presented in Table 1.2. It is clear that it is impossible to develop a test method, which will
satisfy all requirements and provide for a comprehensive picture of the entire
oxidation/antioxidation phenomena, and be applicable to all types of oxidisable substrates
and antioxidants. Furthermore, one has to keep in mind that a pro-oxidant behaviour is
often possible (Fukumoto & Mazza 2000). The need of using combinations of
complementary methods has been established by many researchers and many relevant
studies have been published (Sherwin 1968; Khal & Hilderbrant 1986; Frankel 1993b;
Halliwell 1995b; Larson 1995; Robards et al. 1999; Frankel & Meyer 2000; Halliwell &
Whiteman 2004; Huang et al. 2005

Table 1.2 Advantages and limitations of methods for estimation of lipid stability and
evaluation of antioxidant activity (references in this Table are arranged according to year of

publication).
Method Advantages Limitations References

Stability tests of oils/fats

Storage:

e at ambient +The most relevant | —Very slow; Ragnarsson &

temperature to real-life ~Not very Labuza 1977,
conditions; reproducible; Ragnarsson et al.
+No equipment is 1977; Economou et
needed; al. 1991; Wada &

Fang 1992; Vekiari
etal. 1993; Kim et

e at elevated +Speeded up in —Possible loss of al. 1994; Frankel

temperature comparison to the volatile or thermally 1998e.
above technique; labile antioxidants;
+Common —Changed oxidation
equipment. mechanism;
—Thermal alterations
of lipids that are not
relevant to the real
storage conditions
may occur.
Weight gain +Simple —Not very sensitive; Wanasundara &
performance; —Formation of volatile | Shahidi 1994;
+Common products affect the Pokorny et al. 1997;
equipment; obtained results; Ackoh & Min 1998;
+Satisfactory —Accurate control of Frankel 1998e.
reproducibility. the experimental

parameters to
minimize their
influence on the
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results is needed;
—Laborious.

Rancimat and
Active Oxygen
Method
(A0M)

+Rancimat is
automated;
+Measure the rate
of oxidation.

—Questionable end-
point;

—Rancimat requires
high levels of
oxidation;

—Loss of volatile or
thermally labile
antioxidants;
—Unreliable results
due to hydroperoxide
decomposition and
side reactions of the
lipid — not suitable
for easily oxidized
lipids whose
hydroperoxides
readily decompose;
—Sensitive to small
variations in oxygen
pressure;

—Large sample size is
needed;

—Low relevance to
flavour scores;

—No relation to the
oxidation under
normal storage
conditions;
—Time-consuming;
—Requires specific
equipment
(Rancimat).

Ragnarsson &
Labuza 1977,
Ragnarsson et al.
1977; Laubli &
Bruffel 1986;
Obretenov et al.
1986; Matthaus
1996; Mendez et al.
1996; Ackoh & Min
1998; Frankel
1998e; Schwarz et
al. 2001.

Schaal oven

+Relatively mild
oxidation and
fewer problems in
comparison to the
other accelerated
tests;

+Good relevance
to the real shelf-
life;

+No need of
special equipment.

—Slow;
—Large sample size is
needed.

Ragnarsson &
Labuza 1977; Pazola
et al. 1990; Mendez
et al. 1996; Frankel
1998¢; Kovatcheva
et al. 2001.

Oxygen uptake

+Small samples
can be studied;
+Measures the rate
of oxidation;
+Good correlation
between the rate of
oxygen
consumption and

—Requires high level
of oxidation;

—Not very sensitive;
—Requires special
instrumentation.

Ragnarsson et al.
1977; Pryor et al.
1988; Mikkelsen &
Skibsted 1992;
Jorgensen &
Skibsted 1993; Pryor
et al. 1993; Frankel
1998¢; Tian &
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Oxygen bomb

storage time — can
be used for shelf-
life prediction.

+Excellent
reproducibility;
+Measures the rate
of oxidation;
+Smaller sample
required.

—The temperature is
too high (99 °C);
—The degree of
oxidation depends on
the % PUFA in the
lipid;

—Unwanted
contaminants from the
tissue paper used for
the sample.

Dasgupta 1999;
Huang et al. 2005.

Methods for oxidative changes & evaluating antioxidants

formed
hydroperoxides;
+Oxidation of
easily oxidized
lipids may be
monitored;

+No need of
preliminary
derivatization of
fatty acids or
sample
preparation.

Sensory panel | +Best related to —Requires specially Burkow et al. 1992;
tests the quality and trained panelists and Frankel 1998d,¢;
consumer suitable premises; Madsen et al. 1998;
acceptability of the | —Results depend on Mabhrour et al. 1998.
food; the experience and
+Sensitive. sensitivity of the
panelists;
—Results are subject of
misunderstanding due
to the lack of common
descriptive
vocabulary;
—Results depend on
the threshold values of
the analysed volatiles;
—Poor reproducibility;
—Low precision.
HPLC +Very sensitive; —Good knowledge Gebicki & Guille
analysis of the | +Reproducible; about the nature and 1989; Christensen &
changes in +Provides retention Holmer 1996; Hopia
fatty acid qualitative and characteristics of the et al. 1996; Guo et
composition quantitative analysed compounds al. 1997; Frankel
or HPLC of information for the | isneeded; 1998e; Yamaguchi
formed fatty acids —Requires relatively et al. 1998.
hydroperoxide | involved in the expensive
s oxidation or the instrumentation.
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GC analysis of | +Very sensitive; —Requires Roozen 1987;
the changes in | +Reproducible; sophisticated Frankel & Gardner
fatty acid +Provides instrumentation, 1989; Frankel et al.
composition. qualitative and especially for the 1989; Frankel
Headspace quantitative analysis of volatiles (a | 1993a; Frankel et al.
GC of information for the | headspace device); 1994; Takacsova et
secondary fatty acids —Preliminary sample al. 1995; Hopia et al.
volatiles involved in the preparation such as 1996; Frankel

oxidation; fatty acid 1998d,e;

+Oxidation of derivatization is Anotolovich et al.

easily oxidized needed, which may 2002; Koleva et al.

lipids may be affect the precision 2003.

monitored; and accuracy of the

+Oxidation may be | quantitative analysis;

followed in static ~Low precision.

or dynamic model;

+Very good

correlation with

the results from

sensory analysis.
e siatic +Relatively rapid —Not suitable for

— automatic compounds, that

performance — decompose during

routine analysis of | the equilibration

a large number of step in the static

samples; headspace GC;
e dynamic +Direct analysis of —Dynamic headspace

complex samples GC is slow and not

;’)Vr‘élt'lr‘é‘;tri%ii‘s?l suitable for routine

> analyses — requires

+Capable to detect muc¥1 time- anccll labour

trace amounts; input.

+Sample subjected

to lower-

temperature

heating than in the

static version.
Peroxide +Provides —Not suitable to study | Gebicki & Guille
value (PV) information about | the advanced 1989; Takao et al.

e Jodometric
titration

the concentration
of the formed
hydroperoxides;
+Suitable for bulk
oils.

+Routine
analytical protocol
and common
reagents;
+Relatively
precise;
+Relatively

oxidation phase when
hydroperoxides start
to decompose — not
very suitable for easily
oxidized lipids;

—Not suitable for
emulsions or
biological materials;
—Not very sensitive
and selective;

—Low results due to
possible addition of
iodine across

1994; Yen & Chen
1995; Zhang et al.
1996; Akoh & Min
1998; Frankel
1998d,e; Kovatcheva
etal. 2001;
Anotolovich et al.
2002.
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e Ferric
thiocyanate
colorimetry

sensitive.

+More sensitive
than iodometric
titration;
+Requires smaller-
size sample than
for iodometric
titration.

unsaturated bonds;
—Oxidation of iodide
by dissolved oxygen;
—Variations of
reactivity of
peroxides;

—Requires relatively
high level of oxidation
— not suitable for the
very first moments of
oxidation when the
hydroperoxide
concentration is low;
—The correlation
between the PV and
the onset of rancidity
is not always good —
needs cautiousness in
shelf-life prediction;
—Provides information
only for the current
oxidative status of the
sample but not about
its potential to oxidise;
—Requires relatively
large samples;
—Experimental
conditions (e.g. light,
operator’s skillfulness,
time) may strongly
affect the results;
—Chemical structure
and reactivity of
ROOH may influence
the results.

Conjugated
dienes

+Sensitive;
+Reproducible;
+Results do not
depend on
chemical reactions;
+Faster than PV;
+Simple;
+Selective if using
HPLC or matrix
subtraction using
second-derivative
spectroscopy;
+Measures only
early stage in the
oxidation;
+Requires small
sample size;

+Uses common
spectrophotometric

—Other chromophores
absorbing in the same
spectral region (e.g.
carotenes) present in
the sample may
interfere;

—Requires mild
oxidation of the
sample in order to
prevent hydroperoxide
decomposition;

—Not suitable for
hydrogenated or
deodorized oils since
they contain
conjugated di- or
three-enes;

—Generic

Pryor et al. 1993;
Kanner et al. 1994;
Akoh & Min 1998;
Frankel 1998d,e;
Madsen et al. 1998;
Wettasinghe &
Shahidi 1999;
Anotolovich et al.
2002.
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equipment; measurement — little

+Suitable for both info about the

bulk oils and structure of the

emulsions. compounds.
TBARS. Total | +Simple; —Not very sensitive Yang et al. 1991;
or selected +Sensitive, for mono- and Jacobson 1993;
carbonyl especially for diunsaturated lipids; Akoh & Min 1998;
compounds polyunsaturated —Not specific as other Frankel 1998d,¢;

llpldS, samp]e components Miura et al. 1998;

+Selective if using
HPLC —
characterization
the individual
species;

+Precise;

+Uses common
spectrophotometric
equipment;

+Good correlation
with the sensory
analysis of some
vegetable oils.

may form red-
coloured products
with the TBA,;
—Reaction conditions
have effected color
development;
—Strong influence of
the experimental
conditions (light,
temperature, time of
heating, presence of
metal ions or certain
compounds such as
amines, etc.);

—Some experimental
protocols can be time-
consuming or provoke
formation of artifacts.

Moller et al. 1999;
Anotolovich et al.
2002.

p-Anisidine
value

+Precise;

+Both volatile or
non-volatile
carbonyls can be
analysed;

+Good correlation

—Less sensitive than
GC;

—Other sample
compounds may
interfere either with
the reaction or the

Akoh & Min 1998;
Frankel 1998d,e;
Zandi & Gordon
1999.

with the flavour absorption_
acceptability
scores.
TOTOX +Present state 1.e. | —Lacks sound | Akoh & Min 1998;
(2PV + AnV) | PV + past history | scientific basis — Frankel 1998d,e.
i.e. p-AnV. 2PV + TBA.
B-Carotene +Simple; —Not specific; Marco 1968; Miller
bleaching +Relatively rapid; —Strong influence of 1971; von Gadow et
+Sensitive; the experimental al. 1997a,b;
+Uses common conditions and other Dapkevicius et al.
spectrophotometric | sample components; 1998a,b; Frankel
instrumentation. —Oxidizable substrate 1998¢; Fukumoto &

is not representative
for real lipids — the
obtained data are not
directly related to the
actual oxidation;
—Mechanism of
oxidation-
antioxidation is not

Mazza 2000; Koleva
et al. 2003.
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clear;

—Reliable results are
limited to less polar
antioxidants.

Fluorescent +Very sensitive; —Not specific; Porter et al. 1989;
analysis of +Suitable for —Requires special Miyagawa et al.
ROOH or complex food and instrumentation. 1991; Arora &
secondary biological systems. Strasburg 1997;
oxidation Akoh & Min 1998;
products Frankel 1998d.

Other methods for evaluation of antioxidants

available reagents;
+Can be combined
on-line with HPLC
for large-scale
screening of

tested antioxidant will
be efficient for;
—DPPH® — depends
on compounds’s
structural

Chemilumines | +Very sensitive; —Requires special Yamamoto et al.
cence +Ability to detect instrumentation; 1985; Cash et al.

low levels of ~Uses relatively 1988; Yang et al.

oxidation — oils expensive and not 1991; Burkow et al.

can be easily very stable reagents 1992; Whitehead et

studied with no (e.g. enzymes). al. 1992; Nakano

need of elevated 1994; Niederldander

temperature; 1994; Popov &

+Suitable for Lewin 1994,

complex food and Matthaus 1996;

biological systems; Navas & Jimenez

+Reproducible; 1996; Escobar et al.

+The scavenging 1997, Kalitchin et al.

activity toward 1997; Akoh & Min

radical species and 1998; Dapkevicius et

reactive oxygen al. 1999.

species that are

generated in real

systems can be

evaluated;

+Can be combined

on-line with HPLC

for large-scale

screening of

complex samples.
Radical- +Sensitive; —Employs model Blois 1958; Arnao et
trapping +Reproducible; radical species not al. 1995; Brand-
methods +Selective; encountered in real Williams et al. 1995;
employing +Rapid, systems — no direct Rice-Evans et al.
stable model +Simple and correlation with the 1995; Campos &
radicals (e.g. routinely oxidation- Lissi 1996; Cao et
DPPH", manageable; antioxidation al. 1996; Bondet et
ABTS", +Robust; mechanisms in real al. 1997; Miller &
DMPD, DBO, | tEasy; systems; Rice-Evans 1997;
etc.) +Use common —Does not employ Strube et al. 1997,

spectrophotometric | [ipid substrate — no Cao & Prior 1998;

instrumentation information about Cano et al. 1998;

and easily which lipid system a Nau 1998; Sanchez-

Moreno et al. 1998;
Fogliano et al. 1999;
Prior & Cao 1999;
Re et al. 1999; Gil et
al 2000; Koleva et
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complex samples; conformation; al. 2000; Koleva et
+Kinetic studies —More expensive - al. 2001;
are possible; ABTS-commercial Anotolovich et al.
+High resolution kits (~ 9 times than 2002; Sanchez-
for DBO; ORAC). Moreno 2002;
+Non-invasive Schwarz et al. 2001;
measurements; Koleva et al. 2003;
+High Huang et al. 2005.
photostability for
DBO;
+DBO provides
direct experimental
info on the
absorbance
reactivity or
concentration of
antioxidants;
+Applicable for
heterogeneous
biological systems.
TRAP (total +Precise if using —Oxygen electrode Wayner et al. 1985;
radical CL; will not maintain its Ghiselli et al. 1995;
trapping +Automated if stability till the end- Anotolovich et al.
antioxidant using CL. point; 2002.
parameter) —Time-consuming (up
to 2 hours/sample).
FRAP (ferric | +Simple; —Does not measure the | Benzie & Strain
ion reducing +Convinient; SH-group-containing 1996; Cao & Prior
antioxidant +Inexpensive. antioxidants; 1998; Benzie &
power) —Measuring reducing Strain 1999;
capacity does not Anotolovich et al.
necessarily reflect 2002.
antioxidant activity.
ORAC +Specific; —Requires Glazer 1990; Cao et
(oxygen +Responds to fluorescence detector al. 1993; Pieri et al.
radical numerous — long time of 1994; Cao et al.
absorbance antioxidants. analysis (~ 60 min.); 1996; Wang et al.
capacity) —Not linear with time; 1996; Cao et al.
—Oxygen electrode 1997; Guo et al.
endpoint — 1997; Wang et al.
imprecision. 1997; Cao & Prior
1998; Sanchez-
Moreno 2002;
Anotolovich et al.
2002; Huang et al.
2005.
EPR (ESR) +The only —Requires Yang et al. 1991;
[electron analytical sophisticated Dodd 1995; Bors et
para(spin) technique that can instrumentation; al. 1996; Milic et al.
resonance] detect the free —Specialist nature; 1998; Akoh & Min
radicals involved —Direct application to 1998; Sawa et al.
in autoxidation; lipid oxidation system 1999; Wettasinghe
+Detects and is hampered by the & Shahidi 1999,
evaluates short- short life of many Yamaguchi 1999;

31



Introduction

lived radical
species;
+Selective.

radical species;
—Special techniques
such as freezing and
spin trapping are
needed to achieve
measurable
concentration of free
radicals — trapping
efficiencies differ for
various radicals;
—Spin traps can have
oxidant and
antioxidant action,
while spin adducts can
act as antioxidants;
—Insensitive — only
fairly unreactive
radicals (in
biomolecules).

Anotolovich et al.
2002.

IR (infrared)

+Monitors
formation/disappea
rance of certain
oxidation products
(ROOH,
carbonyls, acids,
etc.);

+Requires very
small amount of
sample;

+Simple;

+Rapid;

+After calibration,
it may serve for
determination of
PV or anisidine
value.

—Not very specific;
—Not very sensitive.

Sedman et al. 1996;
Akoh & Min 1998.

"H-NMR +Non-destructive; —The changes of fatty- | Shahidi &
(nuclear +Requires very acid profiles reflect Wanasundara 1996;
magnetic small amount of both primary and Akoh & Min 1998.
resonance) sample; secondary oxidation

+Rapid; products;

+Reliable; X —Not very specific;

+Data from H- —Not very sensitive.

NMR correlate

with TOTOX.
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1.4 Genus Sideritis - a brief botanical, chemical and pharmacological profile.
“The sigh of Euridice you are.
Or the kiss of song -
A sip of you tames the heart,
Opens chest with no words
And swiftly flies the mind

To distant worlds... ... ....
(“Pirin tea”, Alikovski 1999)

1.4.1 Botanical characteristics.
The genus Sideritis was first described by C. Linnaeus in 1737 (Gonzales et al. 1979). It
belongs to the Labiatae (Lamiaceae) family and counts about 150 species (Tomas-Barberan
et al. 1988a; Barber et al. 2002). Sideritis plants are either annual or perennial xerophite,
thermophyte, calciphyte, chasmophyte or heliophyte plants, and grow on dry, sunny
mountainous or flat areas (Evstatieva & Vasilev 1995). They are mainly distributed
throughout the Mediterranean region, the Balkan peninsula and North Africa. Four species
are encountered in Bulgaria: S. scardica Griseb. and S. syriaca L. (perennial), S. montana
L. and S. lanata L. (annual). S. lanata is a very rare species. S. scardica is endemic in the
Balkan peninsula and is known by the trivial name “Pirin mountain” or “Mursalski” tea and
is under governmental protection since its natural resources are almost exhausted
(Evstatieva 2002). S. syriaca (known before 1989 as S. taurica Steph. ex Wild.) (Evstatieva
& Vasilev 1995) has limited distribution in Bulgaria. In 1984 it has been included in the
“Red Book of Bulgaria as a species, threatened by extinction (Evstatieva & Vasilev 1995).
The taxonomy of the genus is rather complex because of the interspecific hybridization
and therefore it has not been satisfactorily resolved (Koedam 1986; Tomas-Lorente et al.
1989). On the basis of pollen features, Heywood has divided the Labiatac into two
subfamilies — Lamioideac and Nepetoideac (Koedam 1986; Tomas-Barberan &
Wollenweber 1990). The position of the genus Sideritis is illustrated in Figure 1.16 (only
the species encountered in Bulgaria are mentioned). Plants from the subfamily Lamioideae
are characterized by a low concentration of essential oils, a lack of rosmarinic acid and the
presence of iridoid glycosides, whereas Nepetoideae plants are rich in essential oils, contain
some rosmarinic acid and lack iridoids (Tomas-Barberan et al. 1988b; Tomas-Barberan &
Wollenweber 1990).
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Fam. Labiatae
R\

‘ Subfam. Lamioide ae ‘ ‘ Subfam. Nepetoideae
‘ Genus Sideritis
‘ Subgen. Sideritis l Subgen. Marrubiastrum Subgen . Empedocleopsis
v Section Empedoclia Section Hesiodia
S‘ectlf)r.l S. scardica S. montana
Sideritis .
S. syriaca S. lanata

Figure 1.16 “Botanical tree” of Sideritis.

1.4.2 Chemical composition.

On a worldwide basis there is a rich literature concerning investigations on components in
Sideritis plants. The reports usually concern Spanish, Italian, Greek and Turkish
populations. The investigations on Bulgarian Sideritis populations are limited to a few
reports (Sattar et al. 1993; Evstatieva & Vasilev 1995; Sattar et al. 1995a; Sattar et al.
1995b; Koleva & Handjieva 1997; Evstatieva & Koleva 2000; Todorova et al. 2000;
Evstatieva 2002).

The main secondary metabolites are either diterpenoids or flavonoids. The variety of
diterpenoids isolated from different Sideritis species is enormous. In Sideritis species
growing in Bulgaria, only siderol (ent-7a-acetoxy-kaurene-15-en-18-ol) (20) has been
found (Sattar et al. 1995b). From S. syriaca ucriol, siderone and some other diterpenoids of
the ent-kaurene-isokaurene type have been isolated although not isolated from Bulgarian
species (Venturella et al. 1983a,b). From S. scardica siderol (20) and five other
diterpenoids, which have not yet been found in Bulgarian Sideritis species, have been
isolated (Venturella & Bellino 1979) (also see for more information Table 1.3).

Triterpenoids, such as ursolic (21) / oleanolic acid, squalene, a- and B-amyrin and

glutinol, have been isolated and identified in Sideritis. Sterols have been found in some
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Sideritis species, including those distributed in Bulgaria but so far they have not been
isolated from Bulgarian species. A few iridoid glycosides — ajugol (22), ajugoside (23),
harpagide (24), 8-acetyl harpagide (25), melittoside (26), have been found in Sideritis
species including S. syriaca, S. scardica and S. montana (Koleva & Handjieva 1997; also
see for more information Table 1.3).

Plants from the Sideritis genus possess pleasant odours, which indicate the presence of
essential oils. The content differs depending on the species and on other factors that have
influence on the essential oil composition. In general, the essential oil content of Sideritis
species varies from 0.01% — 0.85%. A great number of mono- and sesquiterpenes have
been identified in these oils. In S. syriaca a-pinene, carvacrol, thymol, caryophylene,
palmitic acid and oleic alcohol have been found. In S. scardica, besides the previously
mentioned, also B-pinene and p-cymene have been found. S. syriaca and S. scardica
possess - and o-pinene-rich oils (Kirimer et al. 2004). The only study on the essential oil
from Bulgarian Sideritis populations (Todorova et al. 2000) shows that myrcene is the
major constituent of S. syriaca whereas sesquiterpenes dominate in the essential oils from
S. montana and S. scardica. Plants containing high concentrations of essential oils generally
do not contain iridoids or their concentration is very low (Tomas-Lorente et al. 1988) (also
see for more information Table 1.3).

The literature abounds with reports on the flavonoid composition of different Sideritis
species which is partially due to the importance of flavonoids as chemotaxonomic markers
(Harborne et al. 1986; Ferreres et al. 1987; Tomas-Barberan et al. 1988a; Tomas-Barberan
et al. 1990; Gil et al. 1993; Fraga et al. 1995). Aglycones and glycosides, mainly of the
flavone type have been isolated. Only two papers report the isolation of flavonols,
flavanones or their glycosides (Tomas-Barberan 1986; Fernandez et al. 1988).

Flavone aglycones can be described as lipophilic, externally located hydroxylated
aglycones (Gil et al. 1993). They provide for UV screening, are a chemical barrier against
pathogens and serve to ensure an adaptation mechanism for life in (semi-)arid or alpine
habitats (Tomas-Barberan et al. 1988a; Gil et al. 1993). The latter is especially applicable to
Sideritis plants. However, an interesting relationship has been established between the
occurrence of externally located flavonoid aglycones or terpenoids and the morphology of
plant leaves. Plants, which are covered with a dense mat of hairs, are devoid of external
flavonoids and terpenoids since the hairs play the same role as the aglycones, namely a
better adaptation to dry habitats (Tomas-Barberan et al. 1988a; Tomas-Lorente et al. 1988;
Tomas-Barberan & Wollenweber 1990). The reports concerning the presence of external
flavonoids in species encountered in Bulgaria are limited to S. montana. This is expected as

its leaves are not hairy, this in contrast to the other two species. Plants from the Sideritis
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genus produce 5-OH-6,7-OMe flavones and 5-OH-6,7,8-OMe flavones (Tomas-Barberan &
Wollenweber 1990). Flavonoid aglycones were presented as the most suitable of all plant
constituents as taxonomic markers, since they are chemically stable and very little affected
by physiological conditions (Tomas-Barberan et al. 1985a). Tomas-Barberan et al. (1985b)
have established that Sideritis plants can be divided qualitatively according to their
aglycones into two groups depending on the solvent used in extraction (polar or apolar).
Apolar solvents such as petrol extract highly methoxylated flavones, EtOH extracts highly
and/or less methoxylated flavones, and aqueous-alcohol mixtures extract the more polar
flavones. Thus, the division is as follows: Group I — with sideritoflavone as principal
component and trace amounts of phloroglucinol-based flavones; Group II — with
phloroglucinol-based flavones as the major constituents. With regard to the evolutionary
status of the flavonoid characters Group II, to which belongs S. montana, appears to be
more primitive than Group I (also see for more information Table 1.3).

Flavonoid glycosides are located in plant vacuoles. Under stress conditions, specific
enzymes are released, which liberate the protective aglycones by hydrolysis of the
glycosidic part. The presence of specific flavonoid aglycones and glycosides has been
extensively studied for chemotaxonomic purposes. Tomas-Barberan et al. (1988a) and Gil
et al. (1993) have suggested to divide the Sideritis genus into three subgenera, which would
cover the Mediterranean and Atlantic region on the basis of the flavonoids present: (1)
species, containing 5,7-dihydroxy flavone 7-O-glycosides; (2) species, containing 8-
hydroxy flavone 7-allosylglucosides and (3) species, containing flavonoid p-coumaroyl
glucosides (relatively lipophilic). Sattar et al. (1993, 1995a) have reported the isolation of
four flavonoid glycosides from Bulgarian populations of S. scardica and S. syriaca (see for
more information Table 1.3).

Only four reports concern the isolation of phenylpropanoid glycosides (e.g.
verbascoside (acteoside) (29), leucosceptoside A, martynoside, etc.) from Sideritis species.
The presence of phenolic acids is minor and limited to caffeic (9), chlorogenic (12), p-
hydroxybenzoic (8) and ferulic acids (33). Isolated reports concern the occurrence of a
lignan ((+)-sesamin (27) - attracts insects) and coumarins (siderin (28), xanthotoxin) in
some Spanish Sideritis species (for the structures see Figs. 1.13(b) and 1.17). By chemical
screening the presence of catechuic tannins and saponins has been established.
Polyhydroxynaphtoquinone and lactones have also been found. Some Sideritis species
including S. montana have been studied for fatty acids. In S. scardica the presence of
minerals has been reported and that is why the English name for this drug is “ironwort”.
Alkaloids and other basic N-substances have been found only in S. montana but the data

are from 1969 and need to be confirmed (see for more information Table 1.3).
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Since the variety in chemical structures and the number of isolated ones is enormous,
summarised information on the types of compounds found in Sideritis is presented together
with the relevant references in Table 1.3. The chemical structures of selected compounds,

encountered in species present in Bulgarian flora and some other important structures are
presented in Figure 1.17.
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Figure 1.17 Chemical structures of selected compounds.

1.4.3 Biological properties of Sideritis components and extracts.

Sideritis plants have been used in folk medicines in many countries for a long time.
Wholesome properties of the investigated Sideritis species can be summarized into three
main beneficial categories: antimicrobial, antiinflammatory and antioxidant.
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Antimicrobial activity of Sideritis plants is attributed to either the essential oil or the
terpenoids. The relationship antimicrobial activity — essential oil composition has been
studied (Villar et al. 1986; Gergis et al. 1991). Sesquiterpenic alcohols or carvacrol are the
major constituents of those volatile fractions with the greatest antimicrobial potency. In
general, the antimicrobial activity has been greater against Gram—positive than against
Gram—negative bacteria. Aligiannis et al. (2001) have investigated the antimicrobial and
antifungal activity of some species among them S. syriaca and found that carvacrol was the
main constituent and responsible for the activity. The relationship antimicrobial activity —
diterpenoid structure has been studied (Diaz et al. 1988a; Rodriguez-Linde et al. 1994)
(data in Table 1.4). Not only pure compounds have been tested for such activity but
different extracts — in petrol, C¢Hy4, CHCI;, EtOEt, EtOAc, CH;COCH;, BuOH, EtOH,
MeOH, H,O (Table 1.5). With regard to Bulgarian species and some other varieties of S.
syriaca, distributed in the Balkan peninsula, all of them showed moderate antimicrobial
activity (Sattar et al. 1995b).

Antiinflammatory activity is in most cases assigned to diterpenoids or flavonoids.
The antiinflammatory properties of hypolaetin 8-glucoside (30) have been studied in detail
(see Table 1.4). In addition it has analgesic, antiarthritic and antiulcer potencies.
Antiinflammatory activity has also been studied for various extracts and fractions from
Sideritis species (Table 1.5). Usually it concerns extracts or fractions that contain
terpenoids (see for more information Tables 1.4 & 1.5).

The presence of flavonoids in Sideritis plants suggests they might possess antioxidant
activity. At the start of this research in 1998 only few reports were available. Recently,
intensive research has been carried out into this direction (see Tables 1.4 & 1.5). Demo et
al. (1998) have investigated the content of tocopherols in some Mediterranean plants
including S. syriaca. In all of them except S. syriaca tocopherols have been found.

Although Sideritis plants growing in Bulgaria are used in Bulgarian folk medicine,
their pharmacological properties have not been well investigated and their active principles
have not been isolated and determined. With exception of one report on the
antimicrobial/antiviral activities of leaf exudates from several Lamiaceae plants including
Sideritis species growing in Bulgaria (Sattar et al. 1995b), no other data could be found.
Recently, Ivanova et al. (2005) have investigated aqueous extracts of 25 medicinal plants
from several genera including S. scardica using ABTS and TEAC. There is a strong need
for investigations of antioxidant activity of extracts and of pure compounds by
multifunctional methods of Bulgarian species.
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1.6 Aim and outline of the thesis

The work as described in this thesis concerns the finding, isolation and evaluation of
natural antioxidants. Working on this item is a true research challenge for several reasons:

» There is not and there cannot be one universal method to assess the antioxidant
activity of synthetic or natural compounds. Oxidation-antioxidation should be studied from
several different points of view, which requires a suitable combination of assessing
methods.

» Natural compounds occur in complex matrixes often in low amounts. Natural
antioxidants are especially “sensitive” and susceptible to alterations during isolation and
purification procedures. Therefore, rapid, selective, sensitive and “mild” screening methods
are needed for finding potential candidates with antioxidative properties.

The aim of the work described in this thesis consists of three objectives:

(1) Using a given plant as a research object (here three Bulgarian Sideritis species,
Labiatae) to develop an “algorithm” for studying natural antioxidants of plant origin. This
includes choosing the most suitable extraction scheme(s) giving the highest yield and the
content of antioxidative compounds, and from here applying the most appropriate methods
and improving existing test methods for a rapid, powerful and convenient approach to
screen plant extracts and study them in detail.

(2) Following the first objective, to isolate and identify the active components of the
studied plants and evaluate their antioxidant activity (or more precisely their radical
scavenging activity).

(3) In real systems, antioxidants may behave differently from the model situation
because of many possible interactions or interferences. Therefore, isolated natural
antioxidants and their “parent” extract should pass a “final check” for their performance in
real systems. That is why objective three is to perform initial studies towards the behaviour

of putative antioxidants from Sideritis species in real foods/cosmetics.
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Following the above aims, the main aspects of lipid oxidation, antioxidants and
methods for evaluating lipid oxidation and effectiveness of antioxidants are discussed in
Chapter 1.

The search for a suitable combination of antioxidant activity screening methods is
described in Chapters 2 and 3 for a number of Sideritis extracts. The “pros and cons” of
three applied methods are discussed in Chapter 2. The detailed investigation on the
screening of extracts obtained from different Sideritis species and populations and the
different extraction routes are presented in Chapter 3.

Chapters 4 and 5 describe the development of a novel approach, which combines on-
line HPLC and antioxidant activity assays in the screening of plant extracts for radical
scavenging components. Chapter 4 presents the use of a model radical (DPPH®) in an on-
line HPLC-radical scavenging system. The evolution of the on-line HPLC-DPPH method to
an on-line HPLC method employing a different model radical (ABTS"), is discussed in
Chapter 5. For both techniques an optimized instrumental set-up, physico-chemical factors
influencing the analysis as well as application to a range of pure antioxidants and extracts
are discussed to determine their applicability in qualitative and quantitative measurements.

Chapter 6 deals with the phytochemical study of the putative antioxidants in Sideritis,
using an antioxidant activity-guided isolation and identification procedures. The evaluation
of the antioxidant (radical scavenging) activity by off- and on-line methods is presented as
well.

In Chapter 7 concluding remarks are given. Conclusions are drawn with regard to the
best screening methods for “primary” and “secondary” antioxidants and the novel HPLC-
radical scavenging detection for on-line assessment of antioxidants. Hyphenated techniques
have gained great popularity owing to their advantages. The results of the phytochemical
study of putative antioxidants from Sideritis plants by off- and on-line analysis are also
discussed. Some initial studies are performed to investigate how the extracts and pure
compounds will behave in real systems. Various specialists have to combine their efforts to
study the behaviour in food products and after processing. A patent has been filed for

applying S. scardica extract. Finally, future perspectives are outlined.
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Chapter 2

Screening of Plant Extracts for Antioxidant Activity:

a Comparative Study on Three Testing Methods*

2.1 Introduction

Currently used synthetic antioxidants have been suspected to cause or promote negative
health effects (Branen 1975; Barlow 1990), hence stronger restrictions have been placed on
their application and there is a trend to substitute them with naturally occurring
antioxidants. Besides the well known and traditionally used natural antioxidants from tea,
wine, fruits, vegetables and spices (Kanner et al. 1994; Madsen & Bertelsen 1995; Cao et
al. 1996; Wang et al. 1996; Velioglu et al. 1998; Fogliano et al. 1999), many other plant
species have been investigated in the search for novel antioxidants (Economou et al. 1991;
Chevolleau et al. 1992; Kim et al. 1994). Some natural antioxidants (e.g. rosemary and
sage) are already exploited commercially either as antioxidant additives or as nutritional
supplements (Schuler 1990).

Lipid oxidation is a complex chain process involving a variety of radicals. The
oxidation is influenced by temperature, light, air, physical and chemical properties of the
substrate, and the presence of oxidation catalysts or initiators (Frankel & Meyer 2000).

Antioxidants can exercise their protective properties at different stages of the oxidation
process and by different mechanisms. There are two main types of antioxidants, namely,
“primary” (chain breaking, free radical scavengers) and “secondary” or “preventive” (see
Ch. 1.2).

Oxidizable products contain different bulk lipids or their emulsions and various
substrates investigation, model systems or accelerated oxidation are used, respectively. A
large number of methods have been developed in order to evaluate antioxidant activity
(AOA) (Ragnarsson & Labuza 1977; Khal & Hilderbrant 1986; Frankel 1993a; Robards et
al. 1999; Moure et al. 2001).

* This chapter has been published in modified form: Koleva, L.I., van Beek, T.A., Linssen,
J.P.H., de Groot Ae., Evstatieva L.N. Phytochem. Anal. 2002, 13, 8-17.
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This renders a direct comparison of antioxidants tested by different methods and in
different substrates somewhat difficult. For the assay-guided screening of large numbers of
complex samples, rapid, simple and reliable tests are required.

The aim of the present study was to compare three widely used methods for the
assessment of AOA, namely, the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH") method,
the static headspace gas chromatographic (HS-GC) method, and the B-carotene bleaching
test (BCBT), and to determine their usefulness in assay-guided screening of plant extracts.
Sensitivity, rapidity, applicability, required equipment, correlation of the results with those
obtained by other methods, and relation to real lipid systems are discussed. The DPPH’
method is representative of the methods employing model radicals in the evaluation of
radical scavengers; such methods have gained high popularity over the last decade because
of their rapidity and sensitivity. The HS-GC method provides a sensitive determination of
volatiles forming the rancid lipid off-flavour. The BCBT method uses a model lipid
substrate (linoleic acid) in an emulsified form, and the method lies in between methods
employing only model substrates (e.g. DPPH’) and those using real lipids.

As different testing methods provide particular, but limited information about AOA,
an evaluation of their strengths and limitations should demonstrate the situations in which
they are best applicable. The experimental results presented, together with relevant
literature material, will illustrate the pros and cons of the methods and will also form the

basis for the presented conclusions and recommendations.

2.2 Experimental

2.2.1 Chemicals

All solvents used were of analytical grade; ultra-pure water (0.05 pS/cm) was obtained
from a combined Seradest LFM 20 and Serapur Pro 90 C apparatus (Seral, Ransbach-
Baumbach, Germany). Reagents and chemicals were purchased from Sigma-Aldrich
[Steinheim, Germany; Tween 40, frans-B-carotene, 7 (synthetic, 95%) and DPPH’, 34
(95%)], Janssen Chimica [Beerse, Belgium; linoleic acid (90%)], Extrasynthese (Genay,
France; rosmarinic acid, 11 (RA)], and Fluka [Buchs, Switzerland; BHT, 1 (p.a.)]. See
Chapters 1 and 3 for the compounds numbering. Commercial cold-pressed safflower oil,
without added synthetic antioxidants, was obtained from Natufood (Harderwijk, The
Netherlands) and contained 562 ppm a-tocopherol and traces of y-tocopherol as determined
by HPLC (de Greyt et al. 1998). The oil was stored under nitrogen in the dark at —20°C.
Fatty acid composition, determined by GC of the methyl esters, was as follows: 6.9%
C16:0, 2.7% C18:0, 12.6% C18:1, 77.5% C18:2.
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2.2.2 Preparation of plant extracts

Extracts of differing polarity (see Fig. 2.1) were prepared from 11 populations of three
species of Sideritis (Labiatae) grown in Bulgaria. Voucher specimens (SOM codes
recorded below) were determined by Dr. L. Evstatieva and are deposited in the herbarium
of the Institute of Botany (Bulgarian Academy of Sciences, Sofia, Bulgaria). The species
and populations used and their origin were as follows: S. scardica 1 (LE 7a; cultivar, seeds
collected at Pirin mountain, Lozen, Bulgaria, May 1995; SOM 3154a); S. scardica 13 (LE
2; natural population, Rodopi mountain, Trigrad, Bulgaria, May 1997); S. scardica 14 (LE
7v; cultivar, seeds collected at Pirin mountain, Lozen, Bulgaria, May 1997; SOM 3154v);
S. montana 4 (LE 12; natural population, Strandja mountain, Dervishki hills, Bulgaria,
May 1995; SOM 3253); S. montana 5 (LE 30; natural population, Black Sea coast,
Primorsko, Bulgaria, August 1993); S. montana 11 (LE 31; Black Sea coast, Varna,
Bulgaria, July 1995; SOM 1282); S. syriaca 6 (LE 5; cultivar, seeds from Spanish origin,
Lozen, Bulgaria, 1995); S. syriaca 9 (LE 6a = 6b; natural population, Strandja Mountain,
Malko Tarnovo, Bulgaria, July 1995; SOM 3151); S. syriaca 12 (LE 10; cultivar, seeds
from Spanish origin, Lozen, Bulgaria, 1995). Cultivars were grown in the Botanical
Garden of the Institute of Botany, Bulgarian Academy of Sciences, Lozen, Bulgaria.

The plant material was air-dried at room temperature in ventilated premises and
ground in a grinder before use. The total methanolic (MeOH) extracts were prepared (see
Fig. 2.1) by a two-fold maceration (solvent:plant material = 20:1) for 24 h at room
temperature. After evaporation of the extract to dryness under vacuum at temperatures not
higher than 50 °C, the residue was suspended in water (1:25, w/w) and successively
partitioned between water and #-butyl methyl ether (~-BuOMe), ethyl acetate (EtOAc) and
I-butanol (BuOH). Each liquid— liquid extraction was carried out three times
(water:organic solvent = 1:1, v/v). The solvents of the obtained sub-extracts were

evaporated under vacuum to dryness and the aqueous extracts were freeze-dried.
2.2.3 Analytical methods

DPPH radical method

A modification of the method of von Gadow et al. (1997a) was used. Ethanolic solutions of
DPPH" (10 M) and Sideritis extracts or BHT / RA solutions were mixed in disposable
plastic half-microcuvettes (1 cm path length; EMERGO, Landsmeer, The Netherlands,) so
that the final
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Dried and ground
plant material

Extraction with MeOH :
room temperature; 2 x 24 hrs

MeOH
extract

1.evaporation till dryness
2.add water (1:25, w/w)

3.3 x t-BuOMe (1:1,v/v)

N N4

Water layer

z-BuOM e
extract \l/ 3 x EtOAc (1:1,v/v)

v %

Water layer

EtOAc

extract \L?’ x 1-BuOH (1:1,v/v)
BuOH H-.0
extract extract

Figure 2.1 Extraction scheme for the preparation of extracts.

mass ratios were extract:DPPH’ = 5.5:1, and reference compound:DPPH" = 0.5:1. The
samples were incubated for 15 min in the dark at 30 °C and the decrease in absorbance at
517 nm was measured against ethanol using a Specol 11 (Carl Zeiss, Jena, Germany)
spectrophotometer. Ethanol was used to zero the spectrophotometer; a blank sample
containing the same amount of ethanol and DPPH" was prepared and measured daily. The
DPPH'’ solution was freshly prepared daily, stored in a flask covered with aluminum foil,
and kept in the dark at 4 °C between the measurements. All determinations were performed
in triplicate. The radical scavenging activities of the tested samples, expressed as
percentage reduction of DPPH’, were calculated according to the formula (Yen & Duh
1994):

% Reduction = [(Ay — Ay) / Ag] x 100

where A and A, are the absorbance values of the blank and of the test sample,

respectively, after 15 min.
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Static head space GC (HS-GC)
Safflower oil samples containing methanolic solutions of the extracts (0.1%, w/w) and

reference compounds (BHT and RA, each 0.01%, w/w) were prepared. A blank sample
was prepared with an equal amount of methanol. Samples (0.20 g) of these solutions were
placed into headspace vials (10 mL), sealed with a PTFE/butyl rubber liner, and incubated
at 55 °C in a shaker. Sampling was carried out every other day. The amount of hexanal was
determined using a Carlo Erba (Milan, Italy) Mega 5300 gas chromatograph equipped with
a HS 800 headspace sampler and a wide-bore thick-film capillary DB-WAX (J&W
Scientific, Folsom, USA) column (30 m x 0.54 mm i.d.; 1 pm thickness). The temperature
programme was 11 min at 40 °C (isothermal), then increased to 170 °C at 5.0 °C/min, then
isothermal at 170 °C for 5 min; the helium pressure was 30 kPa; the injection syringe
temperature was 70 °C; the injector temperature was 200 °C; and the detector (FID)
temperature was 250 °C. Before injection, samples were incubated at 60 °C for 10 min in a
2000 rpm agitator with a 10 s run/10 s stop cycle. The volatiles were cold-trapped using a
MFA 815 (Carlo Erba, Milan, Italy) cold trap at =110 °C and injected balistically into the
column at 240 °C; the headspace sample volume was 2000 pL. Peak areas for hexanal
were processed with Chrom Card (Carlo Erba, Milan, Italy) integration software.
Antioxidant activity was evaluated using the parameters: protection factor (PF) = IP,/
IP3 (Marinova et al. 1991), where IP, and /Py are the induction periods for the antioxidant
(time in days after which the hexanal formation sharply increased because of the complete
consumption of the antioxidant) for the test and blank sample, respectively; and relative
rate of hexanal formation until the induction period (RRH) = V,/ Vs, where V, and Vg are
the initial rates of hexanal formation of the test and blank sample, respectively, expressed
as the slopes of the curves Sy = f{T) [where Sy is the amount of hexanal expressed as

hexanal peak area in integration units (IU), and 7 is the time in days].

B-Carotene bleaching test (BCBT)
A modification of the method described by Dapkevicius et al. (1998a) was employed. -

Carotene (1.0 mg) was dissolved in 5 mL chloroform and to 1 mL of this solution were
added linoleic acid (25 pL) and Tween 40 (200 mg). The chloroform was evaporated under
vacuum at 40 °C, oxygenated ultra-pure water (50 mL, obtained by bubbling air through the
water for 15 min) was added, and the mixture was vigorously shaken. The emulsion
obtained was freshly prepared before each experiment. Stock solutions of extracts of
Sideritis (0.1%) and reference compounds (BHT and RA; 0.01% each) were prepared in
ethanol. An aliquot (250 pL) of the B-carotene:linoleic acid emulsion was distributed in

each well of 96-well microtitre plates and ethanolic solutions of the test samples (30 pL)
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were added. An equal amount of ethanol was used for the blank sample; four replicates
were prepared for each of the samples. The microtitre plates were incubated at 55 °C, and
the absorbances were measured using a model EAR 400 microtitre reader (SLT
Instruments, Grodig, Austria) at 492 nm. Readings of all samples were performed
immediately (¢ = 0 min) and after 105 min of incubation (Pratt & Birac 1979). After this
time period the decrease in the absorbance of the blank sample was no longer significant.
The AOA coefficient (AAC) was given by the equation (a modified version of the formula
of Chevolleau et al. 1992):

AAC = [(A4, 105 = AB, 105) / (A, 0 — Ap 105)] x 1000

where Aa, 10s and Ag, 105 are the absorbances of the test and blank sample at # = 105 min,

respectively, and 4p (s the absorbance of the blank sample at 7 = 0 min.
2.3 Results and discussion

The antioxidant activity (AOA) has been found to depend on the hydro-/lipophilicity of the
antioxidant. Two well known antioxidants, fert-butylated hydroxytoluene, 1 (BHT) and
rosmarinic acid, 11 (RA), were chosen as reference compounds since they differ in polarity
in a manner similar to the studied plant extracts and have a phenolic group in common with

the main active plant constituents.

2.3.1 Antioxidant activity determined by the DPPH method

Free radicals are involved in the propagation of lipid (RH) oxidation, and many radical
species of different reactivity are formed (e.g. ‘OH, O,”, ROO", RO’, R’, etc.). Relatively
stable radicals (DPPH’, ABTS™, etc.) are often preferred in the assessment of radical
scavenging activity (Miller et al. 1993; Brand-Williams et al. 1995; Fogliano et al. 1999).
The stable organic radical DPPH’, 34 (see Chapter 3 for the structure) has been widely used
in AOA studies of single compounds (Brand-Williams et al. 1995; Sanchez-Moreno et al.
1998), plant extracts (Imai et al. 1994; Yen & Duh 1994; Duh & Yen 1997), foods
(Yamaguchi et al. 1998), etc. The method is based on the reduction of alcoholic DPPH’
solutions at 517 nm in the presence of an hydrogen donating antioxidant (AH) due to the

formation of the non-radical form DPPH-H by the reaction:

DPPH' + AH — DPPH-H + A’
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The remaining DPPH’, measured after a certain time, corresponds inversely to the radical
scavenging activity of the antioxidant. The sensitivity of the method is determined by the
strong absorbance of DPPH’ (Brand-Williams et al. 1995). The method is rapid, a sample
analysis takes 15 min in total and little manpower, no expensive reagents or sophisticated

instrumentation are required.

Table 2.1 Radical scavenging activity of some Sideritis extracts” and two reference

compounds® toward DPPH” expressed as % Reduction.

Sideritis species Type of extracts

t+-BuOMe* MeOH EtOAc BuOH H,O
S. scardica 14 38.1° 94.1 94.4 94.1 49.4
S. syriaca 9 42.1 91.9 94.5 93.8 41.7
S. montana 4 46.5 91.1 94.4 92.4 68.5
S. montana 5 62.7 923 95.5 92.7 28.0
S. montana 11 50.2 92.0 93.2 933 74.4

? - the rest of the studied plant samples gave similar results for radical scavenging activity
A Reductiony,,q inic acia= 94.5%; % Reductiong; = 64.8%

¢ - t-BuOMae: t-butyl methyl ether extract; MeOH: total methanolic extract; EtOAc: ethyl
acetate extract; BuOH: 1-butanol extract; H,O: aqueous extract

4 _ values are mean of three replicates and the relative standard deviations (RSD) for all

figures were less than 1%

The method was applied to two known antioxidants (BHT and RA) and to a number of
extracts from Sideritis species (data in Table 2.1). #-Butyl methyl ether, ethyl acetate, 1-
butanol, total methanol and aqueous extracts were studied confirming that the DPPH’
method is independent of the substrate polarity. Total methanol, ethyl acetate and 1-butanol
extracts showed the highest radical scavenging activity, close to that of RA on a weight
basis. In preliminary experiments (see Ch. 3), the presence of flavonoids and
phenylpropanoid glycosides, was established in these extracts, explaining their high radical
scavenging activity. In general, the activity of #-butyl methyl ether and aqueous extracts
was much lower and was influenced by the origin of the plant sample but not by the
polarity. Semi-quantitative TLC tests showed lower amounts of phenolic components in
these extracts. Other authors have also reported that hydro-/lipophilicity of a sample does
not affect its DPPH’ scavenging activity (Yamaguchi et al. 1998; Pekkarinen et al. 1999).
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The latter mainly depends on the antioxidant structure, which was also illustrated by the
study of RA and BHT on a molecular basis (data in Table 2.2).

Table 2.2 Radical scavenging activity of rosmarinic acid and BHT,
expressed as % Reduction, for three molar ratios

Antioxidant : DPPH" and their corresponding mass ratios.

mol Antioxidant per mg Antioxidant per % Reduction
mol DPPH mg DPPH
Rosma;inic acid
0.2 0.2 93.4
0.5 0.5 94.5
1.0 0.9 95.9
BHT
0.2 0.1 27.2
0.5 0.3 44.5
1.0 0.5 64.8

The established stronger radical scavenging abilities of RA compared to those of BHT
agree with the results of other researchers (Brand-Williams et al. 1995; Chen & Ho 1997).
The larger number of electron-donating hydroxyl groups in the RA molecule relative to
BHT (Dziedric & Hudson 1984), and the resonance stabilisation of the formed RA radical
(Brand-Williams et al. 1995; Sanchez-Moreno et al. 1998) explain the higher radical
scavenging activity of RA. Furthermore, a different kinetic behaviour of RA (intermediate)
and BHT (slow) has been established. Compounds with rapid or intermediate kinetics have
shown a reaction stoichiometry corresponding approximately to the number of electrons
available for donation. For slow-reacting compounds (such as BHT) such a correlation did
not exist (Bondet et al. 1997) and this was attributed to the complex reaction mechanism,

involving one or more secondary reactions.

2.3.2 Antioxidant activity determined by the BCBT method

The method is based on the loss of the yellow colour of B-carotene due to its reaction with
radicals which are formed by linoleic acid oxidation in an emulsion (Marco 1968). B-
Carotene bleaching, measured by the decrease in the initial absorbance at 470 nm, is slowed
down in the presence of antioxidants. The method is widely used in the AOA evaluation of
different types of samples such as single compounds (Pratt & Birac 1979; von Gadow et al.
1997a; Abdalla et al. 1999), plant extracts (Chevolleau et al. 1992; von Gadow et al. 1997b;
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Dapkevicius et al. 1998b), grains, fruits, vegetables and foods (Kanner et al. 1994; Velioglu
et al. 1998).

The method is sensitive due to the strong absorbance of B-carotene (¢'”45 = 2280
L/mol.cm) but it is slower (ca. 2 h per assay) than the DPPH" method. Recently, the method
has been speeded up using 96-well microtitre plates for sample incubation and an automatic
reader for simultaneous absorbance measurements (Dapkevicius et al. 1998a).

Common reagents were used and no special sample treatment was necessary.
However, careful solvent evaporation (under vacuum and at temperatures up to 50 °C) and
preparation of an emulsion with reproducible composition and droplet-size was essential
for achieving reproducible results.

The BCBT method employs an emulsified lipid which introduces an enhanced number
of variables influencing oxidation in comparison to bulk lipids. Complex interfacial
phenomena which influence the antioxidant behaviour are the result. An interesting
phenomenon formulated as the “polar paradox™ has been reported (Porter 1993; Frankel et
al. 1994): apolar antioxidants exhibit stronger antioxidative properties in emulsions because
they concentrate at the lipid:air surface, thus ensuring high protection of the emulsion itself.
On the other hand, polar antioxidants remaining in the aqueous phase are more diluted and
are thus less effective in protecting the lipid. The opposite is observed in bulk lipids but
some solubility is necessary.

The AOA values exhibited by BHT and RA, and by some of the tested Sideritis
extracts (data in Table 2.3), were in general accordance with the “polar paradox”
phenomenon. The more active inhibitors of f-carotene bleaching were mainly among the
apolar extracts. The majority of the more polar extracts (methanol, ethyl acetate and 1-
butanol) exhibited lower AOA closer to that of RA. Aqueous extracts even showed a
prooxidative effect (i.e. a negative AAC).

Some of the extracts did not follow the “polar paradox”. Structural features of the
antioxidant (e.g. the substitution pattern of the hydroxyl groups) have been found to be
more important than the polarity itself in some cases (Pratt & Birac 1979). Furthermore, the
complex composition of the extracts could provoke certain interactions (synergistic,
additive or antagonistic effects) between their components and/or the medium. It could also
affect their partitioning in the medium phases. The antioxidant partitioning into the
different phases of an emulsion has been found to affect AOA, although the activity was
not proportional to the antioxidant concentration in the lipid phase or the interface
(Pekkarinen et al. 1999). Caffeic acid exhibited very poor AOA in a Tween 20 emulsion

despite being mainly in the lipid phase. Specific interactions between the acid and
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emulsifier such as hydrogen bonding may block the activity-contributing groups (Avila et
al. 1995).

Table 2.3 Antioxidant activity (BCBT method) of some Sideritis extracts” and two
reference compounds”, expressed as AAC.

Sideritis species and Type of extract
populations

MeOH t-BuOMe EtOAc BuOH H,0
S. scardica 13 725 731 562 438 -295
S. scardica 14 701 830 529 632 -123
S. syriaca 9 482 682 524 612 -166
S. syriaca 12 595 468 549 615 —-157
S. montana 4 572 467 218 428 -179
S. montana 5 515 229 491 345 -221
S. montana 11 486 586 640 210 -97

* - the rest of the studied plant samples gave similar results
b - AACBHT = 864: AACRosmarin[c acid = 425

Linoleic acid can compete with polar compounds (e.g. the water soluble form of
tocopherol, namely Trolox) for Tween in the polar region of micelles and at the oil:water
interface which results in an increase of Trolox concentration in the water phase.
Consequently, Trolox is a less effective antioxidant than a-tocopherol in emulsified
linoleic acid. The opposite has been observed for methyl linoleate:water and oil:water
emulsions (Huang et al. 1996).

Similar interactions between RA, linoleic acid and Tween may have affected the final
AOA of RA in this study. In this way, the low activity observed for RA, a compound
recognised as a potent antioxidant, can be explained. Ethyl acetate and 1-butanol extracts
of Sideritis contain mainly phenolic compounds and are likely to behave similarly to RA as
is shown by the data obtained.

Aqueous extracts partitioned predominantly into the water phase, which influenced
their activity. Roedig-Penman & Gordon (1998) have shown that the presence of certain
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metal salts can result in pro-oxidant behaviour of flavonoids. If such metal salts were
present in the plant they would have dissolved in the aqueous phase and thus could have

inhibited the activity of antioxidants or even converted them into pro-oxidants.

2.3.3 Antioxidant activity determined by the HS-GC method

The HS-GC method measures the volatile products formed during lipid hydroperoxide
decomposition. These compounds are responsible for the rancid off-flavour of the lipid-
containing products and are an important factor for their quality. The method has been
applied to samples of different nature in various substrates, such as single compounds
(Frankel et al. 1996a,b; Roedig-Penman & Gordon 1998; Abdalla et al. 1999), plant
extracts (Abdalla & Roozen 1999; Wettasinghe & Shahidi 1999), edible oils (Frankel
1993b) and biological samples (Frankel et al. 1989).

The method is sensitive because the formed volatiles are mainly present in the
substrate headspace (Frankel 1998). Incubation of oil samples for at least 10 days is
necessary in order to produce sufficient volatiles. Sampling needs to be carried out at least
every other day; manpower input can be reduced by using automated sample injection. The
method was used to evaluate the “secondary” antioxidant properties of BHT and RA, and
some Sideritis extracts in commercial bulk safflower oil (data in Table 2.4). It was applied
to ethyl acetate and 1-butanol extracts which are rich in phenolic compounds but exhibit
low AOA in the BCBT method.

As expected from the “polar paradox”, RA inhibited hexanal formation better than
BHT in the bulk oil. A similar AOA of the extracts was expected because of their similar
composition, observed in chromatographic studies. Two S. montana extracts showed a pro-
oxidant effect (PF < 1); the different composition of S. montana extracts might explain this
different behaviour. Discrepancies from the “polar paradox™ have been reported by other
authors, employing different substrates (oils stripped of endogenous antioxidants,
commercial oils, oil:water emulsions) in studies of single compounds and of plant extracts
(Frankel et al. 1996a,b; Wettasinghe & Shahidi 1999).

The efficiency of an antioxidant can be estimated either by its effect on the extent of
oxidation (here expressed by IP and PF) or on the rate of oxidation (here expressed by the
RRH during the induction period). RA and some of the studied extracts retarded hexanal
formation (PF > 1.0) but also showed an increased rate of hexanal formation (RRH > 1.0).
A possible explanation may be sought in the reactions occurring during the lipid (RH)
oxidation in the presence of antioxidants. The alkoxyl radicals (RO") produced by the
breakdown of lipid hydroperoxides (ROOH) can undergo further reactions to produce

various secondary products (carbonyl compounds and short-chain hydrocarbons).
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Antioxidants can exercise “secondary” AOA by inhibiting these reactions via different
pathways (Frankel 1998). The higher RRH values at a longer IP observed for some of the
studied samples might be due to a specific balance between the rates of reactions
consuming antioxidant and those regenerating it (Kasaikina et al. 1999). The longer IP
might also be due to synergistic effects between oil tocopherols and the other antioxidants

present in the samples (Roginsky 1988).

Table 2.4 Antioxidant activity (HS-GC method) of
EtOAc- and BuOH extracts from some Sideritis species®,
expressed as Protection Factor (PF) and Relative Rate

of Hexanal formation (RRH) during the induction period (IP).

Tested sample EtOAc BuOH
PF RRH PF RRH
S. scardica 13 1.3 2.6 0.7 1.6
S. scardica 14 1.3 1.7 1.0 1.0
S. syriaca 9 1.3 1.4 1.3 1.9
S. montana 4 0.3 1.6 0.6 1.7
S. montana 5 0.3 1.1 0.3 3.7
S. montana 11 1.0 0.9 1.3 1.9
PF RRH
Blank” 1.0 1.0
BHT 1.3 0.7
Rosmarinic acid 1.6 1.0

* - the rest of the studied plant samples gave similar results
®_IP for the blank oil sample was 7 days

2.4 Comparison of the methods

2.4.1 Necessity of appropriate reference substances

As it is impossible to express the AOA as an absolute value, suitable antioxidants should
be used as standards for comparative purposes no matter which method is chosen. The best
approach is to choose compounds with similar chemical nature and physicochemical

properties as those of the studied samples. The necessity of such standards is well
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illustrated in this study: if RA had been tested only by the BCBT method it would have
been considered to be a weak antioxidant. However, the strong antioxidant potential of RA
has been proven many times by other testing methods. Consequently, the Sideritis extracts
that show poor antioxidant properties in comparison to BHT but close to RA in the BCBT
method should not be “discarded” as poor sources of antioxidants. Similarly, BHT should

not be regarded as a weak antioxidant only based on the results of the DPPH" method.

2.4.2 Choice of oxidizable substrate and oxidation conditions

In order to obtain useful data, antioxidants should be studied in an environment similar to
the real-life situation. Many studies have shown that the AOA depends on the lipid
substrate, which is associated with the oxidation mechanism, antioxidant partitioning, and
interactions between antioxidant and medium components. My results also showed
different AOA values for the same samples in different substrates.

The independence of the substrate polarity in methods employing model radicals such
as DPPH" was confirmed in this study. A drawback, common for all methods using model
radicals, is the lack of a direct correlation between the established AOA and its protective
properties in real lipid systems. However, radical-trap methods are not devoid of practical
value. All powerful natural antioxidants known so far have shown up in the DPPH" assay.
A good correlation between DPPH’ scavenging activity of some phenolic acids and their
inhibitory properties on hydroperoxide formation in bulk oils has been reported. The
correlation was very poor in emulsions suggesting that radical scavenging activity of
phenolic acids should not be evaluated in emulsions (Pekkarinen et al. 1999). In this study
RA did exhibit much stronger activity in the DPPH’ system than in the emulsion system
(BCBT). These data indicate that in emulsions partitioning effects may be more important
than the antioxidant structure. The surface-to-volume ratio has been found to be important
for the antioxidative properties in emulsions, hence, reproducible droplet-size formation is
crucial. Conflicting results for the same compounds in the BCBT method have been
reported by von Gadow et al. (1997a) and Pratt (1980), who have applied different
techniques for emulsion preparation (with and without an ultrasonic bath).

The chemical properties of the emulsion components are also important. Linoleic acid
emulsions possess other properties than oil-in-water emulsions (Frankel 1998).
Furthermore, as a free acid, linoleic acid may influence the dissociation degree of acidic
antioxidants (Roginsky 1988) and in this way it is not representative for edible oils/fats as
they mainly consist of triglycerides (Frankel 1993a). As a result, an antioxidant may behave

differently depending on the emulsion type, as reported in many studies (Huang et al. 1996;
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Abdalla et al. 1999). Consequently, results from the BCBT cannot be simply extrapolated
to oil-in-water emulsions.

The unusual antioxidative properties of B-carotene itself further complicate the picture.
In the BCBT method, B-carotene is a reaction indicator and is oxidised itself, i.e. it can be
considered as an antioxidant. However, its protective mechanism is completely different
from that of RA and BHT. Burton & Ingold (1984) reported that the AOA of B-carotene is
exhibited neither by chain breaking nor by peroxide decomposition. Hence, the exact role
of an antioxidant in the B-carotene:linoleic acid system is difficult to explain, especially
when complex matrixes such as plant extracts are considered.

Accelerated tests employing high temperatures and/or oxygen supply bring the risk of
undesirable alterations (decomposition, evaporation, polymerisation) of the studied
antioxidants. The DPPH" method uses very mild experimental conditions, which is an
advantage. The linoleic acid oxidation in the BCBT is conducted at relatively low
temperature. The HS-GC method is the most flexible of the three methods to variations in

substrate type and oxidation conditions.

2.4.3 Importance of the measured parameter

The exhibited AOA depends on the monitored parameter, namely, formation or
decomposition of hydroperoxides or radical scavenging activity. A number of reports have
shown that a compound ineffective in inhibiting hydroperoxide formation (or even
promoting it) may be able to inhibit hydroperoxide breakdown to unwanted volatiles
(Frankel. 1996a,b; Huang et al. 1996). I have shown that the same samples can exhibit
different AOA values depending on the measured parameter (see Tables 2.1 — 2.4). A
possible reason may be the different antioxidant affinity towards ROO" and RO, i.e. it may
better exert either chain-breaking (by ROO" deactivation) or preventive (by RO’
deactivation) antioxidant properties. The data obtained for RA and BHT by the DPPH" and
BCBT methods indicate that the BCBT method is not very appropriate for the evaluation of
“primary” antioxidant, i.e. radical scavenging properties.

The HS-GC method monitors an important quality parameter, namely secondary
volatile products, as they are found to be the most closely related to the lipid flavour
deterioration. A good correlation between the obtained “objective” chromatographic data
and the “subjective” sensory panel test results has been established (Frankel 1998);
however, the antioxidant effect at a later stage of lipid oxidation is evaluated. Also,
antioxidants are not effective if added to the product after the onset of oxidation. Hence,
evaluation of only the retardation effect on the decomposition of already formed lipid

hydroperoxides is not sufficient to build up the activity profile of an antioxidant.
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The generated radical intermediates are responsible for oxidation propagation. The
majority of antioxidants exercise antioxidant properties by competing with lipid molecules
for the formed radicals. Therefore, it is important to evaluate potential antioxidants by their
radical scavenging properties. An effective radical scavenger will favourably influence the
inhibition of the oxidation process. Moreover, all known powerful natural radical

scavengers are also good antioxidants.

2.4.4 Rapidity, sensitivity, applicability, and equipment

In assay-guided screening of plant samples, simple, sensitive and rapid methods that are
applicable to different sample types, have a high throughput and give reproducible results,
are preferable. The BCBT method is simple, sensitive and relatively rapid, especially if
microtitre plates and a reader device are available. The reproducibility of the results is
dependent on many variables. The method should be only used as a preliminary testing
procedure for AOA evaluation as it is limited to less polar samples. Otherwise incorrect
conclusions (e.g. false negative results) could be drawn. Static HS-GC is a sensitive and
reproducible method but requires sophisticated instrumentation. The method is flexible
with respect to the type of sample and substrate and the flavour profile of a product can be
obtained. It has been ranked as the second most suitable method (after sensory assays) in
predicting the stability, shelf life and consumer acceptability of a product (Frankel 1993b).
The relatively long required sample oxidation prior to chromatographic measurements
significantly slows down the analysis.

The DPPH' method is very rapid, simple, sensitive, reproducible and does not require
special instrumentation. In my study, it was very convenient for the screening of large
numbers of samples of different polarity because of its high throughput. Microtiter plates
can also be used to speed up the analysis (Matsukawa et al. 1997). The known chemical
properties of DPPH" enable structure-activity studies (Cotelle et al. 1996; Mathiesen et al.
1997; Yokozawa et al. 1998). An alcoholic DPPH" solution is a convenient TLC spray
reagent for a quick qualitative detection of radical scavengers prior to spectrophotometric
measurements (Takao et al. 1994). The DPPH" method is not discriminative with respect to
the radical species but gives a general idea about the radical quenching ability.

The chemical complexity of plant extracts hampers the explanation and interpretation
of their AOA. Recently developed on-line HPLC methods, employing model radicals
facilitate the evaluation and elucidation of the antioxidative properties of complex samples
(Ogawa et al. 1999; Dapkevicius et al. 1999, 2001; Koleva et al. 2000, 2001).

Owing to the complexity of the oxidation-antioxidation processes, it is obvious that no

single testing method is capable of providing a comprehensive picture of the antioxidant
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profile of a studied sample. The strengths and limitations of the discussed methods are

summarised in Table 2.5. The presented study confirms that a multimethod approach is

necessary in AOA assessment (Frankel 1993a; Frankel & Meyer 2000).

Table 2.5 The DPPH, HS-GC and BCBT methods — “pros and cons”.

Method

Strengths

Limitations

DPPH

Very rapid

Simple

Sensitive

Reproducible

Sample-polarity independent

No special equipment required

Common reagents

No preliminary sample
treatment

Low manpower input

High throughput

Mild experimental conditions —

no sample alteration

Easily incorporated in on-line
systems

Enables structure-activity
studies

Provides preliminary

information for lead-finding of

novel antioxidants

= Not informative about the type of
protected lipid substrare

= Not specific with respect to the
scavenged radical species

= Partial correlation with results from
other testing methods

HS-GC

Sensitive

Specific — reveals the flavour
profile of the lipid degradation
products

Reproducible

The best correlation with
sensory assays data — provides
direct practical information
Flexible with respect to the type
of substrate, sample and
oxidation conditions

Stability of real lipid systems
can be studied — very useful in
prediction of stability and shelf-
life of lipid products

Complex samples can be
measured directly without
preliminary extraction or other

= Slow

= Low throughput

= Requires sophisticated
instrumentation

= Preliminary sample oxidation (e.g.
heating at higher temperature) is
necessary prior to chromatographic
measurements

= Relatively high manpower input

= Partition phenomena have to be
borne in mind in the interpretation
of the results
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manipulation
BCBT = Relatively rapid = Sample-polarity dependent —
= Sensitive limited applicability for less polar
= No special equipment required samples
= Common reagents = Reproducibility highly dependent
= No preliminary sample on experimental variables
treatment required = Not specific
= Low to medium manpower = The chemical and physical
input properties of emulsion components
= Acceptable throughput (if may affect the ultimate AOA
microtiter plates and a reader = Partitioning effects influence the
device are available) AOA
= Relatively mild oxidation = Does not provide unambiguous
conditions information about the type of AOA
= Results cannot be extrapolated to
real oil-in-water emulsions
= Substrate is still somewhat artificial

Independently of the chosen method, suitable reference antioxidants should be tested
for comparison. A combination of rapid, sensitive and reproducible methods, preferably
requiring small sample amounts, that enable complementary results for “primary” and
“secondary” antioxidant properties, should be used whenever an AOA screening is
designed. For determination of “primary” AOA, the BCBT method is not the best choice
and other methods should be chosen (conjugated dienes, peroxide value, etc.). For
evaluation of “secondary” antioxidant properties the HS-GC is preferable. A rapid
estimation of radical scavenging abilities by using DPPH" (or another model radical),
especially in the on-line variants, could save much laboratory work, furnish preliminary
information about the AOA of the screened samples and provide a basis for further
isolation procedures. Despite some limitations, the DPPH™ method can be really helpful in
lead-finding of novel antioxidants in phytochemical screening procedures.
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Chapter 3

Antioxidant Activity Screening of Extracts from

Sideritis species (Labiatae) Grown in Bulgaria*

3.1 Introduction

Lipid oxidation is a highly deteriorative process in foods, as it leads to unacceptable
properties for the customer and to loss in nutritional value. As a serious consequence health
disorders like atherosclerosis, cancerogenesis, etc. can arise (Papas 1999). Hence, the
presence of antioxidants in foods is essential for their quality and safety. The importance of
natural antioxidants for use as food additives or nutritional supplements has already been
established. The commonly used synthetic antioxidants possess negative side effects
(Barlow 1990). This has resulted in stronger restrictions on their use and in shifting the
consumer and scientific interests toward natural alternatives. Although natural compounds,
including antioxidants, can be toxic under some conditions, more often they possess
additional useful properties (antibacterial, antimutagenic, immuno-stimulating, etc.) and
their different protective mechanisms rank them high in the choice for use in food products.
Medicinal plants and herbs are a promising and diverse source of natural antioxidants (Kim
et al. 1994; Madsen & Bertelsen 1995). Many plant species have been studied for
antioxidant activity, and some of them have even become commercial products. Tea (Yen
& Chen 1995), rosemary, sage and other herbs, and the products obtained from them, are
well known examples (Ldliger 1991; Marinova et al. 1991). Plants belonging to the genus
Sideritis (Labiatae) are well known in Bulgarian and other folk medicines for treating
various infections, inflammations, etc. Many reports are devoted to their chemical
composition and pharmacological activities. The presence of terpenoids (Rodriguez &
Valverde 1975), essential oils (Mateo et al. 1988) and flavonoids (Ezer et al. 1992; Gil et al.
1993) has been established. From some species, a coumarin (siderin) (Gonzalez et al.
1972), a lignan ((+)-sesamin) (Fraga et al. 1995) and phenylpropanoid glycosides (Ezer et
al. 1992; Kokkalou & Gabrieli 1997) have been isolated.

* This chapter has been published in modified form: Koleva, I.1., Linssen, J.P.H., van Beek,
T.A., Evstatieva, L.N., Kortenska, V., Handjieva, N. J. Sci. Food Agric. 2003, 83, 809—-819.
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Although the antiinflammatory principles of Sideritis plants have been well studied
(Tomas-Barberan et al. 1987), as have the antimicrobial effects of its diterpenoids (Diaz et
al. 1988) and essential oils (Villar et al. 1986), little has so far been done on their possible
antioxidant activity. The antioxidant and superoxide scavenging activities of several
flavonoids and polymethoxyflavones, some isolated from Spanish Sideritis species, using
FeSOy/cysteine-induced microsomal lipid peroxidation and the nitroblue tetrazolium test,
have been reported (Mora et al. 1990; Rios et al. 1992).

The Sideritis species grown in Bulgaria have not been studied in detail. Among the
compounds so far detected are the diterpenoid siderol and ursolic/oleanolic acids (Sattar et
al. 1995a) and flavonoids (Sattar et al. 1993; Sattar et al. 1995b). The antibacterial and
antiviral properties of some Bulgarian Sideritis species have been reported (Sattar et al.
1995a). The presence of flavonoids and phenylpropanoid glycosides in Sideritis plants, as
well as their established antiinflammatory properties, suggest a possible antioxidant activity
of Sideritis extracts.

Antioxidants affect the process of lipid oxidation at different stages due to differences
in their mode of action (Larson 1997). Because of the complexity of the oxidation process
itself, the diversity of the substrates and the active species involved, the application of
different test methods is necessary in the evaluation of antioxidants (Frankel & Meyer
2000; Koleva et al. 2002).

The present study is aimed at the evaluation of the antioxidant activity of different
extracts from several Sideritis species and populations, grown in Bulgaria, by using three
testing methods: the pf-carotene bleaching test (BCBT), 2,2’-diphenyl-1-picrylhydrazyl
(DPPH’) radical scavenging method and static headspace gas chromatography (HS-GC). As
the extracts studied have been produced by three extraction routes, the results obtained will
show the most suitable route with regard to the preparation of extracts rich in antioxidative
active components, as well as the most promising Sideritis species/population(s).
Additionally, this initial screening will reveal at which stage of lipid oxidation a particular
extract would be most effective as an antioxidant with respect to its possible practical

implementation in real food systems.

3.2 Experimental

3.2.1 Chemicals

Reagents and compounds were purchased from: Sigma-Aldrich Chemie GmbH, Steinheim,
Germany [Tweend0, trans-f-carotene, 7 (synthetic, 95%) and 2,2-diphenyl-1-
picrylhydrazyl, 34 (DPPH’, 95%)]; Janssen Chimica, Beerse, Belgium [linoleic acid
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(90%)]; Extrasynthese, Genay, France [rosmarinic acid, 11]; Fluka, Buchs, Switzerland
[butylated hydroxytoluene, 1 (BHT, p.a.)]. Authentic samples of flavonoids 31 and 32,
purified from natural sources, were a kind gift from Dr. V. Bankova (Bulgarian Academy
of Sciences, Institute of Organic Chemistry, Sofia, Bulgaria). See Figure 3.2 and Chapter 1
for the structures of the compounds. Commercial cold-pressed safflower oil without added
synthetic antioxidants was obtained from Natufood BV, Harderwijk, The Netherlands. It
contained 562 ppm a-tocopherol and traces of y-tocopherol as determined by high-
performance liquid chromatography (HPLC) (de Greyt et al. 1998). The oil was stored
under nitrogen in the dark at —20 °C. Fatty acid composition determined by GC as methyl
esters was as follows: 6.9% C16:0, 2.7% C18:0, 12.6% C18:1, 77.5% C18:2. All solvents
used were of analytical grade or HPLC grade (for HPLC analyses). Ultra-pure water (0.05
pScm ') was obtained from a combined Seradest LEM 20 and Serapur Pro 90C apparatus
(Seral, Ransbach-Baumbach, Germany).

3.2.2 Preparation of plant extracts

Aerial parts of Sideritis plants were collected at the flowering stage, air dried at ambient
temperature with forced ventilation, and ground in a grinder before use. Voucher specimens
were determined by Dr. L. Evstatieva and deposited in the herbarium of the Institute of
Botany, Bulgarian Academy of Sciences, Sofia (SOM). The species and populations used
and their origins were as follows: S. scardica 1 (LE 7a; cultivar, seeds collected at Pirin
mountain, Lozen, Bulgaria, May 1995; SOM 3154a); S. scardica 13 (LE 2; natural
population, Rodopi mountain, Trigrad, Bulgaria, May 1997); S. scardica 14 (LE 7v;
cultivar, seeds collected at Pirin mountain, Lozen, Bulgaria, May 1997; SOM 3154v); S.
montana 4 (LE 12; natural population, Strandja mountain, Dervishki hills, Bulgaria, May
1995; SOM 3253); S. montana 5 (LE 30; natural population, Black Sea coast, Primorsko,
Bulgaria, August 1993); S. montana 11 (LE 31; Black Sea coast, Varna, Bulgaria, July
1995; SOM 1282); S. syriaca 6 (LE 5; cultivar, seeds from Spanish origin, Lozen, Bulgaria,
1995); S. syriaca 9 (LE 6a = 6b; natural population, Strandja mountain, Malko Tarnovo,
Bulgaria, July 1995; SOM 3151); S. syriaca 12 (LE 10; cultivar, seeds from Spanish origin,
Lozen, Bulgaria, 1995). Cultivars were grown in the Botanical Garden of the Institute of
Botany, Bulgarian Academy of Sciences, Lozen, Bulgaria. Dried and ground plant material
was extracted according to the extraction schemes presented in Figure 3.1. All extracts were
evaporated under vacuum till dryness at temperatures not higher than 50 ‘C. Water and hot

water extracts were freeze dried.
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[Abbreviations: MeOH and M - methanol (extract); -BuOMe and S - fert-butyl methyl
ether (extract); Ac- acetone (extract); EtOAc — ethyl acetate (extract); BuOH — 1-butanol
(extract); Sox — Soxhlet (extract)]

3.2.3 Chromatographic and spectral analyses

Thin-layer chromatography (TLC)

Pre-coated silica gel 60 F,s4 thin-layer chromatography (TLC) plates (0.2 mm; Merck,
Darmstadt, Germany) and two solvent systems (CHCl;:MeOH:H,0 = 60:22:4 and 6:4:1)
were used for the TLC studies of extracts. Detection was carried out under UV light. For
qualitative detection of radical scavenging compounds, the TLC plates were sprayed with 1
mM methanolic solution of DPPH’ radical. Radical scavengers produce yellow spots on a

purple background.

High-pressure liquid chromatography (HPLC)
The HPLC system used consisted of the following: an HPLC eluent pump (Waters 600E

System Controller, Milford, MA); a programmable photodiode array detector (Waters 996)
and an autosampler (Waters 717plus). Separations were carried out with an Alltima C18
HPLC column (250 x 4.6 mm i.d., 5 um; Alltech Associates Inc., Deerfield, IL) with a
guard column. Stock solutions of Sideritis extracts (5 mg.cm ) were prepared in
MeCN:H,O (1:1, v/v) or in water (for aqueous extracts). Further dilution with water to a
concentration of 1 mg.cm ™ was carried out before injection (20 pL) onto the HPLC
column. The separation was performed by a step gradient with 5% MeCN in water (solvent
A) and MeCN (solvent B) at a flow rate of 0.8 mL.min"' as follows: linear gradient from
100 to 80% A for 5 min; 5 min 80% A, isocratic; 20 min linear gradient from 80 to 65% A,
10 min isocratic hold at 65% A; 10 min linear gradient from 65 to 0% A; 5 min 0% A,
isocratic; 5 min linear gradient from 0 to 100% A and a 10 min isocratic hold at 100% A for
re-equilibration of the column before the next injection. UV detection was carried out at
280 and 330 nm.

Spectroscopic methods
'H and "C NMR spectra were recorded on a Bruker AC-E 200 and a DPX 400
spectrometer. The *C NMR spectra and distortionless enhancement by polarization transfer

(DEPT) spectra were recorded on a Bruker DPX 400 spectrometer operating at 100 MHz.
Samples were dissolved in DMSO-d; (for flavonoids) and CD;0D (for verbascoside).
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3.2.4 Methods for determination of antioxidant activity
The antioxidant activity of Sideritis extracts, BHT (1, Fig. 3.2) and rosmarinic acid (11,
Fig. 3.2) was determined using the methods described by Koleva et al. (2002). Below, a

brief explanation of the experimental protocols is given.

OH OH H

(HsC)sC C(CH3)s 0. HQ,
OH
HOOC 0 . ]
RY : H
CH3 HO ! O-Glucose
OH

2,6-di-tert-butyl-p-hydroxytoluene o ) ajugol R4 = OH (22)
(BHT) (1) Rosmarinic acid (11) ajugoside Ry = OAc (23)

(0]
Ho  O-Glucose
N HowO o o OH
o HO @ OH OH
d S Ze7
HOH,C  O-Glucose

HO OH

melittoside (26) verbascoside (acteoside) (29)

NO,
HO
2,2-diphenyl-1-picrylhydrazyl (DPPH) (34)

R=H:
hypolaetin-4'-methylether-7-O-[6"-O-acetyl-B-D-allopyranosyl-(1"'-2")-B-D-glucopyranoside] (31)

R = Acetyl:

hypolaetin-4'-methylether-7-O-[6"-O-acetyl-B-D-allopyranosyl-(1"'-2")-B-D-6"-O-acetyl-B-D- glucopyranoside]
(32)

Figure 3.2 Structures of the compounds mentioned in the text (see Ch. 1 for the numbering

of the compounds).

Determination of antioxidant activity using [3-carotene bleaching test (BCBT

Trans-f-carotene — linoleic acid emulsion (250 pL) was distributed in each of the wells of
96-well microtitre plates and ethanol solutions (30 puL) of the antioxidants (0.1% of extracts
and 0.01% each for BHT and rosmarinic acid) to be tested were added. Four replicates were
prepared for each of the samples. The microtitre plates were incubated at 55 °C. The
absorbance was measured in an EAR 400 Microtiter Reader (SLT Instruments, Austria) at
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492 nm (Dapkevicius et al. 1998). Readings of all samples were performed immediately (¢
= 0 min) and at £ = 105 min (Pratt & Birac 1979). After 105 min the decrease in the
absorbance of the blank sample was no longer significant. The antioxidant activity
coefficient (AAC) was calculated from the data using the formula reported by Chevolleau
et al. (1992), slightly modified as follows:

AAC = [(A4 105 — A105) / (Ao — A 105)] x 100

where A, 105 and Ap, 195 are the absorbances of the test and blank sample, respectively at ¢ =

105 min and 45,0 is the absorbance of the blank sample at # = 0 min.

Determination of antioxidant activity by static headspace gas chromatography (HS-GC)

Solutions of safflower oil containing methanolic solution of the extracts to be tested (0.1%,
w/w) and reference compounds (BHT and rosmarinic acid, each 0.01%, w/w) were
prepared. A blank sample was prepared with an equal amount of methanol. Samples (0.20
g) of these solutions were placed into 10 mL headspace vials. The samples were incubated
at 55 °C in a shaker. Sampling was carried out every other day. The hexanal formation was
monitored using a Carlo Erba Mega 5300 gas chromatograph with an HS 800 headspace
sampler and a wide-bore—thick film capillary DB-WAX column (30 m x 0.54 mm, 1 um
thickness). The temperature program is given in detail by Koleva et al. (2002). The
antioxidant activity was evaluated using the protection factor (PF) (Marinova et al. 1991),

PF = IP,/ IPg

and the relative rate of hexanal (RRH) formation until the induction period (IP)

RRH = VA/ VB

where IP, and IPy are the induction periods (time in days after which the hexanal formation
increases sharply because of the complete consumption of the antioxidant) for the test and
blank sample, respectively; V, and Vg are the initial rates of hexanal formation of the
antioxidant and blank sample, respectively, expressed as the slopes of the curves Sy = f(7)
[where Sy is the amount of hexanal, expressed as hexanal peak area in integration units (IU)

and 7 is the time in days].
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Determination of free radical scavenging activity using DPPH free radical method
An ethanolic solution of DPPH' (10™* M) (Fig. 3.2, 34) and sample solution (Sideritis

extracts, BHT and rosmarinic acid) were mixed so that the final mass ratios were

extract: DPPH" = 5.5:1 and reference compound:DPPH’ = 0.5:1. Triplicate samples were
incubated for 15 min in the dark at 30 °C and the decrease in absorbance at 517 nm was
measured. The radical scavenging activity of the samples tested, expressed as percentage
reduction of DPPH’, was calculated according to the following formula (Yen & Duh 1994):

Reduction (%) = [(Ap — A4) / Ap] x 100

where Ag is the absorbance of the blank sample and A4, is the absorbance of the antioxidant

tested after 15 min.

3.3 Results and discussion

3.3.1 Antioxidant activity of Sideritis extracts according to the p-carotene bleaching test
method (BCBT)

Table 3.1 shows the yields of the different extracts. Depending on the solvent, different
yields were obtained. For the extraction scheme ‘MeOH’, the highest yield was found for
MeOH, whereas the yields of the other extracts were much lower. The highest yield was
also found for MeOH in the extraction scheme ‘-BuOMe’, whereas in the extraction
scheme ‘Acetone’ the highest yield was found for the hot H,O extract.

Because of the different polarity of the extracts tested — from apolar (#-butyl methyl
ether extracts) to very polar (water and hot-water extracts) — BHT (AAC = 864) and
rosmarinic acid (AAC = 425), representing apolar and polar antioxidants respectively, were
used as reference compounds (Koleva et al. 2002).

The antioxidant activities of all Sideritis extracts tested, expressed as AAC, are
presented in Table 3.2. -Butylmethyl ether extracts and total methanol extracts from S.
scardica showed higher activity (AAC between 830 and 700) than the other extracts. The
more polar extracts (EtOAc and BuOH) and rosmarinic acid exhibited moderate to weak
antioxidant activity (AAC between 600 and 300) according to this method. As a whole, the
weakest inhibitors of f-carotene loss turned out to be the most polar extracts — hot aqueous
and aqueous extracts, the latter even showing pro-oxidant effects (negative AAC). Both
were found to contain mainly polar iridoid glycosides (Koleva & Handjieva 1997) (22; 23;
26, Fig. 3.2). These glycosides do not possess structural features implying antioxidant

properties, i.e. functional groups capable of donating electrons or hydrogen atoms.
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However, some antioxidant activity was still observed for some of these extracts, which

might be due to polar phenolic compounds present at low concentrations.

Table 3.1 Yields of Sideritis extracts, obtained from all populations studied (For

abbreviations, see Fig. 3.1).

Sideritis
species and Extract yield (g.kg” dried plant material)
populations
Type of extract according to extraction scheme “MeOH’”

MeOH t-BuOMe | EtOAc | BuOH | H,O | Hot H,0
S. scardica 1 120.7 22.4 22.5 31.0 374 63.4
S. scardica 13 157.2 274 23.5 35.8 65.7 71.5
S. scardica 14 157.0 29.4 19.9 38.6 66.0 58.6
S. syriaca 6 163.5 27.6 19.9 42.7 70.1 69.7
S. syriaca 9 140.4 23.5 21.2 353 60.3 66.3
S. syriaca 12 159.6 25.1 23.6 33.1 63.8 64.4
S. montana 4 128.3 30.8 345 335 24.4 533
S. montana 5 161.1 339 429 38.8 43.6 69.4
S. montana 11 141.3 22.6 26.5 26.5 60.5 76.3

Type of extract according to extraction scheme “t-BuOMe”

t-BuOMe Hot

(Sox) MeOH | +~BuOMe | EtOAc | BuOH | H,O | H,0

S. scardica 14 20.8 129.6 14.6 16.7 38.4 524 | 794

Type of extract according to extraction scheme “Acetone”

Acetone -BuOMe | EtOAc | BuOH H,0 Hot H,O

S. scardica 14 37.7 13.9 10.4 10.4 00.9 132.5

The similar activities of EtOAc and BuOH extracts are most likely due to the presence
of substances being partitioned into both solvents. TLC and HPLC separations of these
extracts showed that they have a similar composition (Fig. 3.3). The main components of
these extracts were identified as verbascoside (29, Fig. 3.2), hypolaetin-4’-methylether-7-
O-[6°"’-O-acetyl-fp-D-allopyranosyl-(1°’’-2")-f-D-glucopyranoside] (31, Fig. 3.2) and
hypolaetin-4’-methylether-7-O-[6"’-O-acetyl-S-D-allopyranosyl-(1°°’-2")-4-D-6"-O-ace-
tyl-f-D glucopyranoside] (32, Fig. 3.2). Flavonoids were identified by comparing their
HPLC retention times and spectral data (UV, NMR) with those of reference samples and
literature data (Sattar et al. 1993; Sattar et al. 1995b). Verbascoside (29) was identified by
comparison with previously reported spectral data (Gao et al. 1999). Several other phenolic

components of the flavonoid and phenylpropanoid types were also isolated and their
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structures will be further elucidated. Comparison of the AAC of S. scardica 14 extracts
obtained by the three extraction routes showed that the initial extraction solvent had little
effect on the antioxidant activity of the same types of extract (e.g. ~BuOMe extracts
obtained by the three extraction routes had AAC values between 760 and 830). Methanol
gave approximately four times higher yields than acetone; hence, it was preferred as an
initial extraction solvent for all plant samples studied.

Table 3.2 Antioxidant activity (BCBT method) of Sideritis extracts, obtained from all
populations studied according to extraction scheme "MeOH", expressed as AAC, for the
various extract types.

Sideritis
species and
MeOH | #BuOMe EtOAc BuOH H,0 Hot H,O

S. scardica 1 709 670 408 551 —266 367
S. scardica 13 725 731 562 438 —295 266
S. scardica 14 701 830 529 632 -123 554
S. syriaca 6 526 355 611 574 -169 411
S. syriaca 9 482 682 524 612 —166 428
S. syriaca 12 595 468 549 615 —157 645
S. montana 4 572 467 218 428 -179 103
S. montana 5 515 229 491 345 —221 197
S. montana 11 486 586 640 210 =97 256

Values are means of four replicates and the RSD is less than 5%
AACBHT = 864> AACRosmarinic acid — 425

The results obtained are not unusual when considered in the light of the ‘polar paradox’
phenomenon, in which the polar antioxidants tend to be more active in bulk oil systems and
the apolar antioxidants exhibit stronger antioxidant activity in emulsions (Porter 1980;
Frankel et al. 1994). However, some of the extracts did not behave according to this
phenomenon. For example, ~-BuOMe(M) extracts from S. syriaca 6 and S. montana 5 were
less active than EtOAc(M) and BuOH(M) extracts from the same plants. A possible reason
could be the multicomponent nature of the extracts, which could involve synergistic,
additive or antagonistic effects, i.e. a complex mechanism of action. Other factors to
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consider include the chemical and physical properties of linoleic acid, f-carotene and the
emulsion itself (Koleva et al. 2002).

Extracts from S. scardica and S. syriaca species exhibited similar activity and were, in
general, more active than the extracts from S. montana species. Each of the S. montana
populations showed its own specific pattern of activity in their extracts, which could mean
that the habitat influence is much stronger for this species than for the other two species. A
semi-quantitative TLC screening of the total MeOH extracts showed that all S. scardica and
S. syriaca samples were chemically very similar, whereas S. montana samples were clearly

different and even showed intraspecies variations.
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Figure 3.3 HPLC profiles of S. scardica EtOAc and BuOH extracts. Chromatogrphic
conditions: Alltima RP18 column, 250 x 4.6 mm i.d., 5 um; flow rate 0.8 mL.min ';
MeCN:H,O gradient (see Experimental section for details); UV detection was carried out at

330 nm.

107



Antioxidant Activity Screening of Extracts from Sideritis species (Labiatae) Grown in
Bulgaria

3.3.2 Antioxidant activity of Sideritis extracts according to the static headspace gas
chromatography method (HS-GC)

Since the lipid hydroperoxides formed rapidly decompose to stable secondary oxidation
products after heating (in cooked, fried products, for example), it is useful to follow the
lipid oxidation by monitoring the formation of such reaction products. Hexanal is one of the
major secondary compounds formed during the lipid oxidation and it is responsible for the
rancid off-odour of lipid-containing products (Frankel 1991). The literature data concerning
the inhibiting properties of natural antioxidants on the decomposition of lipid
hydroperoxides and the formation of secondary products are not very abundant. Static HS-
GC has been applied to assess this type of antioxidant activity of rosemary (Frankel et al.
1996), grapes (Meyer et al. 1997), extracts from several Labiatae plants (Abdalla & Roozen
1999) and phenolics in virgin olive oil (Satue et al. 1995).

Table 3.3 Antioxidant activity (HS-GC method) of EtOAc- and BuOH extracts from
Sideritis, expressed as protection factor (PF) and relative rate of hexanal formation (RRH)
until the induction period (IP).

Tested sample EtOAc extracts BuOH extracts
PF RRH PF RRH
S. scardica 1" 1.3 1.7 1.3 1.1
S. scardica 13 1.3 2.6 0.7 1.6
S. scardica 14 (scheme “MeOH”) 1.3 1.7 1.0 1.0
S. scardica 14 (scheme “t-BuOMe”) 1.3 1.8 1.3 1.0
S. scardica 14 (scheme “Acetone”) 1.3 2.0 0.7 1.2
S. syriaca 6 1.3 1.4 1.3 1.7
S. syriaca 9 1.3 1.4 1.3 1.9
S. syriaca 12 1.3 1.7 1.3 2.3
S. montana 4 0.3 1.6 0.6 1.7
S. montana 5 0.3 1.1 0.3 3.7
S. montana 11 1.0 0.9 1.3 1.9
PF RRH

Blank® 1.0 1.0

BHT 1.3 0.7

Rosmarinic acid 1.6 1.0

“ - EtOAc and BuOH extracts from all Sideritis species were obtained according to
extraction scheme “MeOH”. S. scardica 14 plant samples were also processed according to
the schemes “#-BuOMe” and “Acetone”.

b 1P for the blank oil sample was 7 days
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The presence of flavonoid and phenylpropanoid glycosides in EtOAc- and BuOH
extracts explains their established antioxidant activity. The antioxidant properties of many
flavonoid and phenylethanoid glycosides have been reported (Mora et al. 1990; Xiong et al.
1996; Roedig-Penman & Gordon 1998; Gao et al. 1999). Despite their ‘phenolic’ nature,
the EtOAc and BuOH extracts showed low antioxidant activity in the BCBT assay, close to
that of rosmarinic acid. Because a low activity of an antioxidant in emulsion systems is
often correlated with a higher activity in bulk oils (‘polar paradox’), these extracts were
also investigated for their ability to inhibit hexanal formation in bulk safflower oil. The
‘secondary’ antioxidant properties of the samples tested were estimated on the basis of the
following parameters: protection factor (PF) and relative rate of hexanal (RRH) formation
until the induction period (IP).

Table 3.3 shows a tendency for the ethyl acetate extracts from S. syriaca and S.
scardica and the butanol extracts from S. syriaca to protect the oil from rancidity, in terms
of hexanal formation, in the same order as BHT but less than rosmarinic acid. S. scardica
BuOH extracts, as a whole, were less active than their S. syriaca counterparts and S.
scardica EtOAc extracts. S. montana extracts showed lower activity. In fact, two of them
(S. montana 4 and S. montana 5) even showed pro-oxidant properties (PF < 1).

Figure 3.4 Changes in hexanal formation
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Figure 3.4 presents data on the formation of hexanal in bulk safflower oil for some of the
extracts studied and the reference compounds. Again, the choice of the initial extraction
solvent (“MeOH”, “~-BuOMe”, “Acetone”) did not influence the results with this method
(see the data for S. scardica 14 extracts in Table 3.3).

The results were obtained with commercial oil and showed that most of the above-
described Sideritis extracts (and/or their components) could, in principle, serve as natural
antioxidative additives for retardation of edible oil rancidity provided that they do not
possess toxic effects or impart unwanted taste/colour to foods. After these screening
experiments, further work will be performed to describe the antioxidative activity in more
detail.
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3.3.3 Radical scavenging activity of Sideritis extracts determined by the DPPH method

As mentioned earlier in Chapters 1 and 2, various radicals formed during lipid oxidation are
among the main causes for oxidative damage to human health (Williams 1993).
Antioxidants can exercise their protective function by scavenging free radicals, which are
the main propagators of lipid oxidation. DPPH’ is a stable organic radical, often used in
evaluation of radical scavenging activity of antioxidants — natural and synthetic pure
compounds (Brand-Williams et al. 1995; von Gadow et al. 1997), plant extracts (Yen &
Duh 1994; Koleva et al. 2002), foods (Yamaguchi et al. 1998). Alcoholic solutions of
DPPH' have a characteristic absorption maximum at 517 nm. When an electron- or
hydrogen-atom donating antioxidant (AH) is added to DPPH’, there is a decrease in
absorbance at 517 nm due to the formation of the non-radical form DPPH-H which does not
absorb at 517 nm:

DPPH + AH — DPPH-H + A’

All previously described Sideritis extracts were screened for radical scavenging
activity against DPPH" (Table 3.4). The most active extracts were the EtOAc and BuOH
extracts, as well as total MeOH and Acetone extracts. This is due to the presence of
flavonoid and phenylpropanoid glycosides — compounds known as potential hydrogen
donors and radical scavengers (Rice-Evans et al. 1996; Gao et al. 1999). In some of the
extracts (MeOH, EtOAc and BuOH) the percentage of reduction reached nearly 100%. This
suggests that these extracts contain higher concentrations of active compounds than those
needed in the reaction of DPPH’ scavenging. In the follow-up work it will be necessary to
apply diluted samples of the extracts to provide better evidence for which extracts are the
most efficient ones. Spraying of TLC plates of Sideritis extracts with a DPPH" alcoholic
solution showed that all spots corresponding to phenolic compounds reacted with the
DPPH’ reagent.

In general, the radical scavenging activities of 7-butyl methyl ether extracts and water
extracts were much lower and strongly influenced by the plant sample origin. TLC and
HPLC analysis of water extracts showed the presence of the same phenolics as found in
EtOAc and BuOH extracts, but in much lower concentrations. DPPH" spraying of TLC
plates with ether extracts showed that they were poorer in DPPH’ scavenging components.
No substantial influence of the extraction procedure was observed.

When the same type of extract is considered for all plant samples tested, little
difference in relative activity was observed. In contrast to the BCBT method, the apolar #-

butyl methyl ether extracts were not the most active in the DPPH’ test system. This fact
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could mean that either their components do not possess good hydrogen donating properties
or that some kinetic factors influenced their reaction with the radical, or that there are
components interfering with the radical scavenging process. Bondet et al. (1997) have
found that the radical scavenging activity of a particular antioxidant depends on its structure
as well as on the type of reaction kinetics. The higher antioxidant activity of these extracts
according to the BCBT method could mean that their protective properties are highly
dependent on the surface phenomena of the methods in emulsion systems, such as BCBT,
or on reactions between the functional groups of the compounds and the substrate (Koleva
et al. 2002).

Table 3.4 Radical scavenging activity of Sideritis extracts and two reference compounds”

against DPPH" expressed as % Reduction for the various extract types.

Sideritis species and | ~BuOMe | MeOH | EtOAc | BuOH | H,O | Hot H,0O
populations

S. scardica 1° 44° 93 95 94 35 85

S. scardica 13 28 94 96 93 58 85

S. scardica 14 38 94 94 94 49 86

(MeOH)

S. scardica 14 59 94 97 97 39 84

(t-BuOMe) 67°

S. scardica 14 45 90 96 94 90 88

(Acetone)

S. syriaca 6 38 92 96 95 32 87

S. syriaca 9 42 92 95 94 42 86

S. syriaca 12 27 93 94 95 33 87

S. montana 4 47 91 94 92 69 82

S. montana 5 63 92 96 93 28 79

S. montana 11 50 92 93 93 74 83

% Reductiony,, . inic acia= 95 %o0; %o Reductiongyr= 65 %

- Values are mean of three replicates and the RSD is less than 1%

b _ Extracts from all Sideritis species were obtained according to the extraction scheme
“MeOH”. S. scardica 14 plant samples were also processed by schemes “~-BuOMe” and
“Acetone”.

“- Value for --BuOMe(Sox) from S. scardica 14 (scheme “-BuOMe”)

For comparative purposes, the radical scavenging activities of rosmarinic acid and
BHT were also determined. Similar to the BCBT and HS-GC protocols, the pure reference
compounds were applied in a ten-times lower concentration than the extracts (here 0.5:1,
w/w). Rosmarinic acid showed 95% Reduction of DPPH’, whereas BHT exhibited only

65% Reduction. Compared on a molar basis, BHT was also a much weaker radical
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scavenger than rosmarinic acid (Koleva et al. 2002). The most active Sideritis extracts
possessed radical quenching activity comparable to that of rosmarinic acid, and even the
less active extracts can be compared in their potency to BHT. The results show that the
most active Sideritis extracts can serve as a promising source for the isolation of radical

scavenging compounds.

3.4 Conclusions

The Sideritis species investigated contain components with antioxidant abilities. The
methods applied in this study considered the antioxidant properties of the extracts studied
as determined by different testing methods. Such an approach is necessary in evaluation of
novel antioxidants, since the antioxidant activity is dependent on many factors, such as the
type of oxidizable substrates, oxidation conditions, parameters measured, partition
phenomena, etc. (Frankel & Meyer 2000; Koleva et al. 2002). The high radical scavenging
activity of EtOAc and BuOH extracts can be correlated to the presence of flavonoid and
phenylpropanoid glycosides. These types of compounds have also been found to be
effective in rancidity retardation of edible oils, with or without natural tocopherols, and
may explain the antioxidant activity exhibited in the HS-GC method. Consequently, the
active Sideritis extracts, their components or their enriched fractions might be useful in
rancidity retardation of edible oils. The observed higher activity of the apolar +-BuOMe
extracts, compared with the other more polar extracts in the BCBT system, can be
attributed to favourable interfacial phenomena in the emulsion medium and to the presence
of some apolar phenolic compounds. The results from the BCBT assay suggest that some
apolar Sideritis components or extracts might be inhibitors of lipid oxidation in emulsions.
However, additional studies with isolated pure compounds in real oil-in-water emulsions
are necessary to prove this (Koleva et al. 2002). The presence of pro-oxidative substances
in some of the sub-extracts has been established. Hence, a preliminary fractionation and
screening of the fractions obtained may be useful for the removal (partial or complete) of
pro-oxidative components. The initial extraction solvent had little effect on the activity of
the sub-extracts obtained in this study. Owing to the multicomponent composition of the
extracts, further research will be carried out to isolate the individual active compounds, to
evaluate their antioxidant properties and to study possible synergistic or inhibitory effects.
The different species of Sideritis were collected over several years (1993 — 1997). In future
studies, attention will be given to the influence of geographical origin, time of harvest, soil
and climatological conditions. Such parameters could influence the presence and
concentration of secondary metabolites, and thus the antioxidative activity.
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Chapter 4

A Rapid On-Line HPLC Method for Detection of
Radical Scavenging Compounds in Complex

Mixtures*

4.1 Introduction

Free radicals formed during oxidation processes occurring in various products and living
organisms are known to be responsible for oxidative product deterioration, health damage,
and accelerated aging (Finley & Otterburn 1993; Aruoma 1998). In recent years an
increasing interest in naturally occurring antioxidants can be noticed (Evans & Reynhout
1992; Nieto et al. 1993; Madsen & Bertelsen 1995).

In the search for new natural antioxidants, complex mixtures are frequently
encountered. Bioassay-guided fractionation of plant samples is time-consuming and labour-
intensive. For antioxidants, there is often a loss in activity during the isolation and
purification procedures due to decomposition. For this reason, availability of a rapid
method for screening and activity evaluation of the samples is essential in order to avoid
many of these problems. A method combining separation and activity evaluation would
present a major advantage for such investigations. However, reports concerning on-line
separation and antioxidant activity assessment are scarce. In 1999 as far to my knowledge,
only two reports had been published. Both concerned on-line detection of HPLC
antioxidative eluates by means of chemiluminescence (Dapkevicius et al. 1999; Ogawa et
al. 1999). Furthermore, a flow system without separation has been described (Niederlinder
et al. 1994). Although very sensitive, these methods require a special instrumental set-up
and expensive and unstable reagents. There are also limitations regarding the HPLC
mobile-phase composition.

This chapter presents a simple and rapid method for HPLC-DPPH on-line detection of
antioxidative compounds in complex mixtures such as plant extracts/fractions, foods, and

drugs without the use of chemiluminescence.

* This chapter has been published in modified form: Koleva, L.I., Niederlinder, H.A.G, van
Beek T.A. Anal. Chem. 2000, 72, 2323-2328.
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4.2 Experimental

4.2.1 Instrumental set-up

On-line system. A scheme of the instrumental set-up is given in Figure 4.1. The HPLC
system used consistsed of the following: HPLC pump delivery system (Waters 600E
System Controller, Milford, MA); a programmable photodiode array detector (Waters 994)
connected to a Waters 5200 printer plotter (data were processed using Waters 991 PDA
software); a variable- wavelength Gilson 115 UV detector (Gilson Medical Electronics,
Inc., Middleton, WI) connected to a recorder (Kipp & Zonen BD40, Delft BV, The
Netherlands); a syringe pump for delivery of DPPH’ solution (laboratory-made, Free
University, Amsterdam, The Netherlands). The separations were carried out on an Alltima
C18 HPLC column (5 um, 250 x 4.6 mm i.d., Alltech Associates, Inc., Deerfield, IL).
Samples were injected with a Gilson 231 sample injector equipped with a 20-uL loop. The
reaction coil was made of PEEK tubing 15 m x 0.25 mm i.d. (tubing of a larger inner
diameter is unsuitable due to undesirable peak broadening). Detection of DPPH’ reduction
was carried out at 517 nm. The UV detection wavelengths for the tested compounds were

chosen according to their characteristic absorption maxima (range 0.01 AU, rise time 0.5 s).

Rheodyne
injector ALLTIMA C18
column
HeLC _’—tﬁ:’—r — — __—— DrPH
delivery o pump
system ?

Solvent :T@ Reaction
n. ﬂ R [j coil

reservoirs | Recorder

—~— ﬁ py ~ Photodiode Array
E HJ Y ~—  Integrator Detector; 517 nm

Waste

Figure 4.1 Instrumental set-up for the HPLC-DPPH on-line detection of radical scavenging

compounds.

Off-line system. The off-line measurements were carried out on a Lambda 18 UV/Visible
spectrometer (Perkin-Elmer, Corp., Norwalk, CT) at 517 nm in disposable polystyrene
cuvettes (1-cm path length, Greiner Labortechnik, Alphen a/d Rijn, The Netherlands)

against methanol as a reference solution. The reagents were mixed at concentrations and in
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ratios corresponding to the optimized on-line experiments. To minimize air bubble
formation, solvent mixtures were degassed by sonication before use. Measurements of pH

were carried out with a Hana Instruments HI 9025 (Portugal) pH meter.

4.2.2 Reagents and tested antioxidants

All solvents used were of HPLC grade (Lab-Scan Analytical Sciences Ltd., Dublin,
Ireland). Ultrapure water (0.05 uS/cm) was obtained from a combined Seradest LFM 20
and Serapur Pro 90 C apparatus (Seral, Ransbach-Baumbach, Germany). Before use in the
HPLC system, all samples solutions and solvents were membrane filtered (0.45 um, Type
RC 55, Schleicher & Schuell, Dassel, Germany). During the HPLC runs, solvents were
continuously degassed by sparging with helium.

The following reagents and compounds were used: 2,2-diphenyl-1-picrylhydrazyl, 34
(DPPH" 95%), eugenol, 35 (99%, GC), isoeugenol, 36 (98%), kaempferol, 37 (90%),
quercetin dihydrate, 14 (98%), a-tocopherol, 5 (95%), and Trolox, 38 (97%) from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany); glacial acetic acid (100%) and Na,HPO,
dihydrate (p.a.) from Merck (Darmstadt, Germany); citric acid monohydrate (p.a.) and
sodium acetate (anhydrous, p.a.) from Acros Organics (Geel, Belgium); rutin trihydrate, 15
(90%) from Fluka (Buchs, Switzerland); and rosmarinic acid, 11 from Extrasynthese
(Genay, France). Carnosic acid, 13 was isolated from dried rosemary leaves in our
laboratory (for compounds numbering see Chs. 1 and 3).

DPPH'’ solutions were freshly prepared in methanol every day and kept at 4 °C, in a
volumetric flask protected from light. Eight to ten different dilutions of each antioxidant in
methanol were prepared and tested. Plant extracts were prepared by extraction of air-dried,
ground plant material from Sideritis species (Labiatae) with methanol, evaporation of the
solvent to dryness, and successive partitioning between water and tert-butyl methyl ether,
ethyl acetate, and 1-butanol. The obtained sub-extracts were evaporated to dryness under
vacuum at temperatures not higher than 50 °C. The remaining aqueous layer was freeze-
dried. Extract solutions were prepared in methanol or water (1 mg/mL).

4.3 Results and discussion

4.3.1 Physicochemical factors influencing the antioxidant-DPPH' reaction rate

The absorbance at 517 nm, corresponding to the “remaining” DPPH’ concentration, is
influenced by several parameters (apart from the chemical nature and concentration of the
antioxidants as will be discussed later): (1) concentration of the DPPH’ stock solution; (2)
reaction time between the antioxidant and DPPH’; (3) composition and pH of the HPLC
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mobile phase. The influence of these factors was determined under off- and on-line
conditions.

The primary aim was to detect antioxidative components at low concentrations. The
system was therefore optimized with respect to the limits of detection. The limit of

detection (LOD) was calculated according to
LOD = —2ta/,1a,,k

where oy 1S the standard deviation of the blank signal and ¢ is the Student’s ¢ statistic.

For method optimization under the on-line conditions, LOD was evaluated in terms of
a field blank response (LOD,is., AU) with the coefficient £ = 2.5 for n = 24 measurements
of the blank signal with a confidence interval of 99%. For determination of the limits of
detection of the tested compounds (LODcompounds #g/mL), the coefficient # = 1.714 for n =
24 measurements of the blank signal with a confidence interval of 90% was used. The
negative peak resulting from the reduction of DPPH" by a radical scavenging compound
was considered detectable if its height (depth) exceeded the calculated LODqmpound-

4.3.2 Influence of DPPH' stock solution concentration

Five different concentrations of DPPH’ stock solution in methanol were prepared: 10~, 107,
5x 107,107, and 5 x 10 M. Tests were carried out at a flow rate of 0.7 mL/min for both
the DPPH’ solution and the HPLC mobile phase (methanol), which proved to be the most
stable flow rate for the DPPH delivery pump. In Figure 4.2(a) it is shown that the noise
level increased rapidly with increasing DPPH’ concentration, at concentrations higher than
10° M. However, a decrease in DPPH" concentration below 10 M did not contribute to a
further decrease in noise. The influence of DPPH' stock solution concentration on the
LOD¢ompouna Values for several of the tested antioxidants, isoeugenol, a-tocopherol, and
eugenol, was checked with the two DPPH’ concentrations showing the lowest noise levels —
107 and 5 x 10° M. The three compounds chosen cover the three main types of kinetic
behaviour with respect to their reaction with DPPH" — rapid, intermediate, and slow,
respectively (Brand-Williams et al. 1995; Sanchez-Moreno et al. 1998). In all cases, the
LOD¢ompouna Values shifted to higher antioxidant concentrations when 5 x 10° M DPPH’
was used. On the basis of these results, 10°M DPPH' was chosen as the optimum DPPH’

stock solution concentration.
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4.3.3 Influence of reaction time

Some additional experiments with two of the antioxidants tested, eugenol and isoeugenol,
were carried out to establish that the variables (concentration of DPPH" solution and
reaction time) were largely independent. Signal-to-noise (S/N) ratios were determined at
two different DPPH" concentrations (107 and 5 x 10 M) and reaction times (9 and 30 s,
corresponding to reaction coils of 4.4 m and 15 m x 0.25 mm i.d.). The results for
isoeugenol are given in Table 4.1 (similar results were also obtained for eugenol). The
highest S/N ratio was determined at 10° M DPPH’ solution and 30-s reaction time. On the
basis of these data, the reaction coil of 15 m x 0.25 mm i.d. (30-s reaction time) was chosen

for further experiments.

Table 4.1 S/N ratios determined for isoeugenol
(5.10° mol/L) at two reaction times and two

DPPH" stock solution concentrations.

DPPH’ stock solution

Reaction time, s concentrations, mol/L
5.10° 10”
9 4.5 10.9
30 10 21.8

4.3.4 Influence of the mobile-phase composition and pH

The suitability of the method for analyses involving acidic mobile phases was checked by
using buffers of different pH and composition. According to Blois (1958), DPPH’ is
moderately stable with respect to changes in pH values and its absorbance at 517 nm can be
considered as independent of pH from 5.0 to 6.5. Methanol, acetonitrile, and mixtures of
these with water and various buffers (pH 2.2-6.6) were studied under off- and on-line
conditions.

In the off-line experiments solvent mixtures of 90, 70, 50, 30, and 10% methanol and
acetonitrile in water and acetate buffer as well as pure methanol, acetonitrile, water, and
acetate buffer were mixed with 10° M DPPH’ and the absorbance at 517 nm (A’'7) was
recorded after 30 s. The changes in A" with changes in the solvent mixture composition
are presented in Figure 4.2(b) (for methanol-water mixtures). Replacing methanol by
acetonitrile gave similar changes in A>". Addition of either water or buffer to the organic
solvent decreased A”'” values.
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Figure 4.2 (a) Changes in LOD in terms of blank response signal with DPPH" stock
solution concentration, mol/L (* means: LOD/10 is plotted). (b) Changes in A" with
changes in the solvent mixture composition for methanol-water mixtures (mean values for
four replicates + SD). (¢) Time course of the absorbance at 517 nm (A>") for several
mobile phase mixtures of different pH (¢ methanol, e citric acid-phosphate buffer (CPB)
pH 5.6, A CPB pH 3, m CPB pH 2.2).
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This effect was more distinct when changing from 100% organic solvent to organic solvent-
water or buffer solutions and from 10% organic solvent to pure water or buffer. Thus,
HPLC gradients with mobile-phase composition from 10% to 90% organic solvent can be
applied with this method without significant changes in DPPH" absorbance. Pure organic
solvents can be used in isocratic runs. The use of pure water caused the strongest decrease
in the DPPH" absorbance. Water has been reported to promote radical recombination (Karel
1980). Although the systems described by Karel (1980) are different from the DPPH on-
line set-up, the results obtained here are in general accordance with these earlier
observations.

In the on-line experiments, two solvent mixtures, 100% organic solvent (methanol or
acetonitrile) and their 10% solutions in both water and acetate buffer, were used. No
significant changes in LOD,;;. were observed for any of the mobile phase combinations
tested.

To establish the influence of mobile-phase pH, citric acid-Na,HPO, buffers (CPB) of
seven different pH values (from 2.2 to 6.6) were tested under off-line conditions. Ultrapure
water, 0.1 M citric acid (pH 2.05), and acetate buffer (pH 5.6) were also included in this
experiment.

The absorbance at 517 nm was monitored during 30 s. Results are presented in Figure
4.2(c). “Highly acidic” systems (pH 2.2) caused a drastic decrease in DPPH’ absorbance
over 30 s. Consequently, low-pH buffers should not be used as mobile phases in this
method as they contribute to lower S/N ratios under on-line conditions. Although DPPH’
solutions have been reported to be stable only in the range of pH 5-6.5, the results obtained
show that buffers with pH down to 3 can still be used with this method. Most probably, the
reason for the “broadening” of the suitable pH range is the short reaction time (30 s) during
which there is no significant decrease in absorbance. The use of buffer at pH 6.6 resulted in
formation of a cloudy suspension when mixed with DPPH’ solution. Thus, this buffer is not
suitable for on-line application as it would cause a high noise level. Using buffers with the
same pH but of different composition (citric acid-phosphate buffer and acetate buffer) did
not cause changes in the absorbance values. On the basis of both off- and on-line
experiments, it can be concluded that mobile phases containing down to 10% methanol or
acetonitrile can be used in the proposed method. Buffers with pH 3-6 can also be used when

necessary for improvement of the HPLC separation.
4.3.5 Influence of the chemical nature of the antioxidants

The method was applied to compounds of different chemical nature, belonging to the three

main types of kinetic behaviour toward DPPH" (slow, intermediate and rapid). Their limits
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of detection, LODgompouna (ug/mL), and the minimum detectable amounts (ng) were
determined. The data obtained are presented in Table 4.2. The structures of the compounds
studied are presented in Figure 4.3. A combined plot of the UV and DPPH" quenching

profiles of nine dilutions of Trolox (38) is presented in Figure 4.4.

Table 4.2 Limits of Detection and Minimum amounts detectable of some antioxidants in

the HPLC-DPPH on-line system under isocratic conditions.

Tested compound Kinetic Limit of Detection* Minimum amount
behaviour LOD (ug/mL) detectable (ng)

Quercetin, 14 slow 0.33 6.6
Carnosic acid, 13 no data 0.41 8.2
Rosmarinic acid, 11 intermediate 0.83 17
Trolox, 38 no data 1.5 30
Isoeugenol, 36 rapid 1.8 36
Rutin, 15 slow 2.2 44
Kaempferol, 37 no data 2.3 46
a-Tocopherol, 5 intermediate 17 340
Eugenol, 35 slow 94 1900

* - determined with 20-pL loop

OH
HOOC ~

o
HO
OH Rosmarinic acid (11)
OH OH
OCH 3 OCH 3
= X
Eugenol (35) Isoeugenol (36)
Kaempferol (37) H H
Quercetin (14) H OH
Rutin (15) rutinose OH
CHj,
HO CH3 CH3
CH 3 a-Tocopherol (§) R = CHy-(CH;CH,CHCH;),-CH,CHCHCH3
HsC o)

Trolox (38) R=COOH

Figure 4.3 Structures of the tested antioxidants

(see Ch. 1 for the numbering of the compounds).
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Carnosic acid (13) and rosmarinic acid (11) were among the most potent radical
scavengers of DPPH’, the former being more active. Carnosic acid was also found to be a
stronger antioxidant than rosmarinic acid by other testing methods (Frankel et al. 1996).
Comparing the three flavonoids tested (kaempferol (37), quercetin (14), rutin (15)),
quercetin was more active than both its glycoside rutin and kaempferol. Other authors (van
Gadow et al. 1997; Sanchez-Moreno et al. 1998) have reported similar results for the pair
rutin-quercetin. Glycosylation has been found to diminish the radical scavenging abilities of
flavonoids (Pratt 1980). The weaker radical scavenging activity of kaempferol could be
explained by the fact that it possesses one phenolic OH group less than quercetin and rutin.

Trolox (38) has been found to be a potent antioxidant by many different methods
(Miller 1993; Hopia 1996). In this method, it showed stronger antioxidant activity than its
fat-soluble form a-tocopherol (5). Similar results have been reported by Yamaguchi et al.
(1998) also using DPPH". Possibly, steric factors strongly influence the reaction of these
compounds with DPPH" since their lipo-/hydrophilicity is not likely to have any effect in
the presented method.

Eugenol (35) and its isomer isoeugenol (36) greatly differed in their scavenging
activity toward DPPH'. These results are in accordance with those obtained by the group of
Berset (Brand-Williams et al. 1995; Bondet et al. 1997), who have proposed reaction

mechanisms for these compounds with DPPH'.

Figure 4.4 Combined plot of the UV and DPPH® reduction profiles of different
concentrations of Trolox (38) sequentially injected (left to right: 0.25, 2.5, 6.3, 12.5, 25, 63,
125,250, 1250 pg/mL) under isocratic conditions.
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Comparison of the LOD¢ompouna and minimum detectable amounts for some of the
studied pure compounds as determined by this method and the on-line HPLC-
chemiluminescence method proposed by Dapkevicius et al. (1999) shows that the latter is
more sensitive. This may be due to the inherently higher sensitivity of chemiluminescence
compared to UV/Visible spectroscopy (Poole & Poole 1991) and/or to the difference in the
stability between DPPH" and the luminol radical. Another reason for the lower sensitivity
observed might be due to the electronic noise at 517 nm of the diode array detector used. A
dedicated visible wavelength detector with a tungsten lamp, which was not available to us,
is likely to lead to lower limits of detection.

To elucidate antioxidant kinetic behaviour with this method, additional studies are
necessary. Some preliminary experiments showing the suitability of my system to perform
such studies have been carried out. Several concentrations of eugenol and isoeugenol
(compounds having slow and rapid kinetics, respectively) were tested at two different
concentrations of DPPH’ stock solutions and two reaction times. A good fit of the

experimental data with the kinetic models developed was obtained.

4.3.6 Application of the method to complex mixtures (plant extracts/fractions)

The method described can be used for a rapid detection of antioxidative (radical
scavenging) components in complex mixtures such as plant extracts/fractions, foods, etc. It
was applied to ethyl acetate, l-butanol, and aqueous extracts from Sideritis plants.
Preliminary studies (unpublished) have shown that these extracts possess components with
radical scavenging activity. Combined UV and DPPH" quenching chromatograms under
gradient conditions of a crude aqueous extract from Sideritis scardica are presented in
Figure 4.5. No preliminary sample preparation was necessary, thus confirming that the
method can save time, labour input, and chemicals. Injecting three different concentrations
of the same extract resulted in a proportional change in the negative peak height/area of the
reduced DPPH'. These results suggest the method can be applied to quantitative
determinations of radical scavenging components in complex matrixes after calibration for
the compounds to be quantified. In the chromatogram presented, only the component
marked with an * does not possess any radical scavenging ability. Although it is one of the
major extract constituents, no corresponding negative peak of reduced DPPH" is observed.
The application of the method to the other extracts mentioned in the Experimental Section
also showed the presence of radical scavenging components. Those extract components that
cause strong DPPH’ scavenging are of interest for further investigations.
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Figure 4.5 Combined UV and DPPH’ reduction chromatograms of S. scardica crude
aqueous extract (1 mg/mL in water). Chromatographic conditions: RP-18 column (see
Experimental Section), gradient elution at 0.7 mL/min (methanol-water (44:56, v/v) to
methanol (100%) over 50 min), UV detection at 254 nm.

4.4 Conclusion

A rapid HPLC method for on-line detection of antioxidative components in complex
mixtures was developed. It is characterized by the following: (1) a broad range of
applicability. (a) compounds of different kinetic behaviour toward DPPH" can be
determined; (b) isocratic and gradient runs with mobile phases of different composition and
pH can be carried out whereas other methods published (Dapkevicius 1999) have
limitations with respect to some mobile phase modifiers; (c¢) compounds over a broad range
of polarity, and pKa can be evaluated since HPLC mobile phases, ranging from 10 to 90%
organic solvent in water or buffers (pH 3-6), can be used; (d) use of a readily available and
non-expensive instrumental set-up; (2) use of cheap, stable and commonly available
chemicals; (3) the method is easy to perform. The method can be applied for a quick
screening of antioxidants or more precisely radical scavenging activity of complex samples
such as plant extracts, foods, and drugs as well as for quantitative analysis. The greatest
benefit of the method is that it is immediately clear which constituent possesses radical
scavenging activity. Thus, it is no longer necessary to purify every single constituent for

off-line assays, leading to very significant reductions of costs and faster results.
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Chapter 5

Application of ABTS Radical Cation for Selective On-
Line Detection of Radical Scavengers in HPLC

Eluates*

5.1. Introduction

A great deal of knowledge has accumulated over recent years regarding the role of free
radicals in oxidative stress in living organisms (Aruoma 1998) and about their propagative
role in lipid oxidation and the subsequent quality deterioration of foods (Finley & Otterburn
1993), cosmetics (Tyrrel 1995), etc. Because of their high reactivity, most free radicals
react rapidly with oxidizable substrates. This necessitates discriminative assays for the
evaluation of radical-trapping properties. Such methods often utilize stable model free
radicals as indicators for radical-scavenging abilities, among which the 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH’) (Brand-Williams et al. 1995) and the 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid) radical cation (ABTS™), by some authors also
referred to as ABTS™ (Scott et al. 1993; Campos & Lissi 1996; van der Berg et al. 1999;
Huang et al. 2005) have gained the highest popularity. These radicals have been useful in
the antioxidant activity evaluation of various samples, because the assay protocols are
simple and require only a spectrophotometer. However, it has been recognized that the
exhibited radical scavenging abilities (in terms of both stoichiometry and reaction rates)
depend on the assay method used (Mantle et al. 1998). For example, antioxidants can differ
significantly in their reactivity toward ABTS™ and DPPH" (Lissi et al. 1999). In 1993,
Miller et al. (1993) proposed a common parameter for antioxidant activity evaluation,
called the Trolox equivalent antioxidant capacity value (TEAC), based on the use of the
relatively long-lived ABTS"". The TEAC value represents the antioxidant reactivity relative
to a standard of 1.0 mmol/L Trolox, a water-soluble synthetic derivative of vitamin E.

The ABTS™ has been used in the evaluation of the antioxidant activity of single

compounds (Rice-Evans et al. 1995; Miller et al. 1996) and mixtures of various nature (e.g.

* This chapter has been published in modified form: Koleva, L.I., Niederlinder H.A.G., and
van Beek T.A. Anal. Chem. 2001, 73, 3373-3381.
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body fluids (Rice-Evans & Miller 1994), foods and beverages (Miller et al. 1995; Amao et
al. 1996) and plant extracts (Mantle et al. 1998; Pietta et al. 1998)).In the search for novel
antioxidants, the current focus is towards those of plant origin. This application requires
screening of many plant extracts for antioxidant activity. Consequently, rapid methods
allowing a high-throughput screening are needed. Whenever mixtures are concerned, the
antioxidant capacity has usually been expressed in terms of total antioxidant activity (TAA)
(Arnao et al. 1996; Mantle et al. 1998; Cano et al. 1998). In complex mixtures, additive,
synergistic, or inhibitory effects among the components have been observed (Benavente-
Garcia et al. 2000). To evaluate the contribution of each single sample component,
knowledge of its molecular structure is required. In the search of novel active compounds in
complex matrixes, this is complicated and difficult.

Recently developed on-line methods combine the advantages of rapid and sensitive
activity assay protocols with an HPLC separation for a rapid detection of radical
scavenging components in complex mixtures. Two of the reported methods are based on
the determination of luminol-chemiluminescence inhibition as an indicator of radical-
trapping activity (Dapkevicius et al. 1999; Ogawa et al. 1999). Another one uses the DPPH’
stable radical in a simple HPLC on-line system (Koleva et al. 2000), however, this method
showed limited sensitivity for compounds having slow reaction kinetics towards DPPH’
(e.g. BHT).

This chapter describes the detection of radical-scavenging components in complex
matrixes by an on-line HPLC method using ABTS™. The method is a useful and
complementary extension of the previously reported HPLC-DPPH on-line method (Koleva
et al. 2000) for the screening of complex mixtures for radical scavengers.

5.2 Experimental

5.2.1 Instrumental set-up

The block scheme of the instrumental set-up is presented in Figure 5.1. The HPLC system
that was used consisted of the following: an HPLC eluent pump (Waters 600E System
Controller; Milford, MA); a programmable photodiode array detector (Waters 994)
connected to a Waters 5200 printer plotter (data were processed using Waters 991 PDA
software) [For the analyses of the extracts, the photodiode array detector was replaced by a
model 757 UV-Vis absorbance detector (Applied Biosystems Inc.; Foster City, CA)]; a
UV-Vis absorbance detector (model 759A) equipped with a tungsten lamp (Applied
Biosystems Inc.; Foster City, CA) and connected to a recorder (Kipp & Zonen BD40; Delft,
The Netherlands); and a syringe pump (maximum volume content, 45 mL) for delivery of

128



Chapter 5

ABTS™ solution (laboratory-made; Free University, Amsterdam, The Netherlands).
Separations were carried out on an Alltima C18 HPLC column (5 gm, 250 x 4.6 mm i.d.,
Alltech Associates Inc.; Deerfield, IL). An additional pulse dampener (SSI, Inc.; State
College, PA) was mounted upstream from the injector to further reduce pressure pulsations.
Samples were injected using a Gilson 231 sample injector equipped with a 10-uL loop. The
reaction coils used were made of PEEK tubing of the following sizes: 4.4 m x 0.25 mm i.d.,
13.7 m x 0.25 mm i.d., and 6.5 m x 0.50 mm i.d. Detection of ABTS™" quenching was
carried out at 734 nm (range, 0.02 AUFS; rise time, 5 s). At this wavelength, the extinction
coefficient of ABTS™ (¢”%) is 1.5 x 10* L.mol".cm™ (Scott et al. 1993). This absorbance
maximum was preferred over that at 414 nm (&' = 3.6 x 10" L.mol.cm™) because it
reduces the risk of interfering absorbance from sample components. The UV detection
wavelengths for the test compounds were chosen according to their characteristic

absorbance maxima.

Pulse Rheodyne

dampener  injector ALLTIMAC18
‘ 1 l column UV—or
Photodiode
HPLC — -~
I Detector
j delivery Anay g
L system
Solvent iy il Reaction
ESErVoirs ‘ Recorder or oml
/L Integrator
:l A \ J Recorder UV/VIS detector;

734 nm
Waste

Figure 5.1 Instrumental set-up for the HPLC-ABTS™ on-line detection of radical

scavenging compounds.

The off-line UV-Vis measurements were carried out on a Lambda 18 UV-Vis
spectrometer (Perkin-Elmer Corp.; Norwalk, CT) at 734 nm in disposable polystyrene
cuvettes (1-cm path length; Greiner Labortechnik; Alphen a/d Rijn, The Netherlands). All
spectrometric measurements were carried out at least in triplicate. Measurements of pH
were carried out using a Hana Instruments (Portugal) HI 9025 pH meter.

5.2.2 Reagents and tested antioxidants

All solvents used were of HPLC grade (Lab-Scan Analytical Sciences Ltd.; Dublin,
Ireland). Ultrapure water (0.05 pS/cm) was obtained from a combined Seradest LFM 20
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and Serapur Pro 90 C apparatus (Seral; Ransbach-Baumbach, Germany). Before use in the
HPLC system, all sample solutions and solvents were membrane-filtered (0.45 um, type RC
55; Schleicher & Schuell; Dassel, Germany). During the HPLC runs, solvents were
continuously sparged with helium. All solvents used were flushed with nitrogen before use.

The following reagents and compounds were wused: 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonate) (ABTS), potassium persulfate (K,S,0g, 99%), eugenol,
35 (99%, GC), isoeugenol, 36 (98%), quercetin dihydrate, 14 (98%), a-tocopherol, 5 (95%),
and Trolox, 38 (97%) from Sigma-Aldrich Chemie GmbH (Steinheim, Germany); KCl
(p-a.), NaCl (p.a.), glacial acetic acid (100%), and Na,HPO, dihydrate (p.a.) from Merck
(Darmstadt, Germany); ascorbic acid, 6 (for titration) and citric acid monohydrate (p.a.)
from Acros Organics (Geel, Belgium); 2,6-di-tert-butyl-4-methylphenol, 1 (BHT, p.a.) and
rutin trihydrate, 15 (90%) from Fluka (Buchs, Switzerland); rosmarinic acid, 11 from
Extrasynthese (Genay, France); glutathione, reduced (GSH, 98%), from Boehringer
Mannheim B. V. (Almere, The Netherlands); 3,4-dimethoxybenzoic acid (99%) and
KH,PO, monobasic (p.a.) from Janssen Chimica (Beerse, Belgium). For compounds

numbering see Chapters 1 and 4.

Preparation of ABTS"" solutions

ABTS (2 mM) was dissolved in 8 mM phosphate-buffered saline (PBS, consisting of 8.2 g
NacCl, 0.27 g KH,PO,, 1.4 g Na,HPO,, and 0.15 g KCI per L) and adjusted to pH 7.4 with
NaOH, and potassium persulfate solution in ultrapure water was added (0.3 mM final

concentration) to produce the ABTS™ radical cation. At this ratio of the reagents, no
unreacted K,S,0g is left because ABTS and persulfate react stoichiometrically at a ratio of
2:1. To obtain a maximum conversion of ABTS to ABTS™ the mixture was stored in the
dark at room temperature for 16-17 h before use (Re et al. 1999). This ABTS™ stock
solution was stable for more than 2 days when kept at room temperature during
measurements (protected from light) and at 4 °C during the night. Fresh working solutions
(kept in a volumetric flask protected from light) of appropriate concentration were prepared
in 10% methanol in PBS for each refill of the ABTS™ syringe pump. Before use, the
concentration of the ABTS™ working solution was determined by measuring its absorbance
at 734 nm.

Preparation of sample solutions

Stock solutions of the tested antioxidants (1 or 10 mM) were prepared in methanol and
stored at —20 °C (exceptions: stock solutions of ascorbic acid and GSH were freshly

prepared in ultrapure water). For the determination of the minimum detectable
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concentration (MDC), 8-10 dilutions of each compound were prepared and sequentially
injected under the following isocratic conditions: 100% MeOH (BHT and o-tocopherol);
MeOH-H,O (80:20, v:v) (eugenol, isoeugenol, rutin, and quercetin); MeOH-H,0O-HOAc
(85:13:2, viv) (Trolox, 3,4-dimethoxybenzoic acid and rosmarinic acid); MeOH-H,O-
HOACc (15:84:1, v:v) (ascorbic acid); MeOH-H,0 (15:85, v:v) (glutathione).

Plant extracts were prepared by extraction of air-dried, ground plant material from
Sideritis species (Labiatae) with methanol, evaporation of the solvent to dryness, and
successive partitioning between water and tert-butyl methyl ether, ethyl acetate, and 1-
butanol. The obtained sub-extracts were evaporated to dryness under vacuum at
temperatures not higher than 50 °C. The remaining aqueous layer was freeze-dried. Stock
solutions from ethyl acetate (or butanol) extracts were prepared in methanol and from
aqueous extracts in water (1 mg/mL), and stored at —20 °C. Working dilutions of
appropriate concentration were freshly prepared in 50% methanol or pure water and 10 pL
was injected for HPLC analysis. Ethyl acetate extracts were separated by a step gradient
using 10% MeOH acidified with 0.1% HOAc (Solvent A) and MeOH acidified with 0.1%
HOACc (Solvent B) at a flow rate of 0.8 mL/min as follows: 3 min, 70% A, isocratic; 3 min,
linear gradient from 70 to 65% A; 15 min, isocratic hold at 65% A; 15 min, linear gradient
from 65 to 45% A; 20 min, 45% A, isocratic; 3 min, linear gradient from 45 to 20% A; 16
min, isocratic hold at 20% A; 3 min, linear gradient from 20 to 70% A; and a 7 min
isocratic hold at 70% A for re-equilibration of the column before the next injection. UV
detection was carried out at 254 nm.

Rosemary extract was prepared from dried rosemary leaves (100 mg) by extraction
using 2 mL MeCN-H,O-HOAc (70:30:1, v:v) for 15 min in an ultrasonic bath. The
supernatant was pipetted off and filtered through a 0.45-pm filter. Suitable working
solutions were prepared in MeCN-H,O-HOAc¢ (70:30:1, v:v) and 10 4L was injected onto
the HPLC column. Step gradients with 10% MeCN acidified with 0.1% HOAc (Solvent A)
and MeCN acidified with 0.1% HOAc (Solvent B) at a flow rate of 0.8 mL/min were used
for separation as follows: 5 min, 85% A, isocratic; 12 min, linear gradient from 85 to 50%
A; 10 min, isocratic hold at 50% A; 3 min, linear gradient from 50 to 35% A; 20 min, 35%
A, isocratic; 3 min, linear gradient from 35 to 0% A; 5 min, isocratic hold at 0% A; 5 min,
linear gradient from 0 to 85% A; and an 8 min isocratic hold at 85% A for re-equilibration

of the column before the next injection. UV detection was carried out at 280 nm.

Measurement of antioxidant capacity expressed as TEAC

To avoid peak broadening and an associated dilution during chromatography (i.e. to ensure

uniform experimental conditions for all tested compounds), the HPLC column was
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mounted before the injection port, and the analyses were carried out in flow-injection mode.
The HPLC mobile phase (MeOH:H,O = 85:15, v:v) was run at 0.8 mL/min and ABTS™"
solution (5.5 uM, in 10% MeOH in PBS), at 0.5 mL/min. Four to five different
concentrations (triplicate injections) of the studied antioxidants were used to construct
calibration curves & = a x ¢ + b, where h represents the height (depth) of the negative peak
resulting from the ABTS™ quenching in mm; c is the compound concentration in uM, a is
the slope, and b is the y-intercept of the obtained curve (+* > 0.99). The TEAC value was

derived using the following formula:
TEAC = asample/aTrulux

Each compound was tested at the above-mentioned concentrations in triplicate on at least
two separate days. For Trolox, a concentration range was analyzed and a calibration curve
calculated daily to ensure accurate TEAC determination of the compounds tested on the
same day. TEAC values were determined at three reaction times: 10, 30 and 60 s (see part
5.3.2).

5.3 Results and discussion

5.3.1 Stability of ABTS™" solutions

Different methods have been used for generation of ABTS™, either before or after the
addition of the antioxidant [metmyoglobin, H,O, (Miller et al. 1993); horseradish
peroxidase, H,O, (Arnao et al. 1996); using a thermally decomposing azo compound 2,2’-
azobis-(2-amidopropane) hydrochloride (ABAP) (van den Berg et al. 1999); by oxidation
with strong oxidizers such as MnO, (Miller et al. 1996), Br, (Scott et al. 1993), and K,S,04
(Re et al. 1999); or by pulse radiolysis (Wolfenden & Willson 1982)].

Within my investigations, ABTS™" was produced by oxidation of ABTS (in excess)
with potassium persulfate prior to the addition of antioxidants. The presence of unreacted
ABTS has been found to be important for a stable production of ABTS™ (Wolfenden &
Willson 1982; Cano et al. 1998). The prior generation of the radical in a stable form
prevents possible interactions between the primary oxidant (K,S,0g) and sample
components (Re et al. 1999). It also avoids over estimation of activity as a result of
compounds that have an inhibitory effect on the radical formation. Only the radical
scavenging properties are assessed (Strube et al. 1997).

Time stability tests of ABTS™" working solutions obtained with diluting solvents of

different composition were performed over a period of 1 min. Before measuring, the
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solvent mixture to be studied (0.8 mL) was mixed with 5 uM ABTS™ solution in PBS (0.5
mL). Solvent mixtures containing varying concentrations (0 — 100%) of organic modifier
(methanol or acetonitrile) and with varying pH (2-9) were considered. The effect of the
diluting solvent pH was studied with citric acid-Na,HPO, buffers (CPB) (pH from 3 to 7.4)
as well as with H,O, PBS (pH 7.4), 0.1 M citric acid (pH 2), and 0.2 M Na,HPO, (pH 9).
Neither the buffered solvents nor water had any influence on the absorbance over a period
of 1 min. Acidic (pH 2) and basic (pH 9) solutions showed slightly increased and decreased
initial absorbance values, respectively. In later on-line HPLC experiments, it was found that
the HPLC solvents should not be acidified with strong acids, such as trifluoroacetic acid
(TFA), because it caused strong ABTS™ quenching. It has been assumed that the TFA
anion masks the positive charge on an analyte molecule (within this context, it should be
noted that TFA has been observed to suppress the signals of radical cations in LC/MS
experiments (Niessen 1999). Changing the organic modifier or its percentage caused no
significant absorbance instability over 1 min. In Figure 5.2 the time stability of ABTS™
solutions diluted with some of the studied solvents is presented. A trend of decrease in the
initial absorbance value with increasing organic solvent content was observed, but the
difference between the two extreme initial absorbance values was sufficiently small to be
neglected. The obtained results suggest that HPLC mobile phases containing up to 100%
organic solvent (methanol or acetonitrile) and with pH down to 3 can be used in both
isocratic and gradient runs with this method.

1,01
1,00

. 0,99 —&— Water
£ o9 i = —B— 10%McCN
z 097 T\’. A —A—30%MeCN
5 0096 < = ——50%MeCN
£ oo g T——— g —5+—70%MeCN
& 094 ° —O—90%MeCN
I 093 —+—MeCN
% 0o } MeOH
0,91
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Time, s

Figure 5.2 Stability of ABTS -diluted solutions during 1 min, depending on the diluting-

solvent composition.

In previously reported experimental protocols, ABTS™ working solutions were
prepared in PBS (Miller et al. 1993; van den Berg et al. 1999). The dependence of the long-
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term stability of ABTS™ working solutions (prepared from the stock solution after a 10-
times dilution with the studied solvent) on the content of organic solvent (methanol) in PBS
(0, 10, 30, 50, 70, 90, and 100% methanol) was checked over a period of 4 h. Increasing the
methanol content to more than 10% decreased the long-term stability of the ABTS™
solutions. For example, the decrease in asorbance was about 30% of its initial value at the
end of the 4-h period with 50% methanol as a diluting solvent. The working ABTS™
solutions were sufficiently stable over the total analysis time not to significantly affect the
S/N ratios or the obtained detection limits. Consequently, fresh ABTS™ working solutions
should be prepared before each single use in either PBS or PBS containing no more than
10% methanol.

5.3.2 Optimization of the on-line experimental set-up

When ABTS™ was applied as a post-column reagent solution in the on-line system, a
similar effect of the content of organic modifier was observed. With three compositions of
the ABTS "-diluting solvents (PBS, 10% MeOH in PBS, and 50% MeOH in PBS), the
signal-to-noise (S/N) ratio for 10-uL injections of a 1 uM Trolox solution was studied
(ABTS"™ reagent flow concentration, 5.5 and 11 uM). Using 10% MeOH in PBS resulted in
a slight increase of the S/N ratio as compared to that obtained with PBS, whereas using
50% MeOH in PBS led to a lower S/N ratio. Hence, 10% methanol in PBS was chosen as a
diluting solvent for the ABTS"" stock solution for all further experiments.

Reagent concentration and reaction time influence the S/N ratio. Both of these
parameters were optimized with respect to the S/N ratio for Trolox. As established
prevoiusly (Koleva et al. 2000), the sensitivity of the method depends on the reactor
concentration of the model free radical. The ABTS™" reactor concentration was, therefore,
optimized under on-line conditions by monitoring the S/N ratio for 10-uL injections of a 1
uM Trolox solution (measurements in triplicate). The ABTS™ reactor concentrations were
changed by changing the concentration of the working solution (3, 5.5, 11, 25, and 50 xM)
and the flow rate (0.1, 0.3, 0.5, 0.7, and 0.9 mL/ min) of the syringe pump delivering the
ABTS™ solution. For these experiments, ABTS™ working solutions were prepared with
PBS. The HPLC mobile phase (MeOH:H,O:HOAc = 85:13:2, v:viv) was run at 0.8
mL/min. As can be seen from Figure 5.3(a), the S/N ratio is essentially inversely
proportional to the ABTS™ reactor concentration. However, at very low ABTS™ reactor
concentrations (< 1 uM), the noise generated by system components (e.g. detector noise
and short-term flow instabilities) becomes limiting, which leads to an optimum S/N ratio at
~2.5 UM ABTS™ reactor concentration. Furthermore, the reagent-pump flow rate becomes

an important parameter at these low ABTS"" reactor concentrations.
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Figure 5.3 (a) Effect of ABTS™ reactor concentration on the signal-to-noise ratio (S/N) for
10-pL injections of a 1 uM Trolox solution. ABTS reactor concentration is changed as a
function of reagent flow concentration and flow speed (m = 0.1 mL.min", A = 0.3 mL.min"
' =0.5mL.min", A=0.7 mL.min", o = 0.9 ml.min™"). Inverse proportionality is shown
from a least-squares fit (solid line), excluding the data at very low ABTS™ reactor
concentration. (b) Effect of ABTS™ pump flow rate on the S/N ratio at an ABTS™ reactor

concentration of ca. ~2.5 UM.

This flow rate influences the S/N ratio via its effect on the column effluent dilution and
analyte residence time in the reactor coil. At an ABTS™ reactor concentration of ~2.5 M,
it can be seen from Figure 5.3(b) that a reagent-pump flow rate of 0.5 mL/min gives an

optimum S/N ratio. The same findings were obtained using eugenol (0.5 uM injections) as
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a model compound. As a result, a 5.5 uM ABTS"" solution at a flow rate of 0.5 mL/min
(providing an ABTS™ reactor concentration of 2.1 M) was used in all further experiments.

For optimization of the reaction time, S/N ratios for 10-uL injections of a 1 pM Trolox
solution were determined for three reaction coils providing reaction times (at 1.3 mL/min
total flow rate) of 10 s (coil dimensions, 4.4 m x 0.25 mm i.d.), 30 s (coil dimensions: 13.7
m x 0.25 mm i.d.), and 60 s (coil dimensions: 6.5 m x 0.5 mm i.d.).

As expected, as a result of peak broadening, relatively low S/N ratios were obtained
with the wide-bore reaction coil. However, mounting a 0.25-mm i.d. reaction coil providing
1 min reaction time required a length of ~30 m, resulting in high back pressure, which was
undesirable. Neither narrow-bore coil differed significantly with respect to S/N ratios
obtained for Trolox. To ensure a sufficiently long reaction time for compounds with slower
reaction kinetics toward ABTS™ and considering the UV absorbance stability of ABTS™
solutions over 1 min (see Fig. 5.2), the 30-s reaction coil was selected for all further

experiments.

5.3.3 Determination of Minimum Detectable Concentration (MDC) and Minimum
Detectable Amount (MDA)

For determination of MDC (mol/L) and MDA (ng), the coefficient ¢ = 1.725 for n = 21
measurements of the blank signal with a confidence interval of 90% was used, and MDC

was calculated as
MDC = - Ztabhmk

where oy 18 the standard deviation of the blank signal and ¢ is the Student’s ¢ statistic.

The blank sample consisted of HPLC mobile phase with the composition used for the tested
compound mixed with the ABTS"" working solution at its optimum concentration and flow
rate. The negative peak resulting from the bleaching of ABTS™ by a radical-scavenging
compound was considered detectable if its height (depth) exceeded the calculated MDC
value.

A number of known reference compounds were studied, and their MDC and MDA
were determined under the optimized on-line conditions (data in Table 5.1). A combined
plot of the UV and ABTS-quenching profiles of seven dilutions of BHT (1) sequentially
injected under isocratic conditions is presented in Figure 5.4. The MDA values obtained
with the HPLC-ABTS on-line system are lower and significantly different from those
obtained with the HPLC-DPPH and HPLC-CL methods for most of the tested compounds.
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These observations could be explained in the light of the differences in reaction kinetics
involving different radical species.

Table 5.1 Minimum Detectable Concentrations (MDC) and Minimum Detectable Amount
(MDA) of some antioxidants in the HPLC-ABTS, HPLC-DPPH and HPLC-CL on-line

systems under isocratic conditions.

Tested Compound MDC, MDA, ng MDA®, ng MDA, ng
uM (HPLC-ABTS) | (HPLC-DPPH) | (HPLC-CL)
Trolox (38)" 0.09 0.21 1.0 5.2
Eugenol (35) 0.13 0.21 60 0.23
Isoeugenol (36) 0.16 0.27 2.2 3.9
Rosmarinic acid (11) 0.12 0.43 0.07 0.43
Ascorbic acid (6) 0.24 0.43 3.9 0.18
Rutin (15) 0.09 0.55 4.0 15
Quercetin (14) 0.19 0.58 0.93 4.5
Glutathione 0.19 0.60 ND ND
BHT (1) 0.53 1.2 360 20
a-Tocopherol (5) 0.29 1.3 5.5 10

“ - determined with a 10-uL loop; 30 s reaction time

b _ obtained with the HPLC-DPPH method (Koleva et al. 2000; Dapkevicius et al. 2001)
¢ - obtained with the HPLC-Chemiluminescence method (Dapkevicius et al. 1999)

4_ see Chapters 1 and 4 for the numbering of the compounds

ND - not done

For example, the reaction kinetics between phenols (PhOH) and ABTS"" has been found to
differ from that between phenols and DPPH" over a similar range of concentrations.
Campos & Lissi (1996) have suggested that this difference can be partly a result of different
equilibrium displacements in reaction 1 as a result of the fact that the reactions of DPPH"
are carried out in the absence of added DPPH-H (i.e. the reduced form), but the reduced
form ABTS is always present in the systems containing ABTS™" (see Stability of ABTS™"

solutions).

Radical "+ PhOH =~ Reduced form + PhO * (H
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Figure 5.4 Combined plot of the UV and ABTS '-reduction profiles of different
concentrations of BHT (1) sequentially injected (left to right: 0.5, 1.0, 2.5, 5.0, 10.0, 25.0

and 50 UM) under isocratic conditions. Chromatographic conditions: Alltima C18 HPLC

column (5 pm, 250 X 4.6 mm i.d.); mobile phase 100% MeOH; flow rate 0.8 mL/min;
sample size 10 uL; detection at 280 nm; peak widths of peak 7: UV trace, 2.8 mm; ABTS"-

reduction trace, 6.2 mm.

Furthermore, different mechanisms for the reactions of phenols with ABTS™ and
DPPH’ have been reported (Brand-Williams et al. 1995; Campos & Lissi 1996; Bondet et
al. 1997; Lissi et al. 1999). Reactions of phenols with ABTS™" are usually rapid, but the
reactions with DPPH" differ from compound to compound. Three types of kinetics, rapid,
intermediate and slow, have been distinguished for the reactions between DPPH’ and
phenols (Brand-Williams et al. 1995; Campos & Lissi 1996). Lissi et al. (1999) have stated
that “the reaction of DPPH' with phenols is complex and involves several reversible
reactions rendering difficult an interpretation of reaction rates in these systems”.
Additionally, the reaction mechanism between phenols and ABTS™ has been suggested to
involve secondary reactions of the phenoxyl radicals (PhO") formed in reaction 1. The

MDA value depends on both the reaction stoichiometry and the initial rate between the
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antioxidant and ABTS™". Differences in MDAs for various antioxidants can be the result of
changes in either or both of these factors.

It should be noted that, as expected, compounds without hydrogen-donating groups
(e.g. 3,4-dimethoxybenzoic acid) do not exhibit any radical-scavenging activity towards
ABTS™ in the on-line system, even at high concentrations (100 uM). It can therefore be
concluded that ABTS"™ quenching is, indeed, a result of radical scavenging activity. Hence,

false positive results for radical trapping abilities are unlikely.

5.3.4 Suitability of the method for quantitative determinations

Some linearity assessments have been carried out to prove the suitability of the method for
quantitative determinations. Different concentrations of test compounds resulted in a
proportional change in the corresponding negative peak heights, that is, the method was
fully linear over the concentration range that was tested. The data obtained are presented in
Table 5.2.

Table 5.2 Calibration curve (h = a x ¢ + b; /%) data for several known compounds

(obtained under the optimized experimental conditions).

Test compound® a b linear data points in P
range linear range [n]
[eM]
a-Tocopherol (5) 7.608 0.469 0.5-5 4 0.9994
Rosmarinic acid (11) 10.376 | 2.521 0.25-5 5 0.9985
Quercetin (14) 16.594 | —-1.621 0.25-5 5 0.9994
Eugenol (35) 18.044 1.249 0.25-5 5 0.9988

. see Chapters 1 and 4 for the numbering of the compounds

5.3.5 On-line HPLC-ABTS system and TEAC determination

In assays using ABTS™, a common parameter, TEAC, is used to assess the antioxidant
activity. It has been recognized that the reaction time is crucial for the obtained TEAC
value, which is a logical consequence of a difference in reaction rate constants between the
antioxidant being evaluated and the standard (i.e., Trolox). Consequently, different TEAC
values for the same compounds have been reported (van den Berg et al. 1999; Re et al.
1999). Measuring the TEAC of an antioxidant at different reaction times provides
information with respect to both the extent and the rate of the radical-scavenging reaction
(Re et al. 1999). The on-line HPLC-ABTS system was used in flow injection mode to
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determine the TEAC values for a number of known antioxidants at three reaction times: 10,
30, and 60 s. For some of the studied compounds, literature data are available, and they
were compared with the values obtained using the on-line method (data in Table 5.3).
Correlations with literature data are expected to hold when a chromatographic separation is
included, assuming that reactor antioxidant concentrations are corrected for dilution (band
broadening) accompanying chromatographic separation. Additionally, the separation has to
be carried out under isocratic conditions, and the solvent composition should be identical to

that used under off-line conditions.

Table 5.3 TEAC of various antioxidants at three different reaction times obtained under

optimized conditions in a flow-injection mode.

Tested Reaction time, s
compound® 10 (n) 10° 30 (n) 60 (n) 60 ¢
Trolox (38)° 1.00 1.00 1.00 1.00 1.00
Eugenol (35) | 1.46 +0.06 ND 1.52+0.09 | 1.48+0.08 ND
(48) (48) (45)
Isoeugenol 0.72 +0.06 ND 0.81£0.09 | 1.06+0.01 ND
(36) (45) (45) (45)
Rosmarinic 2.11+£0.03 ND 2.55+0.20 2.79+£0.03 ND
acid (11) (30) (42) (30)
Ascorbic acid | 052+0.04 | 0.86%0.02 | 0.63+0.11 | 1.01+0.01 | 1.05%0.02
(6) (1) (15) 1)
Rutin (15) 1.76 +0.07 ND 2.16+£0.02 | 2.40+0.17 ND
(42) (39) (42)
Quercetin (14) | 2.13+0.09 | 3494033 | 2544005 | 2.76+020 | 2.77#0.02
(36) (42) (42)
BHT (1) 0.10 £ 0.02 ND 0.27+0.01 | 0.39+0.06 ND
(24) (24) (24)
o-Tocopherol | 0.98+0.02 | 0.95+0.02 | 093+0.04 | 096+0.02 | 0.89+0.05
©)] (30) (30) (30)

® - TEACs are means £ SD (n = the total number of injections done for all tested
concentrations of a compound). The listed compounds were dissolved in methanol, except
ascorbic acid, which was dissolved in water.

® - Data from van den Berg et al. (1999) — ABTS"" generated with ABAP; ascorbic acid
dissolved in PBS, Trolox, quercetin and a-tocopherol — in ethanol.

°. Data from Re et al. (1999) — ABTS™ generated with K,S,0g; ascorbic acid dissolved in
water, Trolox, quercetin and a-tocopherol — in ethanol.

4_ see Chapters 1 and 4 for the numbering of the compounds

ND - not done
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At a reaction time of 1 min, a good agreement was observed between the TEAC values
determined and those reported by Re et al. (1999). The authors used ABTS™ pregenerated
by oxidation of ABTS with K,S,0g. Furthermore, there is a good correlation with the
literature data for TEAC values of a-tocopherol obtained at 10 s and 1 min (van den Berg et
al. 1999; Re et al. 1999). However, the TEAC values calculated for ascorbic acid and
quercetin at 10 s, that is, during the first stage of the reaction, differ from those presented
by van den Berg et al. (1999). This discrepancy is possibly due to the different experimental
protocols (different ways of producing ABTS™) used. Influence of the assay protocol has
been demonstrated in several cases (Romay et al. 1996; Miller & Rice-Evans 1997; van den
Berg et al. 1999; Re et al. 1999), where different TEAC values at the same reaction time
have been reported for some of the tested compounds. Below, the implications of the
measured and cited TEAC values for mechanistic classification are discussed in more
detail.

For most of the studied compounds, a TEAC value changing with the end-point time
was observed. Such a result is expected on the basis of a difference in reaction rate constant
between the antioxidant being evaluated and the standard (i.e., Trolox). However, in
addition to these kinetic differences, secondary reactions involving reaction products and
ABTS"" may influence the TEAC values. Similar results reported in other works (Romay et
al. 1996; van den Berg et al. 1999; Re et al. 1999) have been partially attributed to such a
“biphasic pattern” of the reaction of some compounds with ABTS™. Van den Berg et al.
(1999) demonstrated this hypothesis with quercetin and ascorbic acid. As a possible
explanation, the authors suggested the formation of reaction products reacting more slowly
with ABTS™ or intramolecular rearrangements of antioxidants leading to slowing of the
reaction. Romay et al. (1996) also reported a biphasic reaction pattern for ascorbic acid and
bilirubin with ABTS"". Furthermore, such behaviour has been demonstrated for some
flavonoids (Re et al. 1999). Although a reaction time dependence for most of the studied
compounds (including ascorbic acid), is also observed with the on-line method, differences
in kinetic behaviour seem to suffice to explain these data. Such a method is preferable,
because the importance of secondary processes is highly questionable when considering
real biological systems. Differences with literature may well originate from the fact that
with previous assays, it has been impossible to monitor the initial time period (about 10 s)
after the initiation of the reaction.

Trolox, the compound used for standardization purposes, reacts very fast (less than 10
s) with ABTS™ (Campos & Lissi 1996; Romay et al. 1996; van den Berg et al. 1999). Given
the fact that the reaction between Trolox and ABTS™ is completed within 10 s, the TEAC

values obtained for a-tocopherol at 10, 30, and 60 s indicate that its reaction with ABTS™
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has actually finished after 10 s, as well. Similar behaviour has been reported for a-
tocopherol (Campos & Lissi 1996; Romay et al. 1996; van den Berg et al. 1999) and can be
attributed to its structural similarity with Trolox.

Because glycosylation has been found to diminish the radical scavenging activity of
flavonoids in other studies (Pratt 1980), the higher activity for quercetin as compared to its
glycoside rutin is expected. The importance of small changes in antioxidant structure in
determining radical scavenging activity is illustrated by the difference in TEAC values
observed for eugenol and isoeugenol.

Finally, the TEAC of an antioxidant has been found to be solvent-dependent. For
example, f-carotene exhibits high radical-scavenging activity when dissolved in THF,
twice less activity in EtOH, and no activity in acetone (van den Berg et al. 1999). Solvent
dependence was confirmed by some of my own results. For example, a TEAC value about
1.5 times lower was obtained for ascorbic acid dissolved in methanol, as compared to its
TEAC in water.

5.3.6 Application of the HPLC-ABTS method to complex samples

In Figures 5.5(a) and 5.5(b), the application of the proposed method for the screening of
two plant extracts is illustrated. Preliminary studies, as well as the data obtained with the
HPLC-DPPH system (Koleva et al. 2000), showed the presence of radical-scavenging
compounds in Sideritis extracts, mainly flavonoids and phenylpropanoid glycosides, that is,
compounds with known radical scavenging properties. Rosemary extracts are currently
commercially used as natural antioxidants. The main contributors to their high antioxidant
activity are carnosol, carnosic acid, and rosmarinic acid (Frankel et al. 1996). No
preliminary sample preparation was necessary, indicating that a considerable amount of
time, labour, and reagents can be spared by applying the method. The peaks in the
chromatograms marked with an asterisk (*) do not have a counterpart negative peak of
reduced ABTS™. This means that the corresponding components do not possess radical
scavenging properties. Similarly to the pure compounds (see Table 5.2), injecting different
concentrations of the extracts resulted in a proportional change in the corresponding
negative peak heights, which confirms the suitability of the method for quantitative

determinations.
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Rosmarinic acid

Figure 5.5 (a) Combined plot of the UV and ABTS-quenching chromatograms of
Sideritis syriaca ethyl acetate extract. Chromatographic conditions: Alltima C18 HPLC

column (5 pm, 250 X 4.6 mm i.d.); step gradient with acidified MeOH — H,O mixtures;
flow rate 0.8 mL/min; sample size 10 pL; detection, 254 nm; (b) Combined plot of the UV

and ABTS '-quenching chromatograms of a rosemary leaf extract. Chromatographic
conditions: Alltima C18 HPLC column (5 {m, 250 X 4.6 mm i.d.); step gradient with
acidified MeCN — H,O mixtures; flow rate 0.8 mL/min; sample size 10 pL; detection, 280

nm. Detailed chromatographic conditions for both extracts are given in the Experimental.
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5.4 Conclusion

A rapid and sensitive HPLC method for on-line detection of radical-scavenging compounds
in complex matrixes using ABTS™ was developed. The method proves to be a useful and
complementary extension of the previously developed HPLC-DPPH on-line method. The
method combines some of the characteristics of the HPLC-DPPH system (Koleva et al.
2000) like simple set-up, selectivity, and on-line detection with several additional
advantages: (1) higher sensitivity as compared to the on-line methods developed previously
(HPLC-DPPH and HPLC-CL); (2) the ability to perform isocratic and gradient HPLC runs
over a broader range of solvent compositions [from 0 to 100% organic component in water,
buffers, or weak acids (pH 3—7.4)]; consequently, a broad range of compounds can be
analyzed with this method; (3) TEAC values can be determined in flow-injection mode at
different reaction times. In the screening of complex samples, compounds with different
kinetics toward ABTS™ will be encountered. The rate constants of rapidly reacting
compounds are generally difficult to determine if special equipment (e.g. a stop-flow
device) is not available. As a result, only the stoichiometry can be determined for such
rapidly reacting compounds (Lissi et al. 1999). The presented system provides an
alternative tool for performing kinetic studies on both fast- and slow-reacting compounds,
because reaction coils of different lengths can be easily installed. The method can be
applied for a quick screening of complex mixtures of different origins (plant extracts, foods
and beverages, biological samples) for radical-trapping components.

For reactive antioxidants, detection by ABTS™" reduction sometimes proves to be more
sensitive than normal UV detection (see Figs. 5.4 and 5.5). Hence, the method may be
useful in product quality evaluation with regard to antioxidative constituents as well as for
monitoring modification processes in studies aimed at the production of materials with an
increased antioxidant content. Because of its high reactivity, radical-scavenging activity
toward ABTS"" can serve as a reason to expect similar activity toward active radical species
encountered in food or biological systems although antioxidant activity determined with
model systems cannot be simply extrapolated to an in vivo efficiency or to complex real
systems such as foods. Nevertheless, model systems represent a rapid, simple, and
inexpensive way for screening compounds in search of new antioxidants. A combined use
of HPLC-radical on-line methods is useful in the evaluation of radical-scavenging
properties because it provides a more comprehensive picture of the radical-scavenging

profile of the studied antioxidant.
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Chapter 6

Antioxidative Components of Sideritis syriaca and

Sideritis scardica Grown in Bulgaria

6.1 Introduction

Natural antioxidants of plant origin have attracted lot of attention in recent years. This is
due to the suspected toxic effects of synthetic antioxidants and the evidence that the intake
of natural compounds can contribute to a healthier life (Madhavi & Salunkhe 1995; Barlow
1990; Evans & Reynhout 1992; Nieto et al. 1993; Schuller 1990; Madsen & Bertelsen
1995). Many plant species have been investigated in the search for active antioxidative
components among them spices, teas, seeds and wine (Madsen & Bertelsen 1995; Schuller
1990; Altarejos et al. 2005; Cao et al. 1996; Pellegrini et al. 2000). The chemical nature of
the isolated compounds greatly varies but substances of phenolic nature such as flavonoids,
phenolic acids, isoflavones, phenylpropanoids, anthocyanidins, chalcones and catechins are
most often responsible for the antioxidant activity (see Introduction, 1.2.2 — Figs. 1.13 &
1.14).

Plants from the genus Sideritis (Labiatae) are well known in Bulgarian and other folk
medicines for treating various infections and inflammations (see Introduction, 1.4.3).
Different pharmacological activities have been established, mainly antiinflammatory and
antimicrobial (see Introduction, 1.4.3 - Table 1.4 & 1.5). Diterpenoids, essential oils and
flavonoids have been found to be the main types of chemical constituents. From some
species a coumarin (siderin), a lignan ((+)-sesamin) and a few phenylpropanoid glycosides
have been isolated. Some minor constituents such as triterpenoids, iridoids, sterols,
phenolic acids and fatty acids, occur in some plants of the genus (see Introduction, 1.4.2 -
Table 1.3).

Four Sideritis species are distributed in Bulgaria — S. scardica, S. syriaca, S. montana
and S. lanata (see Introduction, 1.4.1 - Fig. 1.16). Their chemical composition has not been
studied in detail. Among the compounds so far detected are the diterpenoid siderol and
ursolic/oleanolic acids, essential oil, iridoids, flavonoids and the phenylpropanoid glycoside
verbascoside (acteoside) (see Introduction, 1.4.2 - Table 1.3). The antioxidant activity
screening of a number of extracts from S. syriaca, S. scardica and S. montana, which differ
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in polarity, has shown that only the extracts from the first two species may serve as a
promising source of antioxidative compounds (Koleva et al. 2002; Koleva et al. 2003). S.
syriaca and S. scardica species have a similar chemical composition and antioxidant
activity in on-line methods (Koleva et al. 2003). The previous studies on the radical
scavenging activity of Sideritis extracts and their components using a novel HPLC-DAD-
DPPH (Koleva et al. 2000) and HPLC-DAD-ABTS (Koleva et al. 2001) on-line approach
have enabled their selective assay-guided isolation. Recently, Ivanova et al. (2005) have
evaluated herbal teas from 21 Bulgarian medicinal plants from several genera including S.
scardica using ABTS method and TEAC.

This chapter describes the isolation and identification of the putative radical
scavenging components of Bulgarian populations of S. syriaca and S. scardica. Structures
were confirmed by spectroscopic methods. The radical scavenging activity of the isolated
components have been evaluated off-line with the stable radical DPPH", expressed as %
Reduction, and compared to that of rutin and rosmarinic acid, caffeic acid and chlorogenic

acid. On-line assays have also been performed.

6.2 Experimental

6.2.1 Chemicals

All solvents used for extraction, chromatographic separation and isolation of the
compounds (CHCl;, ¢-butyl methyl ether (~-BuOMe), petroleum ether (PE),
dichloromethane (DCM), diethyl ether (Et,0), acetone, MeOH, EtOAc, n-BuOH) were
redistilled or of analytical grade. Methanol used for radical scavenging activity was of
HPLC grade. Deuterated methanol, CDCl; and DMSO-d¢ were used to prepare solutions of
purified compounds for NMR analysis and were purchased Sigma-Aldrich Chemie
(Steinheim, Germany). The following reagents were used: 2,2-diphenyl-1-picrylhydrazyl
radical, 34 (DPPH®) and caffeic acid, 9 from Sigma-Aldrich Chemie (Steinheim,
Germany); rosmarinic acid, 11 from Extrasynthése (Genay, France); rutin trihydrate, 15
(90%) from Fluka (Buchs, Switzerland); chlorogenic acid, 12 from Carl Roth (Karlsruhe,
Germany). For compounds numbering see Chapters 1 and 3. Ultra pure water (0.05 uS/cm)
was obtained from a combined Seradest LFM 20 and Serapur Pro 90 C apparatus (Seral,
Ransbach-Baumbach, Germany). Before use in the HPLC system, all samples solutions and
solvents were membrane filtered (0.45 pm, Type RC 55, Schleicher & Schuell, Dassel,
Germany). During the HPLC runs, solvents were continuously degassed by sparging with

helium.
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6.2.2 Plant material and extraction

Above-ground parts of S. syriaca or S. scardica were collected at flowering stage at the
experimental field of the Botanical Garden of the Institute of Botany, Bulgarian Academy
of Sciences, Lozen, Bulgaria. Cultivars from S. syriaca 16 (Co 1124) and S. scardica 14
(SOM 3154v) (see also Chs. 2 and 3) were dried at room temperature under forced
ventilation in closed premises and ground before use. Voucher specimens were determined
by Dr. L. Evstatieva and deposited in the herbarium of the Institute of Botany, Bulgarian
Academy of Sciences, Sofia.

The finely ground, dried plant material (aerial parts) of S. syriaca (0.57 kg) was
macerated with MeOH (2 x 12 L, each extraction 48 hrs, room temperature, under N,
bubbling, shaking) = methanolic extract (ME). After filtration, the extracts were combined
and evaporated in vacuo at 50 °C till dryness. The yield was 93.3 g. The plant material,
after the extraction with MeOH, was macerated with hot water (5.5 L, 90 °C) under N,
bubbling for 15 min and then freeze-dried = hot water extract (WWE, yield 27.5 g). The
methanolic extract (93.3 g) was dispersed in warm water (0.3 L, 50 °C). The obtained
aqueous dispersion was successively extracted with #-butyl methyl ether (--BuOMe) (6 x
0.25 L) = BuOMe (16 g), EtOAc (14 x 0.3 L) = EAE (12.2 g) and 1-BuOH (10 x 0.3 L) =
BE (34 g). The solvents of the obtained sub-extracts were evaporated in vacuo to dryness.
The remaining water layer was freeze-dried = WE-1 (22.7 g). Fractions were monitored and
screened for the presence of radical scavenging compounds by qualitative TLC under UV
light (254 nm) and spraying with a 1 mM methanolic solution of DPPH". Active
components give yellow spots on a purple background. The ME, EAE and BE sub-extracts
were the most active. BE was partitioned between warm water and EtOAc:BuOH = 1:4. As
result, a Bu/EA solution (~31 g) (see Fig. 6.1) and a water-soluble fraction = WE-2 (~2.5 g)
were obtained. The Bu/EA solution was subjected to VLC on Si gel (SiO,) as stationary
phase and EtOAc—MeOH mixtures (0 to 100% MeOH) as eluents. Fifty five fractions of ca.
0.4 L were collected. Fraction 8 (218 mg) (EtOAc-MeOH = 80:20) was rechromatographed
by column chromatography (CC) on Sephadex LH-20 (Seph-1) with 40 — 60% MeOH to
give 1 (100 mg). The most active TLC-DPPH-screened fractions 13-15 (6.30 g) were
pooled and 5 g were rechromatographed by CC on Si gel (SiO,-1) using CHCl;:MeOH:H,0
= 60:22:4 — 6:4:1. 249 fractions were collected among them frs. 15-20 (2, 170 mg); frs.
21-32; frs. 33-48 (3, 1110 mg); frs. 49-63; frs. 64-69; frs. 84-145; frs. 176-195 and frs. 196-
247. Frs. 1-14 and 248-249 were discarded as they did not contain any compounds. Frs. 21-
32 were rechromatographed by CC on Si gel (SiO,-2a) to give 2, 3, and a mixture. The
latter was rechromatographed by CC on Sephadex LH-20 (Seph-3) with 50 — 100%
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MeOH to give 4 (14 mg), a mixture and 2. To separate the mixture, it was twice
rechromatographed by CC on Sephadex LH-20 (Seph-5) with 40 — 60% MeOH to give 5
(9 mg) and 6 (9.5 mg), respectively. Frs. 49-63 were separated by CC on Si gel (SiO,-1a)
using CHCl;:MeOH:H,0 = 60:22:4 — 100% MeOH to give 3 (46 mg), 7 (112 mg) and a
mixture. To separate the latter they were rechromatographed by CC on Si gel (SiO,-1b)
using the same solvent system to give some more 3 and the unknown 8 (43 mg). Frs. 64-69
were rechromatographed by CC on Sephadex LH-20 (Seph-2) with 50 — 100% MeOH to
give more 8 (22 mg) and a mixture. To purify the mixture, it was rechromatographed on
Sephadex LH-20 (Seph-2a) with 30% MeOH to give 9 (30 mg). Frs. 70-175 did not yield
any pure compounds. Frs. 176-195 contained several compounds including derivatives of
verbascoside. They were further separated by MPLC and LC-NMR. Detailed spectroscopic
studies to elucidate them are on-going and will be reported elsewhere. The WE-1 (22.7 g)
was subjected to MPLCgp_j5 with 3% MeCN to give melittoside (10, 15 mg). In Figure 6.1 a
schematic fractionation of S. syriaca is presented.

The finely ground, dried plant material (aerial parts) of S. scardica (0.29 kg) was
subjected to exhaustive Soxhlet extraction with ~BuOMe (1.5 L) for 5 hours = BuOMe-Sox
extract (0.607 g). The residual plant material (0.29 kg) was extracted with MeOH (2 x 0.8
L, each extraction 48 hrs, room temperature, under N, bubbling, shaking) = methanolic
extract (ME, 3.78 g). Finally, the residual plant material was extracted with hot water (350
mL, 15 min, 90 °C) = hWE (2.13 g). To an aliquot of sample (2.77 g) from ME, warm
water (80 mL, 50 °C) was added and subsequently it was extracted with --BuOMe (160 mL)
= BuOMe (0.31 g), EtOAc (260 mL) = EAE (0.35 g), 1-BuOH (260 mL) = BE (0.82 g).
The remaining aqueous phase was freeze-dried = WE (1.13 g). The BuOMe-Sox extract
(0.607 g) was separated by CC on Si gel with eluents of increasing polarity PE-EtOAc
(100% PE — PE-EtOAc = 1:1 — 100% EtOAc). In total 107 frs. were collected. Fractions
81-82, which were eluted with PE-EtOAc = 1:1, gave almost pure 11 (siderol). Siderol was
purified by means of preparative TLC using PE:EtOAc = 30:70. Four frs. were collected
and fr. S1 gave pure siderol (11, 17.6 mg). In Figure 6.2 a schematic presentation of the
fractionation of S. scardica is given. From S. scardica-BE compounds 2 (29 mg), 3 (104
mg), 3 + 7 (22 mg), 1 (148 mg) and 12 were isolated. Compound 12 needed further
purification. It was separated by CC on Polyamide 6S (PA-B) using 30 — 100% MeOH
and finally 10 mg were obtained from 12. S. syriaca and S. scardica showed similar
patterns of radical scavenging compounds in the four extracts studied: ME, EAE, BE and
hWE extracts (see also Chs. 2 & 3).
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6.2.3 Thin-layer chromatography

Analytical TLC-I of extracts and purified compounds was performed on Si gel pre-coated
(0.2 mm) 60 F,s4 aluminum- or plastic backed TLC plates (Merck, Darmstadt, Germany).
For the development several mobile phases were used: CHCl;:MeOH:H,O (60:22:4; 6:4:1);
PE:Et,0 = 1:1; PE:EtOAc = 80:20; 30:70. The compounds were visualized by UV (254
nm), by iodine vapours or by heating at 105 °C. For qualitative detection of radical
scavenging compounds, the TLC plates were sprayed with a 1 mM methanolic solution of
DPPH’. Radical scavengers produced yellow spots on a purple background.

Analytical TLC-II was performed on the same plates as analytical TLC-1. In 2004 the
purity of the compounds 1 — 9, 12 were checked to see whether any decomposition had
occurred since their isolation in 2000. All compounds were still pure except for compound
4 where two spots were present. Compound 4 was not subjected further to HPLC analysis.
Preparative TLC: PSC Kieselgel 60 Fysys; 20 x 20 cm; 0.5 mm with conc. zone 4 x 20 cm;
PE:EtOAc = 30:70.

6.2.4 Chromatographic separation and isolation
e  Open column chromatography (CC): Si gel (SiO;), Kieselgel 60; Pharmacia
Sephadex LH-20; Polyamide 6S (Riedel-de Haén AG, Seelze, Germany) (see Figs. 6.1
& 6.2, and the text from Plant material & extraction Section).
o Vacuum liquid chromatography (VLC): Si gel, Kieselgel 60.
o Medium Pressure Liquid Chromatography (MPLC) of:
o S. syriaca-WE: Gilson 303 pump, manometric module 804C, Gilson fraction
collector 202, Jobin Yvon 50 x 4 cm axial compression column, sample 0.6 g;
RP-18 (Baker Bond Phase C18, J.T. Baker Mallinckrodt Baker B.V.,
Deventer, Holland), 40 pm particle size; mobile phase 3% MeCN in H,O;
flow rate 5 mL/min, 10 bar, 115 frs. of 20 mL.
o S. syriaca-Bu/EA solution, RP-18 (Baker Bond Phase C18, J.T. Baker
Mallinckrodt Baker B.V., Deventer, Holland), 15 — 50% MeOH in H,O.
o Semi-preparative HPLC: the separation of MPLC of S. syriaca-WE was followed
by semi-preparative HPLC with UV detector (215 nm) with mobile phase 3% MeCN
in H,O, Alltima C18, 5 um, 250 x 4.6 mm with a guard column and filter, injection
volume 225 pL, Alltech Associates (Breda, Holland), flow rate 1 mL/min.
o Analytical HPLC-I: Alltima C18, 5 pm, 250 x 4.6 mm with a guard column and
filter; 92% A (10% MeCN in H,0) and 8% B (MeCN); flow rate 0.8 mL/min; injection
volume 20 pL; UV detection 254 nm.
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e Analytical HPLC-II: Lichrosorb C18, 5 um, 250 x 4.6 mm with a guard column
and filter; solvent system, flow rate and injection volume were the same as for HPLC-
I; UV detection with a fixed wavelength of 280 nm.

e LC-NMR: Alltima C18, 5 um, 150 x 4.6 mm; flow rate 0.8 mL/min; A: H,O, B:
MeCN, C: D,O; from 0 to 5 min linear gradient from 95% A + 5% B to 80% A + 20%
B; from 5 min to 10 min 80% A + 20% B isocratic; from 10 to 11 min linear gradient
from 80% A +20% B to 80% C + 20% B; from 11 to 30 min linear gradient from 80%
C +20% B to 65% C + 35% B; from 30 to 35 min linear gradient from 65% C + 35%
B to 100% B; from 35 min to 42 min 100% B isocratic; from 42 to 47 min linear
gradient from 100% B to 95% A + 5% B; from 47 min to 55 min 95% A + 5% B
isocratic for re-equilibration of the column before the next injection; oven temperature
20 °C, injection volume 60 pL, Bruker LC22 pump, Bruker DAD.

e  HPLC-DPPH: The column was the same as for analytical HPLC-I. Flow rate 0.8
mL/min; A: 5% MeCN in water, B: MeCN; Linear gradient from 100 to 80% A for 5
min; 5 min 80% A, isocratic; 20 min linear gradient from 80 to 65% A; 10 min
isocratic at 65% A; 10 min linear gradient from 65 to 0% A; 5 min 0% A, isocratic; 5
min linear gradient from 0 to 100% A and 10 min isocratic at 100% A for re-
equilibration of the column before the next injection (Gradient 9). Flow 2.10° M
DPPH", 0.8 mL/min; detection at 330 nm (UV) and 515 nm (DPPH").

6.2.5 Radical scavenging activity (RSA) assays
The RSA towards DPPH" of the isolated substances and reference compounds — rutin,
rosmarinic acid, caffeic acid and chlorogenic acid, was determined. The experimental

protocol used was as follows:

Off-line DPPH

One mL 10* M methanolic solution of DPPH" and 200 pL of putative antioxidant (1
mg/mL; mass ratio AO:DPPH" = 5:1), 200 uL of reference (0.5 mg/mL; mass ratio
AO:DPPH’ = 2.5:1) or 10 uL of fractions (1 mg/mL) + 190 uL. MeOH, were shaken and
allowed to stand for 10 min in the dark at room temperature and the decrease of absorbance
at A = 515 nm was measured against methanol using a Specol 11 spectrophotometer (Carl
Zeiss Jena, Germany). The initial absorbance at 515 nm was 0.870 + 0.030. The absorbance
of a blank sample containing the same amount of MeOH and DPPH" solution was prepared
and measured daily. DPPH® solution was freshly prepared prior to each experiment and

kept in the dark at 4 °C between the measurements. All determinations were performed in
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triplicate. The RSA of the tested samples, expressed as % Reduction of DPPH’, was

calculated according to the formula:

% Reduction = [(Ag— Ay) / Ag] x 100

where Ay is the absorbance of the blank sample (¢ = 0), and A, is the absorbance of the
tested sample after 10 min (Cotelle et al. 1996; Pekkarinen et al. 1999; Schwarz et al.
2001).

On-line detection of radical scavengers

On-line HPLC detection (see Section 6.2.4 and Ch. 3) was performed using the methods of
Koleva et al. (2000) and Dapkevicius et al. (2001). The profiles of the BE sub-extracts of S.
syriaca and S. scardica are presented in Figures 6.7 & 6.8. The chromatographic and DPPH

conditions are presented in Section 6.2.4 and Chapters 3 & 4.

6.2.6 Structure elucidation of isolated compounds

The following spectroscopic techniques were used for the elucidation of the purified
compounds: UV, FT-IR, FAB-MS, ESI(negative)-MS, 'H NMR, *C NMR, 2D NMR
(COSY, TOCSY, ROESY, HMQC, HMBC) in addition to comparison with reference
compounds and literature data. Ultraviolet (UV) spectra were recorded in methanol on a
Perkin-Elmer UV/Vis spectrophotometer Lambda 15 (Perkin-Elmer Instruments, Norwalk,
CT, USA) using quartz cells of 1-cm path length. Infrared (IR) spectra were performed on a
FT-IR Perkin-Elmer 1750 spectrometer (Perkin-Elmer Instruments, Norwalk, CT, USA)
using a capillary layer (c.l.) in MeOH or KBr plates. Only characteristic absorptions (v, cm
" are reported. One-dimensional off-line NMR spectra were recorded on a Bruker DPX
300 or Bruker Avance 400 NMR spectrometer (Bruker Daltonik GmbH, Rheinstetten,
Germany) using tetramethylsilane (TMS) and CD;0D, DMSO-d¢ or CDCl;. LC-NMR was
carried out with a Bruker LC22 pump, Bruker DAD detector, Bruker loop storage, and
Bruker Avance 400 MHz NMR spectrometer equipped with an LC-NMR probe 60 pL

T™ goftware. Off-line fast atom

measuring volume. The system was controlled by HystarN
bombardment (FAB-MS) was done on a Finnigan Matt 95 and spectra were recorded
dissolved in a glycerol matrix (scan range from m/z 30 to m/z 900). Infusion ESI-Mass
spectra (MS) were recorded on a Thermo Finnigan LCQ. LC/ESI-MS was done on an LCQ
iontrap from Thermoquest with electrospray ionization (ESI-negative mode).

The following compounds were isolated:
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Verbascoside (syn. acteoside, kusaginin) (1) (CyH;sO;5, MW 624): Light-brown
amorphous powder; UV Apa <" (nm): 326, 287s, 246s; IR v, (cm™"): 3349 (OH), 2937
(C-H), 1699 (conj. ester), 1631 (C=C), 1604, 1525 (aromatic ring); R,* (see p. 156 for
explanation) = 21.5 min; m/z (rel. int. % ) FAB-MS: 115 (100), 133 (73), 137 (45), 163
(82), 186 (51), 207 (68), 302 (19), 325 (95), 471 (22), 625 (29), 647 [M+Na]" (15); ESI-MS
(—): 623 [M—H] (100). For NMR see Tables 6.3 & 6.4. It was compared to literature data
(Miyase et al. 1982; Ezer et al. 1992; Gao et al. 1999; de Santos-Galindez et al. 2000).
Hypolaetin-4'-methylether-7-O-[6'"'-O-acetyl-p-D-allopyranosyl-(1-2)-6''-O-acetyl--D
-glucopyranoside (2) (C;;H;36019, MW 724): Yellow amorphous powder; UV Km0
(nm): 339, 297s, 276, 254; IR v,,e®" (cm™"): 3410 (OH), 2920 (C-H), 1739, 1661 (C=C),
1615 (-O-, aromatic ring), 1587 (aromatic ring), 839 (trisubstituted aromatic ring); R, = 36.5
min; m/z (rel. int. %) FAB-MS: 301 (8), 315 (5), 316 (38), 317 (100), 725 [M—H] (75);
ESI-MS (—): 723 [M+H]" (100). For NMR see Tables 6.1 & 6.2. It was compared with
authentic 2 and also to literature data (Lenherr & Mabry 1987; Sattar et al. 1993).
Hypolaetin-4'-methylether-7-O-[6'"'-O-acetyl-p-D-allopyranosyl-(1-2)-p-D-glucopyra-
noside (3) (C3H340;5, MW 682): Yellow amorphous powder; UV Apex O (nm): 341,
297s, 275, 254; IR Vo™ (cm™"): 3417 (OH), 2922 (C-H), 1744, 1662 (C=C), 1618 (-O-,
aromatic ring), 1589 (aromatic ring), 1272 (OMe), 839 (trisubstituted aromatic ring); R, =
28 min; m/z (rel. int. %) FAB-MS: 282 (8), 316 (27), 317 (56), 318 (13), 338 (6), 683
[M—H] (100); ESI-MS (—): 315 (10), 681 [M+H]" (100). For NMR see Tables 6.1 & 6.2. It
was compared to authentic 3 and also to literature data (Sattar et al. 1993; Venturella et al.
1995; Marin et al. 2004; Albach et al. 2005).
Isoscutellarein-4'-methylether-7-O-[6'""-O-acetyl-p-D-allopyranosyl-(1-2)-f-D-gluco-
pyranoside (4) (C3;0H3;,0,7, MW 666): Deep-brown jelly-like solid; UV Aanan €O (nm):
321s, 303, 276; IR v,e“"(cm™"): 3367 (OH), 2917 (C-H), 1733, 1654 (C=C), 1607 (-O-,
aromatic ring), 1219 (OMe), 833 (p-disubstituted aromatic ring); R, = 35.7 min; m/z (rel.
int. % ) FAB-MS: 43 (9), 115 (8), 285 (10), 300 (43), 301 (100), 302 (19), 316 (8), 317 (16),
667 [M+H] * (56); ESI-MS (—): 299 (16), 665 [M—H] (100). For NMR see Tables 6.1 &
6.2. It was compared to literature data (Ezer et al. 1992; Albach et al. 2003; Marin et al.
2004; Meremeti et al. 2004; Saracoglu et al. 2004; Gabrieli et al. 2005).
Luteolin-4'-methylether-7-O-[6'""-O-acetyl-p-D-allopyranosyl-(1-2)-p-D-glucopyra-
noside (5) (C;0H3407, MW 666): Off-white amorphous powder; UV Aana €O (nm): 344,
265s, 252; IR v, (cm"): 3339 (OH), 2918 (C-H), 1729, 1658 (C=C), 1609 (-O-, aromatic
ring), 1260 (OMe), 823 (trisubstituted aromatic ring); R, = 27.5 min; m/z (rel. int. % ) FAB-
MS: 85 (15), 115 (100), 171 (16), 207 (91), 263 (15), 299 (14), 300 (28), 301(72), 302 (15),
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667 [M+H]" (95); ESI-MS (—): 299 (45), 665 [M—H] (100). For NMR see Tables 6.1 &
6.2 and Figure 6.6(a).
Hypolaetin-4'-methylether-7-O-[B-D-allopyranosyl-(1-2)-6''-O-acetyl-p-D-glucopyra-
noside (6) (C3oH3405, MW 682): Deep-brown jelly-like solid; UV Apa O (nm): 337,
297s, 278, 254; IR v, (cm "): 3392 (OH), 1733, 1657 (C=C), 826 (trisubstituted aromatic
ring); R, = 31.2 min; m/z (rel. int. %) FAB-MS: 84 (17), 85 (93), 115 (100), 169 (46), 177
(27), 207 (34), 316 (28), 317 (63), 318 (13), 683 [M+H]" (16); ESI-MS (—): 315 (10), 681
[M—H] (100). For NMR see Tables 6.1 & 6.2 and Figure 6.6(b).
Isoscutellarein-7-0O-[6'""'-O-acetyl-B-D-allopyranosyl-(1-2)-p-D-glucopyrano-
side (7) (CyoH3,017, MW 652): Yellow amorphous powder; UV Apa " (nm): 326, 306,
275, 226; IR Ve 2 (cm™"): 3435 (OH), 2924 (C-H), 1736 (ester C=0), 1658 (C=C), 1609
(-O-, aromatic ring), 1588 (aromatic ring), 835 (p-disubstituted aromatic ring); R, = 27.2
min; m/z (rel. int. % ) FAB-MS: 85 (16), 115 (31), 133 (27), 151 (32), 163 (18), 207 (15),
286 (55), 287 (100), 653 [M+H]" (98); ESI-MS (—): 651 [M—H] (100). For NMR see
Tables 6.1 & 6.2. It was compared to literature data (Lenherr & Mabry 1987; El-Ansari et
al. 1991; Sattar et al. 1995; Rodriguez-Lyon et al. 2000; Albach et al. 2003; Marin et al.
2004; Meremeti et al. 2004; Saracoglu et al. 2004; Albach et al. 2005; Gabrieli et al. 2005;
Sahin et al. 2006).

3"-0-p-Coumaroyl-6''"-O-acetyl melittoside (8) (C;,H4O13, MW 712): Deep-brown
jelly-like solid; UV Ay "™ (nm): 310, 2265; IR v, (cm™"): 3393 (OH), 2943 (C-H); R, =
18.2 min; m/z (rel. int. % ) FAB-MS: 91 (24), 106 (20), 107 (24), 115 (85), 131 (23), 147
(100), 165 (30), 177 (21), 351 (15), 735 [M+Na]" (20); ESI-MS (—): 623 (20), 637 (40),
711 [M—H] (100). For NMR see Tables 6.3 & 6.4 and Figure 6.6(c).
Hypolaetin-7-O-[6'""-O-acetyl-p-D-allopyranosyl-(1-2)--D-glucopyranoside (9)
(Cy9H3,0153, MW 668): Yellow-brown amorphous powder; UV Ao M (nm): 345, 329s,
274, 254s; IR vy (cm™"): 3391 (OH), 2918 (C-H), 1723, 1659 (C=C), 1611 (-O-, aromatic
ring), 1587 (aromatic ring), ~1272 (OMe), 839 (trisubstituted aromatic ring); R, = 23.9 min;
m/z (rel. int. %) FAB-MS: 115 (100), 171 (11), 207 (71), 263 (8), 299 (9), 302 (17), 303
(36), 669 [M+H]" (27); ESI-MS (-): 667 [M—H] (100). For NMR see Tables 6.1 & 6.2. It
was compared to literature data (Lenherr & Mabry 1987; Rodriguez-Lyon et al. 2000;
Marin et al. 2004).

Melittoside (10) (C,;H3,0,5, MW 524): Off-white amorphous powder; UV Xmaxuzo (nm):
208; IR Vyor ™" (em 1)z 3401 (OH), 2906 (C-H), 1653 (C=C), 1073 (-O-); '"H NMR (DMSO-
ds, 250 MHz) 6 (ppm): 5.40 (1H, d, J = 3.5 Hz, H-1), 6.32 (1H, d, ] = 7 Hz, H-3), 5.07 (1H,
d, J =7 Hz, H-4), 4.22 (1H, bs, H-6), 5.64 (1H, bs, H-7), 3.36 (1H, bs, H-9), 4.53, 4.40 (2H,
dd, J=2x 7.6, H,-10), 3.01-3.68 (sugars); °C NMR (CD;0D, 250 MHz) & (ppm): 93.2 (C-
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1), 142.5 (C-3), 104.5 (C-4), 79.1 (C-5), 78.9 (C-6), 127.2 (C-7), 146.3 (C-8), 50.5 (C-9),
60.0 (C-10), 98.7 (C-1"), 74.8 (C-2"), 77.1 (C-3"), 69.8 (C-4"), 76.2 (C-5"), 61.1 (C-6"), 97.1
(C-1"), 74.1 (C-2"), 77.5 (C-3"), 70.7 (C-4"), 77.2 (C-5"), 61.7 (C-6"); m/z (rel. int. % )
FAB-MS: 547 [M+Na]™ (100). It was compared to authentic melittoside and also to
literature data (Swiatek et al. 1981; Bianco et al. 1983; Matsumoto et al. 1989).

Siderol (11) (C»H3,05, MW 346): White amorphous powder; UV Ay (nm): 211; IR
Ve 2" (em'): 3471 (OH), 2993 (C-H), 1708 and 1268 (AcO), 1644 (C=C), 3059 and 817
(trisubstituted C=C); '"H NMR (CDCls, 250 MHz) & (ppm): 0.71 (s, Me), 1.09 (s, Me), 1.72
(d, J= 1.7 Hz, allylic Me), 2.09 (s, AcO), 3.00 and 3.34 (q, J = 11 Hz, -C—CH,OH), 4.71 (t,
6 Hz, ~-CHOACc), 5.27 (bs, allylic -CH=C-); *C NMR (CDCls, 250 MHz) & (ppm): 15.38
(C-17), 17.35 (C-19), 17.75 (C-20), 17.90 (C-11), 18.27 (C-2), 21.47 (Ac-Me), 23.46 (C-06),
24.75 (C-12), 35.18 (C-3), 36.96 (C-4), 39.06 (C-10), 39.81 (C-13, C-14), 41.96 (C-1),
4481 (C-5, C-9), 51.82 (C-8), 71.35 (C-18), 78.26 (C-7), 129.76 (C-15), 143.79 (C-16),
170.81 (CO). It was compared to authentic siderol and also to literature data (Piozzi et al.
1968).

Leucosceptoside A, 3'""'-O-methyl-verbascoside (12) (C3yH330;5, MW 638): Off-white
amorphous powder; UV Ao <O (nm): 326, 292s, 229s; IR Ve -(em™"): 3300 (OH), 2927
(C-H), 1695 (conj. ester), 1635 (C=C), 1600, 1516 (aromatic ring); R, = 24.7 min; m/z (rel.
int. % ) FAB-MS: 85 (41), 113 (15), 114 (29), 115 (100), 137 (21), 171 (13), 177 (48), 207
(33), 339 (20), 661 [M+Na]" (19); ESI-MS (-): 637 [M—H] (30). For NMR see Tables 6.3
& 6.4. It was compared to literature data (Miyase et al. 1982; Ismail et al. 1995;
Kirmizibekmez et al. 2005).

(* — R, (min) for all isolated compounds were obtained with 5% MeCN in water (A) —
MeCN (B), Gradient 9 (see Experimental section, item 6.2.4).

6.3 Results and discussion

6.3.1 Isolation and structure elucidation of compounds from S. syriaca and S. scardica
extracts

The extraction-fractionation trees of S. syriaca and S. scardica are presented in Figures 6.1
and 6.2, respectively. The structures of the isolated flavonoids (2 — 7, 9) and
phenylpropanoids (1, 12) are given in Figures 6.3 and 6.4, respectively. At the very
beginning my studies were focussed on the chemotaxonomy of the genus Sideritis. For this
reason it was isolated siderol and melittoside. Later my subject changed to “New methods
for the screening of antioxidants in three Sideritis species” (see 1.6). Although siderol (11)
and melittoside (10) are not antioxidants, their structures were presented in Figure 6.5.
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S. syriaca

570 g

(aerial parts)

MeOH

2x 12 L, 48 hrs,
room t°, shaking

MeOH extr. Residual plant material
93.3 ¢ (ME) H,0 90 °C, 15 min,
50°C, 5.5 L, maceration
H0 03L
Hot H,O extr.
27.5 ¢ (hWWE
partitioning e )

- -BuOMe (6 x 0.25 L) = -BuOMe extr. 16 g (BuOMe)

- EtOAc (14 x 0.3 L) = EtOAc extr. 12.2 g (EAE)
- BuOH (10 x 0.3 L) = BuOH extr. 34 g (BE)
- H,O = remaining water phase 22.7 g (WE-1)

Checked by LC-NMR « (Verbascoside) 1 < CC: Seph-1 « Al(fr. 8) <55 frs

(3x03L)
MPLC
(3% MeCN)
10
(Melittoside)

Partitioning

EtOAc:BuOH=1:4

Chapter 6

Water-soluble fr.
~2.5 g (WE-2)

Bu/EA solution, 31 g

(40%—60% MeOH)
CC: SiOy-1 « A2 (fis. 13-15)
(CHC15:MeOH:H,0: 60:22:4—6:4:1)

| 249 frs.

VLC: SiO;
(EtOAc—MeOH)
(0—100% MeOH)

1T14 A2-a A2-c A2-d A2-¢ 70-175 248249
discarded  15-20 33-42 43-48 49-63 ) ) did not discarded
2 3 3 CC: SiO;-1a—CC: SiO,-1b yield any
(60:22:4—100% MeOH) ure
3.7 Som A2-h

A2-b ’ p- (A2-h,&A2-hy)

21-32 196-247

CC: SiO,-2a HPLC

(10% MeCN—
2:3 100% MeCN);
LC-NMR; NMR
[ ] studies on-
CC: Seph-3 CC: Seph-5—CC: Seph-5a going; )
(50%—100% MeOH) (40%—60% MeOH) Verbascoside
2: 4 5.6 derivs.
(Checked by LC-NMR)
A2-g
L 176-195
]—J MPLCgp.1s
A2-f (15%—50% MeOH);
64-69 LC-NMR;

CC: Seph-2 —  CC: Seph-2a
(50%—100%MeOH) (30%MeOH)
8 9

NMR studies on-going;
Verbascoside derivs.
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Figure 6.1 (previous page) Schematic presentation of fractionation of S. syriaca. [All
column chromatography (CC) on Si gel (SiO,) was performed with CHCl;:MeOH:H,0 =
60:22:4 — 6:4:1; Polyamide (PA); Sephadex LH-20 (Seph); Vacuum liquid
chromatography on Si gel (VLC); HPLC; MPLCrp_j5].

S. scardica
290 g
(aerial parts)

Soxhlet,
t-BuOMe (1.5 L). 5 hrs

Residual plant material /\ BuOMe-Sox. ext. 0.607 g

2 x 800 mL, 48 hrs, \l/
room t°, shaking

MeOH
CC: SiO,
(100% PE — PE-EtOAc = 1:1 — 100% EtOAc)

MeOH extr. Residual plant 107 frs.: 81-82 frs.
3.78 g (ME) material \l/

H,0 | 90°C 15min, Prep. TLC
350 mL, maceration (PE:EtOAc = 30:70)
fr. S1: 11 (Siderol)

H,O \L 50°C, 80 mL

partitioning Hot H,O extr.
2.13 g (hWE)

- t-BuOMe (160 mL) = -BuOMe extr. 0.31 g (BuOMe)
- EtOAc (260 mL) = EtOAc extr. 0.35 g (EAE)

- BuOH (260 mL) = BuOH extr. 0.82 g (BE)
- H,O = remaining water phase 1.13 g (WE)

CC: SiO,
(CHCI3:MeOH:H,0: 60:22:4 — 6:4:1 — 100% MeOH)

2 3 3+7 CC: PA-B 1 (Verbascoside)
(30% — 100%MeOH)
12 (Leucosceptoside A)

Figure 6.2 Schematic presentation of fractionation of S. scardica [Column chromatography
(CC) on: Si gel (Si0,); Polyamide (PA); Thin Layer Chromatography (TLC)].

Proton ('H) and carbon (*C) NMR spectra of flavonoids (2 — 7, 9) are given in Tables
6.1 and 6.2 and 'H- and "C NMR spectra of phenylpropanoid (1, 12) and iridoid (8)
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glycosides are presented in Tables 6.3 and 6.4. Relevant parts of the HMBC spectrum of
flavonoids S, 6 and iridoid glycoside 8 are presented in Figure 6.6 (a-c), respectively.

For S. syriaca it was decided to follow the fractionation scheme “MeOH” depicted in
Figure 3.1. It worked fine and it led to some poorly active and very active radical
scavenging fractions (sub-extracts) (Table 3.4). Most of the activity was concentrated in the
ethyl acetate (EAE), butanol (BE) and hot water fractions (hWE) with % DPPH reduction
values of around 90%. Preliminary research described in Chapter 3 has already shown that
there is considerable overlap in the constituents present in the EAE, BE and hWE. Of these
3 active fractions the BE was the largest one (34 g) and therefore initially I focused my
attention on the BE fraction. As this fraction still contained some troublesome polar
constituents (sugars) that interfered with chromatography, one more partitioning step was
carried out to remove the interfering “polars”. On a weight basis more than 90% of the

constituents remained in the organic layer. This fraction was separated by vacuum liquid

chromatography (VLO) on silica gel and fractions were

R4 R, R3 Ry
2 OH OCHj sugars (see Rj) OH
3 OH OCHj3;  sugars (see Rj3) OH
4 H OCHj3  sugars (see Rj3) OH
5 OH OCHj;  sugars (see Rj) H
6 OH OCHj sugars (see Rj3) OH
7 H OH sugars (see Rj) OH
9 OH OH sugars (see Rjz) OH

R' R"

2 Ac Ac
hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-B-D-allopyranosyl-(1-2)-6"-O-acetyl-3-D-
R3 glucopyranoside]
3 H Ac
OR' hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-B3-D-allopyranosyl-(1-2)-3-D-
glucopyranoside]

HO 0 ;HHL 4 H Ac
HO O isoscutellarein-4'-methylether-7-O-[6"-O-acetyl-p-D-allopyranosyl-(1-2)-p-D-
glucopyranoside]
5 H Ac
OR" Iuteolin-4'-me}hylether-7-0-[6"'-O-acetyl-B-D-aIIopyranosyl-(1-2)—B-D-
glucopyranoside]
HO o Db 6 Ac H
hypolaetin-4'-methylether-7-O-[B-D-allopyranosyl-(1-2)-6"-O-acetyl-3-D-
OH glucopyranoside]
7 H Ac
isoscutellarein-7-0O-[6"-O-acetyl-p-D-allopyranosyl-(1-2)-p-D-glucopyranoside]
9 H Ac
hypolaetin-7-O-[6"-O-acetyl-B-D-allopyranosyl-(1-2)-B-D-glucopyranoside]

Figure 6.3 Structures of the isolated flavonoids.
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Table 6.2 13C NMR Data for 2, 3,4, 5, 6, 7, and 9 (measured in DMSO, spectral frequency
100 MHz).

Position 2 3 4 5 6 7 9
2 164.0 164.1 163.7 164.1 163.9 164.1 164.4
3 103.4 103.4 103.4 103.9 103.4 102.6 102.6
4 182.4 182.5 182.5 182.0 182.4 182.4 182.3
5 152.2 1523 152.2 161.1 1524 152.2 152.2
6 99.1 99.4 99.5 99.6 98.6 99.4 99.3
7 150.4 150.8 150.7 162.9 151.0 150.6 150.6
8 127.4 127.6 127.6 94.8 127.1 127.6 127.5
9 144.0 144.0 143.9 157.0 144.5 143.8 143.9
10 105.5 105.6 105.6 105.5 105.3 105.6 105.5
1 123.1 123.1 122.9 122.9 123.1 121.3 121.3
2 113.2 113.2 128.6 113.1 113.2 128.7 113.5
3 146.8 146.8 114.7 146.8 146.8 116.0 145.9
4 151.3 151.4 162.5 151.4 151.3 161.4 150.4
4' O-CH; 55.8 559 55.7 55.8 55.8 - -
5! 112.1 112.2 114.7 112.2 112.2 116.0 116.0
6' 119.0 119.1 128.6 118.9 119.0 128.7 119.3
" 99.4 100.0 100.0 98.9 99.1 100.0 100.0
2" 82.0 82.3 82.6 82.7 80.9 82.6 82.3
3" 75.2 75.6 75.6 75.8 75.4 75.6 75.6
4" 69.4 69.3 69.3 69.1 69.5 69.3 69.3
5" 73.6 77.1 77.2 77.0 73.6 77.1 77.1
6" 63.2 60.6 60.6 60.5 63.2 60.6 60.5
6"acetyl C=0 170.2 - - - 170.3 - -
6"acetyl CH; 20.6 - - - 20.6 - -

" 102.2 102.3 102.6 102.5 101.6 102.7 102.3
A 714 71.6 71.6 71.7 71.4 71.5 71.6
3" 70.8 70.9 70.8 70.9 71.0 70.8 70.9
4" 66.9 67.0 66.9 67.1 67.1 66.8 66.9
5 71.4 71.5 71.6 71.5 74.6 71.5 71.6
6" 63.5 63.5 63.6 64.0 60.9 63.8 63.5
6"acetyl C=0 170.3 170.4 170.4 170.4 - 170.4 170.4
6" acetyl CHs 20.5 20.5 20.5 20.6 - 20.5 20.5

4 \&
ROm O/é&/o 1 1 3 _OH
3 1 8ab 4
HO OH OH
5
R: H verbascoside, acteoside (1)

CH;  leucosceptoside A, 3"-O-methyl verbascoside (12)

Figure 6.4 Structures of verbascoside (1) and leucosceptoside A (12).

161



Antioxidative Components of Sideritis syriaca and Sideritis scardica Grown in Bulgaria

1
Table 6.3 H NMR Data for 1, 12, and 8 (spectral frequency 400 MHz).

1 12 8
Position Oy (J/ in Hz) Oy (J/ in Hz) Position 8y (Jin Hz)
Caffeoyl (Feruloyl) moiety Iridiod moiety
2" 7.21,d (2.0) 7.21, bs 1 5.46,d (4.9)
3" O-CH; - 375, s 3 6.39,d (6.4)
s 6.95,d (8.3) 6.75,d (8.1) 4 5.09,d (6.1)
6" 7.15,dd (8.4,2.1) 7.04,d (8.3) 6 441, bs
7" 7.71,d (15.9) 7.49,d (15.9) 7 5.75,dd (2.0, 1.5)
8" 6.41,d (15.9) 6.35,d (15.9) 9 327, m
Aglycone moiety 10a 423, m
2 6.85,d(2.2) 6.58, m 10b 4.11,m
5 6.85,d (8.1) 6.59, m Glucoses
6 6.75,dd (8.4,2.1) 6.45, m I 4.58,d(7.8)
7 2.84, m 2.64, m 2' 3.20,dd (9.0, 7.8)
8a 4.08, m, 3.83, m 3 3.34,dd (9.1, 8.9)
8b 3.86, m 3.55, m 4 324, m
Glucose 5 325, m
1' 4.52,d (8.1) 4.30,d (7.8) 6a' 3.84, m
2 3.46,dd (9.0, 8.3) 3.16,m 6b' 3.62, m
3 3.87,dd (9.0, 9.0) 3.64, m 1" 4.77,d (7.8)
4 4.95,dd (9.5,9.3) 4.67,dd (9.8,9.3) 2" 3.44,dd (9.4,7.9)
5! 3.69, m 342, m 3" 5.06,dd (9.3,9.3)
6a' 3.69, m 335, m 4" 3.48,dd (9.8,9.3)
6b' 3.57, m 329, m 5" 3.62, m
Rhamnose 6a" 4.34,dd (11.9, 1.8)
1" 5.10,d (1.7) 4.97, bs 6b" 4.14,dd (12.0, 6.6)
2" 3.99,dd (3.3, 1.8), 3.65,m 6" acetyl 2.07,s
3" 3.63,dd (9.8,3.4) 329, m Coumaroyl moiety
4" 3.31,dd (9.5,9.5) 3.06,dd (9.3,9.3) 2"+ 6", 44,d (8.6)
5" 3.49, m 334, m 3" 5 6.77,d (8.6)
6" 1.05,d (6.4) 0.92,d (6.1) 7" 7.63,d (15.9)

8" 6.36,d (15.9)

Solvent MeCN/H,O DMSO CD;OD

HO  O-Glucose
X
o

H
HOH,C  O-Glucose HsC

melittoside (10) siderol (11)

Figure 6.5 Structures of the isolated 3"-O-p-coumaroyl-6""-O-acetyl melittoside (8),
melittoside (10) and siderol (11).
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Table 6.4 °C NMR Data for 1, 12, and 8 (spectral frequency 100 MHz).

Position 1 12 12 Position 8
Caffeoyl (Feruloyl) moiety Iridiod moiety
" 127.6 127.7 125.8 1 95.3
2" 114.6 111.8 111.3 3 144.1
3" 148.0 149.4 148.1 4 105.6
3" O-CH; - 56.5 55.7 5 81.2
4" 149.8 150.8 149.5 6 81.0
s 116.5 116.3 115.7 7 128.0
6" 123.2 124.4 123.4 8 147.2
™ 146.8 147.9 145.8 9 52.1
8" 115.1 115.1 114.3 10 61.1
9™ 168.3 168.3 166.1 Glucoses
Aglycone moiety 1" 99.1
1 131.4 131.5 129.4 2 74.8
2 117.1 117.1 116.5 3 77.6
3 146.1 146.1 145.1 4 71.5
4 144.6 144.7 143.7 s 78.4
5 116.3 116.5 1157 6' 62.7
6 121.2 121.3 119.8 1" 99.6
7 36.5 36.5 352 2" 73.4
8 72.3 72.3 70.5 3" 78.7
Glucose 4" 69.9
1' 104.1 104.2 102.5 5" 75.1
2 76.2° 76.2¢ 74.7 6" 64.6
3 81.6 81.5 79.4 6" acetyl C=0 173.3
4 70.4 70.6° 69.3 6" acetyl CH; 21.1
5' 76.0° 76.0¢ 74.7 Coumaroyl moiety
6' 62.3 62.4 60.9 I 127.2
Rhamnose ™ 131.2
1" 103.0 103.0 101.5 3" 116.8
2" 72.3° 72.3¢ 70.7 4 1613
3" 72.1° 72.1¢ 70.5 s 116.8
4" 73.7 72.8 71.8 6" 131.2
5" 70.4 70.4¢ 69.0 ™ 146.7
6" 18.5 18.4 18.3 8" 1154
9" 169.0
Solvent CD;0D CD;0D DMSO CD;0D

ab,c.de

values may have to be interchanged

monitored for composition, purity and activity by TLC-DPPH. One fraction yielded after
further purification verbascoside (1), a very potent antioxidant. Verbascoside and all other
isolated compounds were identified by spectroscopic means (UV, IR, MS, NMR) and, if
possible, by comparison with authentic reference materials.

The most active fractions from the VLC separation were pooled and separated by
column chromatography on silica gel. In total 249 fractions were collected and these were
further separated by various techniques and media. The known hypolaetin-4'-methylether-
7-0-[6"-O-acetyl-B-D-allopyranosyl-(1-2)-6"-O-acetyl-f-D-glucopyranoside]
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(2), hypolaetin-4'-methylether-7-O-[6'"-O-acetyl-B-D-allopyranosyl-(1-2)-3-
D-glucopyranoside] (3), isoscutellarein-4'-methyl-ether-7-O-[6"'-O-acetyl-B-
D-allopyranosyl-(1-2)-p-D-glucopyranoside] (4), isoscutellarein-7-O-[6"-O-acetyl-B-
D-allopyranosyl-(1-2)-B-D-glucopyranoside] (7) and, hypolaetin-7-O-[6"-O-acetyl-B-D-
allopyranosyl-(1-2)-p-D-glucopyranoside] (9) could be isolated. Two new flavonoid
glycosides were isolated, namely luteolin-4'-methylether-7-O-[6"'-O-acetyl-B-D-
allopyranosyl-(1-2)-B-D-glucopyranoside] (5) and hypolaetin-4'-methylether-7-O-[p-D-
allopyranosyl-(1-2)-6"-O-acetyl-B-D-glucopyranoside] (6). Additionally a new esterified
iridoid was isolated: 3"-O-p-coumaroyl-6"-O-acetyl melittoside (8). These three compounds
have not been reported before as natural products. Their structure elucidation is described
below.

Compound 5 was isolated as an off-white amorphous powder. Its UV spectrum in
MeOH showed three bands at 252, 265 (shoulder) and 344 nm. It was reminiscent of the
UV spectrum of luteolin 7-[6"-acetylallosyl-(1-2)-glucoside] except for the high
wavelength band (344 versus 335 nm) (El-Ansari et al. 1991). The proton NMR spectrum
confirmed a luteolin moiety with 2 meta-coupled protons in the A-ring, an H-3 in the C-

ring, and 3 protons in the B-ring.

(a) (b)
- i —— T I et e s
O ~e = O e
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Figure 6.6 Close-ups of HMBC spectra of: (a) Luteolin-4'-methylether-7-O-[6"'-O-acetyl-
B-D-allopyranosyl-(1-2)-p-D-glucopyranoside (5) and (b) Hypolaetin-4'-methylether-7-O-
[B-D-allopyranosyl-(1-2)-6"-O-acetyl-p-D-glucopyranoside (6) .
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Two singlets at 1.93 and 3.87 ppm suggested methoxy and acetyl groups. The molecular
weight was determined at 666 Da (C;yH340,7). This molecular weight corresponds with a
methoxylated luteolin, two hexose units and an acetyl group. The fragment at m/z 299 in the
negative mode ESI-MS confirmed the presence of a methoxylated luteolin moiety (EI-
Ansari et al. 1991). To determine the nature of the sugar units, and the connection and
location of the methoxy, acetyl and sugar units, a complete set of 2D NMR spectra was
recorded (COSY, TOCSY, ROESY, HMQC, HMBC). By means of these spectra a full
interpretation was possible and all shifts and couplings constants could be assigned (see
Tables 6.1 and 6.2 and Fig. 6.6(a) for a close-up of the HMBC spectrum). With the help of
the HMBC spectrum all connections could be unequivocally determined. Thus compound 5
was deduced to be luteolin-4'-methylether-7-O-[6"'-O-acetyl-B-D-allopyranosyl-(1"'-2")-B-
D-glucopyranoside]. A comparison with the spectral data of the closely related 6-hydroxy-
luteolin-4'-methylether-7-O-a-rhamnopyranosyl-(1"-2")[6"-O-acetyl-B-glucopyranoside]
(Albach et al. 2003) and 4H-1-benzopyran-4-one, 7-[[2"-O-(6"-O-acetyl-f-D-
allopyranosyl)-B-D-glucopyranosyl]oxy]-5-hydroxy-2-(4'-hydroxy-3'-methoxyphenyl) (syn.
stachyspinoside) (Calis et al. 2002) confirmed this further.

Compound 6 was isolated as a deep-brown jelly-like solid. Its UV spectrum was almost
identical to that of 3 and is typical of a hypolaetin-type flavone. The pseudomolecular ions
in the (+)-ESI-MS and (-)-ESI-MS were found at 683 [M-H], and 681 [M+H]",
respectively. This corresponded to a molecular formula of C;)H;340;5 (MW = 682), i.c. the
same as for 3. Also the fragmentation was similar to that of 3 and highly suggestive of a
methoxylated hypolaetin moiety (El-Ansari et al. 1991). At first glance the NMR spectra of
3 and 6 looked similar and confirmed the presence of a hypolaetin type flavone (Lenherr et
al. 1984 and Lenherr & Mabry 1987). There were only minor differences in the sugar part,
especially around the C-4, C-5, and C-6 atoms. To determine the exact location of sugars, a
HMBC spectrum was recorded and all shifts and couplings constants could be assigned (see
Tables 6.1 and 6.2 and Fig. 6.6(b) for a close-up of the HMBC spectrum). Thus compound
6 was deduced to be hypolaetin-4'-methylether-7-O-[3-D-allopyranosyl-(1-2)-6"-O-acetyl-
B-D-glucopyranoside].

Compound 8 was isolated as an amorphous solid. Its UV showed a maximum at 310
nm indicating an extended chromophore like a cinnamoyl unit. This was confirmed by the
'H NMR spectrum that showed two characteristic 1H doublets at 6.36 and 7.63 ppm with a
16 Hz coupling constant. Additionally signals characteristic of a 1,4-disubstituted benzene
nucleus, a melittoside aglycone, two sugar units and an acetyl group were observed. The
presence of these groups was confirmed by mass spectrometry. The pseudomolecular ions
in the (+)-ESI-MS and (-)-ESI-MS were found at 735 [M+Na]® and 711 [M-HJ,
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respectively. This corresponded to a molecular formula of C;,H,0O05 (MW = 712). A closer
study of the '"H and "C NMR spectra showed great similarities with the spectra of
melittoside (Swiatek 1981) and sammangaoside (= melittoside-3"-B-glucoside)
(Kanchanapoom 2001). Relative to melittoside an extra p-coumaroyl and an acetyl unit
were present. The acetyl unit had to be present at a 6-position of one of the two glucose
moieties because of two double doublets at 4.34 ppm (J=11.9 and 1.8 Hz) and 4.14 ppm (J
= 12.0 and 6.6 Hz). To determine the exact location of both the p-coumaroyl and acetyl
unit, a complete set of 2D NMR spectra was recorded (COSY, TOCSY, ROESY, HMQC,
HMBC). By means of these spectra a full interpretation was possible and all

ppm
® @ | .
2 é & @;} ¢ )
H1" = C5
L 85
H1 = C1
5 % A L. H3" D Co”
.gfl\‘ po P
:-.??;I e ® o B 100 g
H1C1° - ™\
6 o o “ Hea” D Ac\A
5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.8 4.2  ppm S 5.0 &k ppm

Figure 6.6(c) Close-ups of the HMBC of 3"-O-p-coumaroyl-6"-O-acetyl melittoside (8).

shifts and couplings constants could be assigned (see Tables 6.3 and 6.4). Most valuable for
determining the points of connection of the different units was the HMBC spectrum with
clear cross peaks between the carbonyl of the acetyl and both H-6" of the glucose, the
carbonyl of the p-coumaroyl unit and H-3", the anomeric H-1" and C-5, C-1' and H-1 and
C-1 and H-1' (see Fig. 6.6¢). Thus compound 8 was deduced to be 3"-O-p-coumaroyl-6"-O-
acetyl melittoside.

Some minor active constituents from fractions 176-247 could not be isolated in
sufficient quantities in pure form and were therefore studied by LC-NMR. They appear to
be new derivatives of verbascoside (1) with an additional sugar unit. Similar to

verbascoside they show strong to medium radical scavenging activity. Spectroscopic
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studies are still on-going to elucidate their structures. Due to a lack of time the active
fractions EAE and hWE were not studied or fractionated. The complete fractionation
scheme of the S. syriaca-BE is given in Figure 6.1 and the on-line UV / DPPH
chromatograms are given in Figure 6.7. Apart from the new 5, 6, and 8 compounds 1, 4, 7,
9 and 12 have not been identified before in S. syriaca.

For S. scardica a slightly different fractionation scheme was followed. When I started
my research in 1998, I extracted all Sideritis sp. in order to choose the best extraction
scheme. S. scardica 14 was extracted by Soxhlet extraction with ~-BuOMe given the fact
that only from this species I had enough material for extraction. The goal of performing a
Soxhlet extraction with --BuOMe before the extraction with methanol was to remove many
interfering non-polar constituents with marginal activity. Later on, in 2001, I extracted only
S. syriaca because the results presented in Chapter 3 showed that almost no antioxidant
compounds were present in the --BuOMe (Soxhlet) fraction. Moreover, I no longer had
sufficient amounts of S. scardica. Preliminary research described in Chapter 3 showed
considerable overlap in the constituents present in the EAE and BE fractions (Fig. 3.3) and
similar to S. syriaca 1 decided to work initially on the BE fraction. By column
chromatography the known verbascoside (1), hypolaetin-4'-methylether-7-O-[6"-O-acetyl-
B-D-allopyranosyl-(1-2)-6"-O-acetyl-B-D-glucopy-ranoside] (2), hypolaetin-4'-methylether-
7-O-[6"'-O-acetyl-B-D-allopyranosyl-(1-2)-B-D-glucopyranoside] (3), isoscutellarein-7-O-
[6"-O-acetyl-B-D-allopyranosyl-(1-2)-B-D-glucopyranoside] (7) and leuco-sceptoside A
(12) were purified. The full fractionation scheme of the S. scardica-BE is given in Figure
6.2 and the on-line UV / DPPH chromatograms are given in Figure 6.8. Due to a lack of
time the active fractions EAE and hWE were not studied or fractionated. Apart from the
new 5, 6 and 8, compounds 1, 4, 9 and 12 have not been identified before in S. scardica.

6.3.2 Radical scavenging activity according to the DPPH method
The radical scavenging activity of the compounds isolated from S. syriaca and S. scardica
has been determined on-line and off-line against DPPH’ radical. The on-line results are
shown in Figures 6.7 and 6.8 while the off-line results can be found in Table 6.5.
Verbascoside 1 (76% Red.) was the most active antioxidant from all studied samples. It
was also a more active radical scavenger than caffeic acid (CA) and rosmarinic acid (RA),
two well known, potent natural antioxidants. It was found to be a potent radical scavenger
by other authors, too although not the most active among all the phenylpropanoids studied
(Xiong et al. 1996; Gao et al. 1999; Takeda et al. 1999).
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Fraction A2-a and fraction A2-b gave 2. As 2 contains a methoxy group in the B-ring
and is glycosylated at C7, it shows low radical scavenging activity. However in the on-line
HPLC-DPPH method 2 manifested itself among the strongest antioxidants. This might be a

matter of concentration.

Table 6.5 Percent Reduction (%) of DPPH’ by compounds

isolated from Sideritis and reference compounds.

Number mM mg Reduction
Antioxidant | Antioxidant (%) of

per mM per mg DPPH™
DPPH’ DPPH’

1 34 5.0 76.3

2 2.9 5.0 15.3

3 3.1 5.0 28.0

5 3.1 5.0 no reduction

6 3.1 5.0 no reduction

7 3.1 5.0 26.4

8 2.9 5.0 18.6

9 3.1 5.0 50.3

12 34 5.0 12.4

Reference compounds

cA 5.9 2.5 70.6

RA 2.9 2.5 65.1

Rutin.3H,0 1.6 2.5 40.3

ChA 2.9 2.5 38.0

RA - rosmarinic acid; CA - caffeic acid; ChA - chlorogenic acid
* - Reduction % values are means of three replicates and the RSD is less than 1%.

The other pure compounds showed low or no activity in the off-line DPPH assay. All of
these compounds were less potent radical scavengers than the reference substances.
Compound 7 showed some activity against DPPH’ (26% Red.). In the on-line HPLC-DPPH
method fraction A2-e (see Fig. 6.1) exhibited strong activity mainly due to the presence of
7. Gabrieli et al. (2005) investigated nine glucosides isolated from S. raeseri. Compounds 3
(28% Red.), 4 and 7 (26% Red.) were among those tested and they all showed moderate
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activity against DPPH". They explained the rather low activity for 5,8-dihydroxy flavones
by intermolecular hydrogen bond formation between the OH at C-5 and the carbonyl group,
and/or by the enhanced inductive effect of the 7-O-glycoside substituent as opposed to a
free phenolic group. From all the compounds isolated, compounds 7 and 9 are the only ones
that are not O-methylated at C-4' (=R,; see Fig. 6.3) and it is known that O-methylation
reduces antioxidant activity (Robards et al. 1999; Fukumoto & Mazza 2000; Pietta 2000).

Figure 6.7 Combined plot of the UV and 2.5 x 10> M DPPH'-reduction chromatograms of
S. syriaca-BE extract. 30 pL of a 1 mg/mL solution were injected. Chromatographic

conditions: see Experimental. Detection at 330 nm and 517 nm.

Compound 5, which had no hydroxyl group at C-8 (=Ry; see Fig. 6.3) in the A-ring but
was otherwise similar to the other compounds showed no reduction in the off-line DPPH
method and a low activity in the on-line HPLC-DPPH assay. Compound 6 showed no
reduction in the off-line DPPH assay but moderate activity in the on-line version. This must
be due to concentration effects.

Fraction A2-f yielded 9 (50% Red.) as main constituent. With its 50% Reduction,
compound 9 was less active than CA and RA but more active than rutin and ChA even
when expressed in molar ratios. Fraction A2-f also contained 8 but this compound showed
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no activity in the on-line HPLC-DPPH assay and weak activity in the off-line DPPH assay.
The low radical scavenging activity can be explained by the presence of only a single

phenolic group.

=i=! 8. scardica 14 - BE

o1 330 nm 8

517 nm

Figure 6.8 Combined plot of the UV and 2.5 x 10~ M DPPH'-reduction chromatograms of
S. scardica-BE extract. 30 uL of a 1 mg/mL solution were injected. Chromatographic

conditions: see Experimental. Detection at 330 nm and 517 nm.

For leucosceptoside A (12) the discrepancies between off- (12% Red.) and on-line
methods (relatively moderate activity, especially in S. syriaca-BE) are obviously a matter
of concentration. Xiong et al. (1996) studied antioxidant activity of several phenylethanoids
isolated from Cistanche deserticola against DPPH". Strong activity for verbascoside (1)
was reported. Additionally cistanoside A, a compound that contains one more glucose unit
than leucosceptoside A (12) was shown to possess moderate RSA. This lower activity
relative to 1 is due to the presence of feruloyl moiety instead of a caffeoyl moiety (Robards
et al. 1999; Fukumoto & Mazza 2000; Pietta 2000).

For all fractions and compounds with a lower activity in the off-line assay than in the
on-line assay, most likely this is due to concentration differences (e.g. 2, 6, 7 and 12) and/or
alteration/degradation during purification procedures (e.g. 4). The on-line HPLC-DPPH
experiments were performed in 2000 while the off-line DPPH experiments were done in
2005.
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6.4 Conclusions

The substances present in S. syriaca and S. scardica possessed very different radical
scavenging activities (RSA) — from high through moderate to no RSA based on the on-line
and off-line DPPH methods. In the off-line DPPH method the most active radical
scavengers were verbascoside (1) and hypolaetin-7-O-[6"'-O-acetyl--D-allopyranosyl-(1-
2)-B-D-glucopyranoside] (9) (Table 6.5) relative reference compounds. Three novel
compounds were isolated from both Sideritis species. They were identified as luteolin-4'-
methylether-7-O-[6"'-O-acetyl-p-D-allopyranosyl-(1-2)-B-D-glucopyranoside] (5),
hypolaetin-4'-methylether-7-O-[ -D-allopyrano-syl-(1-2)-6"-O-acetyl--D-glucopyranosi-
de] (6) and 3"-O-p-coumaroyl-6"-O-acetyl melittoside (8). The peak of 5 (R; ~ 27.5 min)
appeared as a shoulder of peak 7 in the HPLC-DPPH chromatograms of both Sideritis
species. Although it was one of the main peaks in the UV-based chromatogram, 8 showed
no RSA in the on-line HPLC-DPPH method and low RSA (19% Red.) in the off-line DPPH
method.

The discrepancies between off- and on-line experiments might be due to alteration or
degradation of active antioxidative constituents during fractionation procedures (see e.g. 4)
or too low concentration in off-line assays (see e.g. 2, 6, 7 and 12) or both. It is notable that
in the on-line HPLC-DPPH chromatograms, S. syriaca-BE and S. scardica-BE showed
almost the same profile. S. syriaca contained a few more constituents. The antioxidants
(radical scavengers) in S. syriaca-BE were in order of decreasing activity: hypolaetin-4'-
methylether-7-O-[6"'-O-acetyl-f-D-allopyranosyl-(1-2)--D-glucopyranoside] 3) >
verbascoside (1) >  isoscutellarein-7-O-[6"-O-acetyl-p-D-allopyranosyl-(1-2)-p-D-
glucopyranoside] (7) > hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-B-D-allopyranosyl-(1-
2)-6"-O-acetyl-pB-D-glucopyranoside] (2). In S. scardica-BE this order was: verbascoside
(1) > hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-B-D-allopyranosyl-(1-2)-
B-D-glucopyranoside] (3) = isoscutellarein-7-O-[6"-O-acetyl-B-D-allopyranosyl-(1-2)-p-
D-glucopyranoside] (7) = hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-p-D-allopyranosyl-
(1-2)-6"-O-acetyl-p-D-glucopyranoside] (2). The major peaks as well as some of the minor
ones are indicated in the chromatograms in Figures 6.7 and 6.8. Hypolaetin-7-O-[6"'-O-
acetyl-B-D-allopyranosyl-(1-2)-p-D-glucopyranoside] (9) (50% Red.) was not visible in
either of the chromatograms. Most probably it co-eluted with verbascoside (1) as its R; was
22-23 min. From the NMR experiments carried out so far, other antioxidants (also indicated
in Figures 6.7 and 6.8) seem to be derivatives of verbascoside with an extra sugar.

Methanol (ME), ethyl acetate (EAE) and hot water extracts (WWE) from both species
were also studied by on-line HPLC-DPPH. ME, EAE and BE showed a similar profile of
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constituents. The active constituents in the hWE were not studied in detail due to a lack of
time. The compounds responsible for the radical scavenging are possibly very polar, highly
glycosylated flavonoids or phenylpropanoids. Overall 1, 2, 3, and 7 were the most active
radical scavengers present like in the BE, however their concentrations varied in the
different extracts.

Further experiments have to be carried out to see what is more appropriate for
application in real systems — an extract/fraction or pure compound(s), and for what type of

real systems (foods, cosmetics) they are more suitable i.e. bulk oils, emulsions or both.
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Conclusions

The research in this thesis was centred on the rapid and robust evaluation of
antioxidant activity of complex mixtures such as plant extracts. In section 1.6 three aims
were formulated and at the end of this study it is good to look at them retrospectively to see
what has been achieved.

Concerning the first aim, the development of an “algorithm” for studying natural
antioxidants, this study was directed to establish the best screening and isolation procedures
for antioxidative components. Three different screening methods (the B-carotene bleaching
test = BCBT, the headspace GC method = HS-GC and the off-line radical scavenging assay
with the artificial DPPH radical = DPPH method) and various extraction schemes were
used. Three plants from the genus Sideritis grown in Bulgaria served as test species.
Methanol turned out to be a better extraction solvent than acetone or ~-BuOMe in a Soxhlet
apparatus. The BCBT turned out to be the most suitable preliminary assay. HS-GC was
preferred for “secondary” oxidative products and the DPPH method was best when radical
scavenging properties had to be assessed. As the BCBT can serve only as a preliminary
procedure, one should not use the BCBT for evaluation of “primary” i.e. “chain-breaking”
antioxidant properties, as the outcome is influenced by many variables. As the antioxidants
found in Sideritis are representative of many antioxidants, the procedures can be applied to
other species as well, i.e. the procedure can serve as a general algorithm.

The good results obtained from the off-line DPPH method led to the idea to develop a
novel HPLC-DPPH method to rapidly and sensitively pinpoint individual antioxidants in
complex mixtures with as few as possible fractionation procedures. The instrumental set-up
and physico-chemical parameters were studied. The method was successful for qualitative
and semi-quantitative measurements of pure antioxidants and extracts. The use of the
alternative ABTS"" radical cation made the method in most cases even more sensitive.
However, the simplicity of the HPLC-DPPH method makes it preferable and many
researchers have copied it. The two papers on the on-line methodology have been cited
seventy times.

Concerning the second aim, a range of flavonoid-, phenylpropanoid- and iridoid
glycosides were isolated from S. syriaca and S. scardica partially using the earlier
developed on-line methodology and their radical scavenging properties were evaluated. A

distinction has to be made between radical scavenging activity and antioxidant activity

175



Conclusions

(capacity). All known powerful natural radical scavengers are also good antioxidants. The
study showed moderate to low or even no radical scavenging activity based on the off-line
DPPH method. In contrast, the respective antioxidants showed strong to moderate radical
scavenging activity in the on-line DPPH method. This suggested alteration or degradation
of fractions or active antioxidative compounds during isolation procedures. In my opinion,
although extraction and fractionation was carried out under mild conditions (maceration,
shaking, bubbling with N,, heating not above 50 °C), even milder conditions would be
necessary to preserve the original activity of the parent extract or fractions. Another
plausible explanation might be concentration effects i.e. a too low concentration in the
assays. Three novel compounds were isolated: the flavonoid glycosides Iluteolin-4'-
methylether-7-O-[6"'-O-acetyl-p-D-allopyranosyl-(1-2)-p-D-glucopyranoside] 5 and
hypolaetin-4'-methylether-7-O-[ -D-allopyranosyl-(1-2)-6"-O-acetyl-p-D-glucopyranoside]
6 and the iridoid glycoside 3"-O-p-coumaroyl-6"-O-acetyl melittoside 8 from both Sideritis
species. Their structures were confirmed by spectroscopic methods. Studies on compounds
of phenylpropanoid nature with an extra sugar are still on-going. The radical scavenging
activity of the new compounds was rather low (e.g. 8) or even negligible (e.g. 5, 6) in the
off-line DPPH method. The low activity of the first compound was explicable given the fact
that there are no ortho or para groups. For flavonoid (6) there are discrepancies between
off- and on-line DPPH methods. After the elucidation of the still unknown verbascoside
derivatives, structure-activity studies might be performed to determine the influence of
glycosylation and the effect of the various substituents present in the A- and B-rings.
Concerning the third aim for a “final check”, the HS-GC method was applied to
investigate how Sideritis extracts and pure components would behave in real systems: bulk
oils and emulsions. Conjugated dienes and hexanal formation were monitored. Results for a
range of pure compounds and extracts using rosmarinic acid and BHT as standards, showed
that Sideritis extracts could serve as antioxidants. As for the pure compounds (the most
active flavonoid glycosides and verbascoside in the off-line DPPH method), they all
showed better inhibitory effects with regard to dienes and hexanal formation in both test
systems than the extracts. However, the costs of the isolation and purification procedures
are too high even when they are applied at the 0.01 to 0.03% level that is normal in foods
and cosmetics. Also the costs of the toxicity studies of pure compounds would be
prohibitive. Thus the use of extracts appears more feasible. The extracts should not have
any odour, taste or colour, be compatible with food/cosmetic products and be safe. In future
there should be teamwork of nutritionists, chemists and economists to evaluate the

application of extracts in food/cosmetic products.
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Summary

Oxygen is an element of dual character — on the one hand it is the first life-essential
element, needed for normal functioning of all aerobic systems, on the other hand it is
involved in a number of oxidation processes that produce radicals with potentially harmful
consequences. Lipids are among the major components of many foods. They are
susceptible to oxidative reactions. The use of added substances (antioxidants) able to delay
oxidative processes is indispensable in food/cosmetic preservation.

Several synthetic (BHT, BHA, TBHQ) and a few natural antioxidative compounds
(tocopherol, L-ascorbic acid, B-carotene) are officially permitted for use in foods/cosmetics.
Because of toxicological concerns of some synthetic antioxidants, a preference for “all-
natural” antioxidants has intensified the search for novel antioxidants in aromatic and
medicinal plants. General background information about lipid oxidation, antioxidant
mechanisms, chemical nature of antioxidants, methods for evaluating of antioxidant activity
and determination of the level of lipid oxidation is given in Chapter 1. In this thesis
Bulgarian Sideritis plants are screened for antioxidants. For this purpose several off- and
on-line methods are discussed. A literature survey of the botanical, chemical and
pharmacological profile of the genus Sideritis (Labiatae) is presented.

Three widely employed methods for the evaluation of antioxidant activity, namely the
2,2-diphenyl-1-picrylhydrazyl (DPPH’) radical scavenging method, the static headspace gas
chromatography assay (HS-GC) and the B-carotene bleaching test (BCBT), are compared
with regard to their application in the screening of plant extracts (Chapter 2). The strengths
and limitations of each method are illustrated by testing a number of extracts of different
polarity from plants of the genus Sideritis, and two known antioxidants — BHT and
rosmarinic acid. The sample polarity turns out to be important for the exhibited activity in
the BCBT and HS-GC methods but not for the DPPH method. The value of the BCBT
appears to be limited to less polar samples. B-Carotene is a reaction indicator and is
oxidised itself. It can be considered as an antioxidant, too, therefore the exact role of an
antioxidant in the B-carotene:linoleic acid system is difficult to explain. However, the
BCBT is simple, sensitive and relatively rapid. Although slower, the HS-GC method is

used for assessing the antioxidant inhibitory properties on the formation of secondary
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volatile products. It is sensitive and reproducible. With this test, the antioxidant effect at a
later stage of lipid oxidation is evaluated.

Being rapid, simple, sensitive, reproducible and independent of sample polarity, the
DPPH method is very convenient for the screening of many samples for radical scavenging
activity. A drawback, common to all methods using model radicals, is the lack of a direct
correlation between the established antioxidant activity and its protective properties in real
lipid systems. The known chemical properties of DPPH" enable structure-activity studies.
The DPPH method is not discriminative with respect to the radical species but gives a
general idea about the radical scavenging ability.

Plant samples from several species and populations of the genus Sideritis grown in
Bulgaria (S. scardica, S. syriaca and S. montana) are extracted with different solvents
(MeOH, acetone, ~-BuOMe followed by extraction with MeOH) and the extracts are tested
on their antioxidative capacity using the methods mentioned in Chapter 2. The results are
compared with the antioxidant capacity of two reference compounds of different polarity,
BHT and rosmarinic acid (Chapter 3). The highest antioxidant capacity in the BCBT is
close to that of BHT and is observed for the more apolar extracts. The inhibitory effect on
[-carotene discoloration of the polar extracts and rosmarinic acid is much lower than that of
BHT. The reduction of hexanal formation in the HS-GC method in bulk safflower oil by
most of S. syriaca and S. scardica extracts is as effective as BHT but less so than
rosmarinic acid. S. montana extracts show weak antioxidant or even pro-oxidant properties.
Extracts from all Sideritis plants studied exhibit strong radical scavenging activities against
DPPH’, close to that of rosmarinic acid. S. monfana extracts contain slightly weaker radical
inhibitors than the extracts from the other two species. The antioxidant activity of Sideritis
extracts is due to the presence of flavonoid and phenylpropanoid glycosides, as shown in
Chapter 6.

Following the good results obtained by the DPPH off-line method, a rapid on-line
method for screening of complex mixtures for radical scavenging components is developed
using a methanolic solution of DPPH" (Chapter 4). The HPLC-separated analytes react
post-column with the DPPH’ solution, and any reduction is detected as a negative peak. An
optimized instrumental and experimental set-up is presented. The method proves suitable
for both isocratic and gradient HPLC runs with mobile-phase compositions ranging from 10
to 90% organic solvent in water or buffer (pH 3-6). The method is simple, is broadly
applicable, uses common instruments and inexpensive and stable reagents, is time-saving
and follows a non-laborious experimental protocol. It can be used for quantitative analysis.
The method is applied to several pure natural antioxidants and a crude aqueous extract of S.
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scardica. The limits of detection are 0.33 (for quercetin) to 94 (for eugenol) ug/mL,
depending on the compound tested.

As the HPLC-DPPH method has been successful, another radical (ABTS™ radical
cation) [2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate)], is utilized in an on-line HPLC
method for the detection of radical scavengers in complex matrixes (Chapter 5). The
HPLC-separated analytes react post-column with preformed ABTS™ and the induced
reduction is detected as a negative peak. Similar to the HPLC-DPPH method, an optimized
instrumental and experimental set-up is presented. The method is suitable for both isocratic
and gradient HPLC runs using mobile phases containing up to 100% organic solvent or its
solution in water, weak acids, or buffers (pH 3-7.4). This method has the same advantages
as the HPLC-DPPH method. The method is applied to several pure natural antioxidants and
a S. syriaca EtOAc extract. The minimum detectable concentration varies from 0.02 (for
Trolox and rutin) to 0.13 (for BHT) ug/mL, depending on the compound tested. The
method can be applied for kinetic studies because reaction coils of different lengths can be
easily installed.

As a result of all these off- and on-line studies, 7 flavonoid glycosides, 2
phenylpropanoid glycosides plus 2 unknown phenylpropanoid glycosides, 2 iridoid
glycosides and the diterpene siderol are isolated from Bulgarian populations of S. scardica
and S. syriaca (Chapter 6). The structures are elucidated by spectroscopic methods,
reference compounds and literature data. Three novel compounds were isolated from both
Sideritis species, namely luteolin-4'-methylether-7-O-[6"-O-acetyl-p-D-allopyranosyl-(1-
2)-B-D-glucopyranoside] S, hypolaetin-4'-methylether-7-O-[B-D-allopyranosyl-(1-2)-6"-O-
acetyl-B-D-glucopyranoside] 6 and 3"-O-p-coumaroyl-6"-O-acetyl melittoside 8. The
structures of two unknown phenylpropanoid glycosides with an extra sugar are on-going.
The radical scavenging activity of all isolated compounds is evaluated off-line by using the
DPPH"® radical and is compared to the activities of rosmarinic acid, caffeic acid,
chlorogenic acid and rutin. In the off-line DPPH method the most active radical scavengers
are verbascoside 1 (76% Red.) and hypolaetin-7-O-[6"-O-acetyl-B-D-allopyranosyl-(1-2)-
B-D-glucopyranoside] 9 (50% Red.). On-line HPLC-DPPH assays are also performed. In
the on-line HPLC-DPPH method the most active antioxidants (radical scavengers) in S.
syriaca-BE are hypolaetin-4'-methylether-7-O-[6"-O-acetyl-B-D-allopyranosyl-(1-2)-p-D-
glucopyranoside] 3 > verbascoside 1 > isoscutellarein-7-O-[6"-O-acetyl-B-D-
allopyranosyl-(1-2)-B-D-glucopyranoside] 7 > hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-
B-D-allopyranosyl-(1-2)-6"-O-acetyl-B-D-glucopyranoside] 2. In S. scardica-BE the most
active radical scavengers are verbascoside 1 > hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-

B-D-allopyranosyl-(1-2)-B-D-glucopyranoside] 3 = isoscutellarein-7-O-[6"-O-acetyl-f3-D-
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allopyranosyl-(1-2)-B-D-glucopyranoside] 7 = hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-
B-D-allopyranosyl-(1-2)-6"-O-acetyl-B-D-glucopyranoside] 2. The presence of putative
antioxidants, more precisely radical scavengers, in Sideritis plants makes them a possible
source of natural antioxidants.

Concluding remarks are made in Chapter 7. Following the aims stated in Chapter 1.6
an “algorithm” for antioxidant activity in phytochemical studies is presented. The effect of
extracts and pure compounds isolated from them in real food systems (diene conjugation
and hexanal formation in bulk oils and emulsions) is discussed. Toxicity studies and
compatibility with food/cosmetics are necessary. For use in foods such products
(extracts/fractions and pure compounds) will, in all probability, not be utilized. For
cosmetics, the regulations are not so strict and their use is permitted.

Due to the complexity of the oxidation-antioxidation processes, it is obvious that no
single testing method is capable of providing a comprehensive picture of the antioxidant
profile of a sample. A multimethod approach including on-line assays, is necessary in
antioxidative activity assessment. A combination of rapid, sensitive and reproducible
methods, preferably requiring small sample amounts, producing complementary results for
“primary” and ‘“secondary” antioxidant properties, as well as radical scavenging ones
should be used whenever an antioxidative activity screening is designed.
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Zuurstof is een element met een dualistisch karakter — aan de ene kant is het absoluut
noodzakelijk voor het normaal functioneren van alle aérobe systemen, aan de andere kant is
het betrokken bij oxidatieprocessen waarbij reactieve radicalen vrijkomen met mogelijk
schadelijke gevolgen. Lipiden (vetten) zijn één van de belangrijkste componenten in
levensmiddelen. Ze zijn gevoelig voor oxidatief bederf en reactieve radicalen spelen hierbij
een belangrijke rol. Door het toevoegen van antioxidanten aan levensmiddelen en
cosmetische producten worden deze oxidatieve processen vertraagd en de houdbaarheid
verlengd.

Verschillende synthetische (BHT, BHA, TBHQ) en enkele natuurlijke antioxidanten
(tocopherol (vitamine E), ascorbinezuur (vitamine C), -caroteen, rozemarijn extract) zijn
officieel toegestaan in levensmiddelen en cosmetische producten. Vanwege toxicologische
bezwaren tegen sommige synthetische antioxidanten, wordt er momenteel veel onderzoek
naar natuurlijke antioxidanten afkomstig uit planten uitgevoerd.

Algemene achtergrond informatie over vetoxidatie, werkingsmechanismen van
antioxidanten, structuren van antioxidanten, technieken om antioxidatieve activiteit te
bepalen en de bepaling van de mate van vetoxidatie wordt gegeven in Hoofdstuk 1. In dit
proefschrift wordt een onderzoek beschreven naar de aanwezigheid van antioxidanten in
Sideritis planten van Bulgaarse afkomst. De resultaten van een literatuuronderzoek naar de
botanie, chemie en farmacologie van het genus Sideritis behorend tot de familie der
Labiatae, wordt gepresenteerd.

Drie veel toegepaste methoden om antioxidatieve activiteit te evalueren, namelijk de 2,2-
diphenyl-1-picrylhydrazyl (DPPH") methode, de statische headspace
bemonsteringstechniek (HS-GC) en de B-caroteen ontkleuringstest (BCBT), worden
vergeleken op hun toepasbaarheid in het screenen van plantenextracten (Hoofdstuk 2). De
voor- en nadelen van elke methode zijn onderzocht door een aantal extracten van
verschillende polariteit van het genus Sideritis en twee bekende antioxidanten (BHT en
rozemarijnzuur) te testen. De polariteit van een monster is van belang bij het meten van de
antioxidatieve activiteit in de BCBT en de HS-GC test, maar niet bij de DPPH methode. De
BCBT test is minder geschikt voor polaire monsters. In deze test wordt B-caroteen gebruikt
als indicator en ontkleurd door oxidatie. Het kan echter ook als een antioxidant worden
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beschouwd en daardoor is de precieze rol van een te testen antioxidant in het f-
caroteen/linoleenzuur systeem moeilijk te achterhalen. Echter, de BCBT test is eenvoudig,
gevoelig en relatief snel uitvoerbaar. De HS-GC methode kost meer tijd en wordt gebruikt
om de remmende eigenschappen van antioxidanten op de vorming van secundaire
oxidatieproducten te beoordelen. Deze test is gevoelig en reproduceerbaar.

De DPPH test is snel, eenvoudig, gevoelig, reproduceerbaar, onathankelijk van de polariteit
van het monster en erg geschikt voor het screenen van veel monsters op hun radicaal
afvangend vermogen. Een nadeel is dat er geen direct verband bestaat tussen de gemeten
antioxidatieve activiteit en de beschermende eigenschappen in een echt levensmiddel. De
bekende chemische eigenschappen van DPPH" maken het erg geschikt voor studies naar
structuur activiteits relaties (SAR). De DPPH methode geeft een algemene indruk van het
radicaal afvangend vermogen van een component.

Plantaardig materiaal van drie Sideritis soorten afkomstig van verschillende populaties in
Bulgarije (Sideritis scardica, S. syriaca en S. montana) zijn geéxtraheerd met verschillende
oplosmiddelen (methanol, aceton, tert-butyl-methyl-ether gevolgd door extractic met
methanol) en de extracten zijn getest op hun antioxidatieve capaciteit met de in hoofdstuk 2
genoemde testen. De uitkomsten zijn vergeleken met die van twee referentie verbindingen,
te weten BHT en rozemarijnzuur (Hoofdstuk 3). De meer apolaire extracten waren het
meest actief in de BCBT test en hun activiteit was bijna vergelijkbaar met die van BHT.
Het remmende effect op de [-caroteen ontkleuring van de polaire extracten en van
rozemarijnzuur is veel minder dan diec van BHT. De vermindering van de vorming van
hexanal in de HS-GC methode in saffloerolie door extracten van S. syriaca en S. scardica is
net zo effectief als bij BHT, maar minder dan bij rozemarijnzuur. Extracten van S. montana
zijn duidelijk minder actief of versnellen soms zelfs de oxidatie. Van alle drie Sideritis
soorten laten de extracten een sterk radicaal afvangend vermogen zien in de DPPH" test,
vergelijkbaar met dat van rozemarijnzuur. Toch zijn extracten van S. montana iets
zwakkere radicaal afvangers dan de extracten van de andere twee soorten. De
antioxidatieve activiteit van Sideritis extracten wordt veroorzaakt door de aanwezigheid
van flavonoid- en fenylpropaan glycosiden, zoals beschreven staat in hoofdstuk 6.

Na de goede resultaten verkregen met de DPPH off-line test, is een snelle on-line
methodiek om complexe mengsels van antioxidanten te screenen ontwikkeld (Hoofdstuk
4). Met behulp van HPLC worden de componenten gescheiden en actieve componenten
(fenolen) reageren post-column met een toegevoegde methanolische DPPH" oplossing.
Gereduceerd DPPH" (DPPHH) is kleurloos in plaats van paars en dus is elke reductie door
een eluerend fenol zichtbaar als een negatieve piek. Door dit profiel te vergelijken met het

normale HPLC-UV profiel wordt direct duidelijk welke componenten in het extract
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antioxidatieve activiteit bezitten. De instrumentele en experimentele opzet is
geoptimaliseerd. Deze methode is geschikt voor zowel isocratische als gradient HPLC
analyses met een mobiele fase van 10-90% organisch oplosmiddel in water of buffer (pH 3-
6). De methode is eenvoudig, breed inzetbaar, en gebruikt standaard apparatuur, goedkope
en stabiele reagentia en bespaart veel tijd. Zij kan gebruikt worden voor kwantitatieve
analyses. De methode is toegepast op verschillende zuivere natuurlijke antioxidanten en een
ruw waterig extract van S. scardica. De detectielimieten variéren van 0.33 (quercetine) tot
94 (eugenol) ng/L, athankelijk van welke component er getest wordt.

Door het succes van de DPPH methode, is ook een ander radicaal (ABTS" " radicaal kation;
2,2’- azinobis-(3-ethylbenzothiazoline-6-sulfonaat) toegepast in een on-line HPLC methode
om radicaal afvangde componenten te detecteren in complexe mengsels (Hoofdstuk 5). Het
principe en de voordelen van deze methode zijn dezelfde als die voor DPPH'. De methode
kan gecombineerd worden met zowel isocratische als gradient HPLC met mobiele fases tot
100% organisch oplosmiddel in waterige zwakke zuren of buffers (pH 3 - 7.4). Ze is
toegepast op zuivere natuurlijke antioxidanten en een S. syriaca ethylacetaat extract. De
detectie limieten variéren van 0.02 (Trolox en rutine) tot 0.13 (BHT) pg/mL. De methode
kan worden toegepast voor kinetische studies omdat de reactietijd eenvoudig gevarieerd
kan worden door de dimensies van de post-column reacticloop te veranderen.

Het resultaat van deze studies is dat 7 flavonoid glycosiden, 2 fenylpropaan glycosiden, 2
iridoid glycosiden, het diterpeen siderol en 2 niet-geidentificeerde fenylpropaan glycosiden
zijn geisoleerd uit S. scardica en S. syriaca (Hoofdstuk 6). De chemische structuren zijn
opgehelderd door middel van spectroscopische methoden, referentie verbindingen en data
uit de literatuur. Drie nieuwe verbindingen zijn geidentificeerd: luteoline-4’-methylether-7-
0-[6"°-O-acetyl-p-D-allopyranosyl-(1-2)-B-D-glucopyranoside] 5, hypolaetine-4’-
methylether-7-O-[B-D-allopyranosyl-(1-2)-6’’-O-acetyl-B-D-glucopyranoside] 6 en 3’-O-
p-coumaryl-6"’-O-acetyl melittoside 8. Er wordt nog gewerkt aan de structuuropheldering
van de twee niet-geidentificeerde fenylpropaan glycosides. Het radicaal afvangend
vermogen van alle geisoleerde verbindingen is geévalueerd met behulp van het DPPH
radicaal en is vergeleken met de activiteiten van rozemarijnzuur, koffiezuur,
chlorogeenzuur en rutine. De meeste actieve radicaal afvangende verbindingen zijn
verbascoside 1 (76% red.) and hypolaetine-7-O-[6"-O-acetyl-f-D-allopyranosyl-(1-2)-p-D-
glucopyranoside] 9 (50% red.). In de on-line HPLC-DPPH methode zijn de meest actieve
antioxidanten (radicaal afvangers) in het S. syriaca-butanol extract: hypolaetine-4'-
methylether-7-O-[6"-O-acetyl-B-D-allopyranosyl-(1-2)-p-D-glucopyranoside] 3 >
verbascoside 1 > isoscutellareine-7-O-[6"-O-acetyl-p-D-allopyranosyl-(1-2)-p-D-
glucopyranoside] 7 > hypolaetine-4'-methylether-7-O-[6"'-O-acetyl-p-D-allopyranosyl-(1-
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2)-6"-O-acetyl-B-D-glucopyranoside] 2. In het S. scardica butanol extract zijn de meest
actieve radicaal afvangers: verbascoside 1 > hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-f3-
D-allopyranosyl-(1-2)-B-D-glucopyranoside] 3 = isoscutellarein-7-O-[6"'-O-acetyl-B-D-
allopyranosyl-(1-2)-B-D-glucopyranoside] 7 = hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-
B-D-allopyranosyl-(1-2)-6"-O-acetyl-B-D-glucopyranoside] 2. De aanwezigheid van deze
antioxidanten in Sideritis planten maakt hen tot een mogelijke bron van natuurlijke
antioxidanten.

In hoofdstuk 7 wordt terug gekeken op de behaalde resultaten en de doelstellingen zoals
geformuleerd in hoofdstuk 1.6. Diverse concluderende opmerkingen worden gemaakt. Een
algoritme voor het bepalen van antioxidatieve activiteit in fytochemische studies is
ontwikkeld. Het effect van extracten en zuivere verbindingen in echte voedselsystemen
(diéen conjugatiec en hexanal vorming in plantaardige olién en emulsies) wordt
bediscussiéerd. Deze producten zullen waarschijnlijk geen toepassing vinden in voedsel.
Voor cosmetica is de wetgeving echter minder streng en kan het gebruik wel worden
toegestaan.

Vanwege de complexiciteit van het oxidatie proces en de remming daarvan, is het duidelijk
dat niet één enkelvoudige test in staat is om een goed beeld te geven van het antioxidant
profiel van een monster. Meerdere methoden moeten uitsluitsel geven. Een combinatie van
snelle, gevoelige en reproduceerbare methoden, die uitgevoerd kunnen worden met kleine
monsterhoeveelheden en gegevens opleveren over de “primaire”, “secundaire”
antioxidatieve en radicaal afvangende eigenschappen, moet gebruikt worden voor de
screening van planten op antioxidatieve activiteit.
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KucnopoasT € eneMeHT ¢ JIBOMHCTBEH XapakTep — OT €[Ha CTpaHa, TOil € MbpPBUST
YKM3HEHO-Ba)KEH EJIEMEHT 32 HOPMAJIHOTO (hYHKIIMOHHUpPAHE Ha BCHYKU aepOOHHU CHCTEMH,
OT JIpyra cTpaHa € OTT'OBOPEH 3a peAniia OKHCIHUTEIIHN TPOLECH, B PE3yJITaT Ha KOUTO Ce
NoJTydaBaT pajuKaid ¢ MOTEHIUAIHO BPEAHU Iociequnu. JIunuante ca cpej OCHOBHUTE
KOMITOHEHTH Ha MHOTO XpaHu. Te ca Mo/I0KeH! Ha OKHCIIMTENTHH peakiuu. M3mnon3sanero
Ha J100aBKM KaTO aHTHOKCHIAHTHTE, CIIOCOOHM Jia TIPeNOTBpaTsIBaT WIM 3a0aBsT
OKHCIIMTEITHUTE MpPOLECH, € HEeM3MEHHa 4YacT OT CBhbBPEMEHHOTO 3ala3BaHe Ha
XPaHUTEIHNUTE U KO3METHUHH MPOJYKTH.

Hsaxonko cuntetnunn (BXT, BXA, TBXX) wu onpexenen Opoll NpHpOIHH
aHTHOKCcHIAHTH (ToKo(deporn, L-ackopOmHOBa KuHcennHa, [-KapoTeH) ca OQHIHAIHO
paspeiieHn 3a ynorpeda B XpaHUTe M Ko3MmeTukara. [lopaau onaceHus 3a
TOKCHUKOJIOTMYHOTO  JICHCTBME HAa  CHHTETHYHHUTE aHTHOKCHJIAHTH, BCE IIOBeue
MPEIIOYHTAaHUs CE€ OTAaBaT Ha T. Hap. “HameiaHOo HarypamHun~  (“all-natural”)
aHTHOKCHIaHTH. Te ca mpuYmMHa Ja ce MHTeH3M(HUIMpa INpolieca Ha ThPCEHE HAa HOBU
AQHTHOKCHJIAHTH B apoOMaTUYHHUTE W JieKapcTBeHH pactenus. B T'maBa 1 ca npencraBeHu
Haii-00110 JIMIHIHOTO OKHCJICHUE, aHTHOKCHIAHTHUTE MEXaHM3MH, XMMHUYHATA TPHPOJA
Ha aHTHOKCHIAHTHTE, METOJIUTE 32 OLICHKA Ha aHTHOKCHJIAHTHATA AKTUBHOCT U OTIPE/ICIIsTHE
CTEIeHTa Ha JINIHUIHO OKHCJIeHHe. B Ta3u nucepranus kato oOEKT Ha M3CJEBaHE CIIyKaT
OBirapcKu pacTeHus: OT pon Sideritis, KOUTO ca HU3CJICJABAHH 3a ChIbPKAHHC Ha
AQHTHOKCHJAHTH. 3a Ta3W el ca JAUCKyTHpaHu peamma off- m on-line meromu. OOmupeH
JUTEpaTypeH Tperjies € MpeACTaBeH BbPXY OOTaHWYECKHs, XHUMUYECKUS U
(dapmakostoruuckus npodui Ha pox Sideritis (Labiatae).

3a OIeHKa Ha pa3jMYHU EKCTpakTH OT pona Sideritis MO OTHOIIEHWE Ha TSIXHATa
AQHTHOKCHJIAaHTHATA aKTUBHOCT, Ca W3MOJI3BAHU TPH MIMPOKO N3MOJI3BAHU METO/A, & UMEHHO
2,2-diphenyl-1-picrylhydrazyl ~ (DPPH’)  pamukanynaBsiuus  Mmertoja,  HS-rasosa
xpomarorpadust (HS-GC) m meroma ¢ oOesusersiBane Ha [B-kaporen (BCBT). Te ca
CPaBHEHHU C OIVIeJ] Ha TAXHOTO NPWIOKEHHWE B OTCABAHETO (Screening) Ha pPacTUTEIHU
excrpaktu (I'maBa 2). [IpeaumcTBaTa 1 HEAOCTATHIUTE HA BCEKH METO]| Ca WIIIOCTPUPAHU
ype3 TeCTBaHE Ha peJuila €KCTPAKTH C pa3invHa MOJSPHOCT OT pacTeHHs OT poA Sideritis,
1 Ha JBa u3BecTHU aHTHOKCcHAaHTa — BXT u posmapunosa kucenuna (PK). CtoitHocTTHTE

Ha aHTUOKCHUIAHTHUA KOGq)I/I].[I/IeHT (HpI/I BCBT) II0Ka3BarT, 4€ I10-roJisiMa akKTMBHOCT MMAT
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eKCTPAKTUTE C II0-HHUCKA MOJSAPHOCT B CPAaBHEHHE C TE3M C I0-BHCOKA MHOJSPHOCT.
IonsproctTa ce okas3Ba BaxHa 32 BCBT u HS-GC metoaure, Ho He u 3a DPPH wmetona.
Emnnu ot memocrateuute Ha BCBT e, e caMusT B-KapoTeH € peakHOHEeH HHINKATOP T.C.
TOM CBIIO € aHTMOKCUJAAHT, U 3aTOBa TOYHATA POJISI HA M3CJIEABAHUTE AaHTUOKCHUAAHTH B
cucrtemMarta [-KapoTeH : JIMHOJOBA KHCENMHA € TpyAHO jaa Obae obOscHena. BCBT e
JIECHOIIPWJIOKMM, YyBCTBHUTEJICH U CPABHUTEIHO OBp3 MeToA. Bhnpeku, ue e mo-0aBeH OT
BCBT, HS-GC ce m3moi3Ba 3a OlleHKa HAa WHXHOMPAIINTE CBOICTBA HA aHTHOKCHIAHTUTE
10 OTHOLICHHE HAa BTOPUYHU JICTIMBH MPOAYKTH Ha OKUCIeHHue. Tol e 4yBCTBUTEIECH U
Bo3mpousBoauM. C HS-GC merona ce OleHsBa pealHUs aHTUOKCHIAHTEH C(EKT HA CIIUH
IIO-KBbCEH €Tall Ha JIMITHJHOTO OKHCIICHHUE.

DPPH wmetonsT ¢ ymoOeH 3a screening Ha MHOTO MpOOM 3a paJuKaTyJaBsIia
AKTHBHOCT, ITOHEXE € ObP3, JIECHOIPHIOKHUM, UyBCTBUTEIJICH, BB3IIPOU3BOIUM M HE 3aBUCH
OT MONApHOCTTa Ha mpobarta. KaTo HemocTaThk Ha MeToAa, OO 3a BCHYKHM METOJH,
M3M0I3Ballld  MOJAEIHM  paJuKaldW, € JWIcaTa Ha JUPEKTHA Bpb3Ka MEXKAY
AQHTUOKCHJIAaHTHATa aKTUBHOCT U IpeJIa3BalllUTe CBOMCTBA B PEaTHM JIMIUIHU CHUCTEMHU.
WsBecTHUTE XUMUYHM cBoictBa Ha DPPH' mo3BonsiBaT wu3CieaBaHus 3a Bpb3KaTa
CTPYKTYypa Ha cheanHeHneTo—anTHokcnaanT. C DPPH metona He Moke 1a ce pasrpaHuydn
BHUJIa Ha paJinKalia, HO TOH AaBa 00lIIa NpecTaBa 3a paauKaIysaBsiaTa akTHBHOCT.

PactutenHu nmpoOu OT pa3iIMyHU BUIOBE M TOMYyJNAIMU OT pox Sideritis, pacTsin B
Bearapus (S. scardica, S. syriaca m S. montana), ca eKCTpaxWpaHH C pPa3IUIHA
pastBopuren (MeOH, ameton m -BuOMe, mocnenBana ot ekcrpakuust ¢ MeOH) u
eKCTPAKTUTE ca TECTBAHM 3a TEXHMS AHTHOKUCINTENCH KalaluTeT C M3MO0JI3BaHE Ha
MeToauTe, pasriegaHd B I['maBa 2. PesynraTure ca CpaBHEHHM C aHTHOKHUCIIHUTEIIHUS
KamamuTeT Ha m30paHu nBa crapmapra c¢ pasnmaHa noisipHoct — BXT u PK (I'naBa 3).
Crnopen BCBT Haii-Bucok u 0nmm3bk 10 bXT e aHTHOKHUCIHMTEIHUS KamalUTeT Ha I0-
HernoJsipHUTE eKcTpakTH. O0e3lBeTsABaHETO Ha [-KapoTeHa B NPHCHCTBUE Ha TOJISIPHUTE
exctpakté 1 PK e MHOTO mo-manko, ot ToBa mpu BXT. Penykmusara Ha oOpa3yBaHeTo Ha
XeKcaHan B cadimopoBo Macio Ha ekcrpaktu upe3 HS-GC mokasBa, We mpH MOBEYETO
eKCTpakTu oT S. scardica u S. syriaca epeKTUBHOCTTa B cadIOpoOBO Maclio € €JHaKBa C
ta3u Ha BXT, Ho e mo-manka B cpaBHenue ¢ PK. Excrpaxture ot S. montana mokassar
cnaby aHTHOKCHIAHTHH W JOPH MPO-OKCHAAHTHU CBOWCTBA. EKCTpakTHTE OT BCHYKH
pacteHust ot poj Sideritis TEMOHCTpHpAT CHJIHA paJUKATyJaBsiia aKTHBHOCT CIPSIMO
DPPH', Gmuzo no tasu ma PK. Exkcrpakture ot S. montana cbIbpxar mo-ciabu
paIuKayJTOBUTENN, OTKOJIKOTO EKCTPAKTUTE OT APYTWTE JBa BUAA. AHTHOKCHIAHTHATa
aKTUBHOCT HA eKCTpPaKTHTe OT Sideritis ce IBIDKH TIAaBHO Ha TPHUCHCTBHETO Ha

(bHaBOHOI/I)IHI/I u (beHI/IJ'IHpOHaHOI/II[HI/I TJIMKO3HU AW, KAaKTO € ITOKa3aHO B I'naga 6.
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BB3 ocHOBa Ha mony4yenuTe 100pu pesynraTth, noiaydenu npu off-line DPPH metona, e
paspaboreH ObBp3 on-line MeTOJ 3a screening Ha CJIOXKHH CMECH OT PaJWKaTyJaBsIld
kommoHeHT upe3 HPLC ¢ meranosnen pasrsop na DPPH™ (I'naBa 4). Pa3nenenure 1o to3u
HA4MH KOMITOHEHTH C€ JIETEKTHPAT 4pe3 peAyKIMOHEH IPOIeC cie KOJoHaTa ¢ pa3TBopa
na DPPH'. Beska penykuus ce perucTpupa Karo OTpuiaresieH nuk. IlpeicraBeHa e
ONTHUMM3UpPaHAa MHCTPYMEHTAJHA W EKCHepUMEHTalHa cxema. MeToabT € MOAXOoIsl] 3a
n3okpatuuu u rpaaueHtHd HPLC pexumu ¢ noxswxkuu cuctemu ot 10 go 90%
OpraHudeH pa3TBOpHUTEN BBB Bojaa wim Oydep (pH 3-6). MeToabT € JeCHOOCHIIECTBUM,
IIMPOKO TPUIIOKHM, H3MOJI3BA JOCTBIIHA amapaTypa, €BTHHH M CTaOWIHH DPEaKTHBH,
CIIECTsIBa BPEMe U CJIC/IBa OIPOCTEH EKCIIEPUMEHTAJICH MPOTOKOJI. Moye ycrenrHo aa ob/ae
M3MONI3BaH 32 KOJHMYECTBEH aHamu3. [IpHiokeH € KbM peana YUCTH MPUPOJHU
AQHTHOKCHUJIAHTH M BOJIEH EKCTPakT oT S. scardica. IlpenennaTa KOIEHTpalus Bapupa OT
0.33 (3a kBepueTuH) 10 94 (3a eBrenou) ug/mL.

Twit kato HPLC-DPPH MeTomsT ce oka3a ycnemien, apyr pagukan (ABTS™ paaukan
KaTtuoH) [2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate)], e u3moys3BaH BbB BapHaHT ON-
line HPLC meTon 3a neTekius Ha paaukaayJoBUTENH B KoMIuiekcHU MaTpuim (I'1aBa 5).
Paznenenure upes HPLC BemiecTBa pearupar ciell KOJOHATa C MPEIBAPUTEIHO MOJyUYeH
ABTS". Ipenu3BuKaHaTa peIyKIus Ha PaJuMKaia Ce PErHCTPUpa KaTo OTPHIATENEH UK.
[Tomo6no va HPLC-DPPH metona, u Tyk € mpeicTaBeHa ONTHMU3NPAaHa HHCTPYMEHTAIHA
U eKCliepUMEeHTajiHa cxeMa. MeToabT € moaxo sl 3a u3okpaTuuHu U rpaguentan HPLC
pexumu ¢ noaBmwxkHa cuctema 10 100% opranuueH pa3TBOPUTEN WM HErOB Pa3TBOP BbHB
Boma, cnmabu kucenunu wim Oydep (pH 3-7.4). MeToapT ce OTiaMYaBa ChC ChHIIUTE
npeauMctBa kato HPLC-DPPH mertona. Toii e mpuiaoXeH KbM HAKOM YHCTH TPHUPOIHU
antuokcuaanTu U EtOAc excrpakT oT S. syriaca. Ilpenennara xoueHTpauus Bapupa OT
0.02 (3a Tponokc u pyrtun) mo 0.13 (3a BXT) ug/mL. B mHOro cimydam toil € mo-
gysctBuTeneH o HPLC-DPPH metona. MeTonbT Moke a ce mpuiiara U 3a KUHETHIHHU
H3CIeABaHMs, Thil KaTO Clie]] KOJIOHATa JIECHO MOXKE J1a C€ MOHTUPAT PEAKTOPU C pa3jinyHa
JbJDKAHA Ha KaIuisipara.

Kato pesyntatr ot Bcuuku Tte3u off- m on-line wuscnenBanws, 7 QIaBOHOWIHU
JINKO3H/12, 2 (DEHUIPONIAaHONHY TJIMKO3H/IA U 2 HEM3BECTHU 3acera (DeHUIPONaHOUTHI
TIIMKO3U/1A, 2 MPHUINOIHY TIIMKO3UJAa M JTUTEPIICHA CHUACPOJ ca M30JHPAHH OT OBJITapCKu
nonynanuu Ha S. scardica u S. syriaca (I'maBa 6). CTpyKTypuTe Ha ChEIWHEHUSITA Ca
nokazanu 4pe3 cnektpockorncku meroan (UV, IR, enno- m aBy-numencuonanen NMR,
FAB-MS u ESI-MS), crangapTHu BemiecTBa M IO JIMTEpaTypHH JaHHH. Tpu HOBH
ChCIMHEHUS OT JiBaTa Buaa Sideritis ca n3onupanu, a uMeHHO luteolin-4'-methylether-7-O-

[6"-O-acetyl-B-D-allopyranosyl-(1-2)-B-D-glucopyranoside] 5, hypolaetin-4'-methylether-
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7-O-[B-D-allopyranosyl-(1-2)-6"-O-acetyl-B-D-glucopyranoside] 6 u 3"-O-p-coumaroyl-6"-
O-acetyl melittoside 8. [Ipexcron ma ce mokakaT CTPYKTYpUTE Ha JBaTa HEM3BECTHHU 3acera
(eHMINPONAaHOUTHY TJIMKO3U/1a C AOITBJIHUTENICH 3aXapEeH OCTATHK.

Pamukanynassinara aktuBHOCT ¢ DPPH' Ha BCHUKM U30JMPaHU ChEIMHEHNS € OLlEHEHa
off-line, n cpaBHEeHa ¢ po3MapHHOBA KHCENINHA, KaeeHa KUCEIHHA, XJIOPOTeHOBa KHCEINHA
u pyrus. Crnopen off-line DPPH merona, Hali-akTUBHM paJMKaTyJaBsiyd KOMIIOHEHTH ca
verbascoside 1 (76% Red.) u hypolaetin-7-O-[6"'-O-acetyl-p-D-allopyranosyl-(1-2)-p-D-
glucopyranoside] 9 (50% Red.). bsxa mnposemenm cpmo u on-line HPLC-DPPH
HU3CJIeIBaHus. [Ipu HPLC-DPPH MeToJa Hal-aKTUBHU AHTHOKCHUIAHTH
(panukanynosutenu) B S. syriaca-BE ca hypolaetin-4'-methylether-7-O-[6"'-O-acetyl-B-D-
allopyranosyl-(1-2)-B-D-glucopyranoside] 3 > verbascoside 1 > isoscutellarein-7-O-[6"'-O-
acetyl-p-D-allopyranosyl-(1-2)--D-glucopyranoside] 7 > hypolaetin-4'-methylether-7-O-
[6™M-O-acetyl-p-D-allopyranosyl-(1-2)-6"-O-acetyl-B-D-glucopyranoside] 2. B S. scardica-
BE Haii-akTuBHM pajgukanyinoButesnu ca verbascoside 1 > hypolaetin-4'-methylether-7-O-
[6™M-O-acetyl-B-D-allopyranosyl-(1-2)-B-D-glucopyranoside] 3 =~ isoscutellarein-7-O-[6"'-
O-acetyl-p-D-allopyranosyl-(1-2)-B-D-glucopyranoside] 7 = hypolaetin-4'-methylether-7-
O-[6"'-O-acetyl-B-D-allopyranosyl-(1-2)-6"-O-acetyl-B-D-glucopyranoside] 2.
[IpuckcTBHETO HA TpENNONaraeMH AHTHOKCHAAHTH, IO-TOYHO pPaJUKATYJIOBUTEIH, B
pacTeHusTa OT poJ Sideritis TV IpaBU B3MOKEH N3TOYHNK HA HATYPATHN aHTHOKCHIAHTH.

I'maBa 7 mpencraBisiBa 3akmiouenue. CrnejBaiiku 1enute, nocraBenu B ['nasa 1.6, e
pa3paboTeH “anropurhm’ 3a OICHKA Ha AaHTUOKCHIAHTHA aKTHBHOCT BbB (DUTOXUMHYHHUTE
n3cnenBanusd. CpaBHsBa ce e()eKTa Ha EKCTPAKTUTE W YHCTH BEIIECTBA, U30JIUPAHH OT THX,
B PeaJTHU XPaHUTEIHU CUCTEMHU (CIIPErHATH ANCHH M 00pa3yBaHe Ha XeKcaHall B ca(iopoBO
Maciio ¥ eMyJcus). 3a OKOHYaTeJHa MM OLEHKAa KaTO aHTHOKCHJIAHTH B XPaHUTEIHH W
KO3METHYHH MPOJYKTH ca HEOOXOIWUMHM JIOIBJIHUTEIHN TOKCHKOJOTWYHH W3CIEIBAHUS,
KaKTO M TaKHMBa 33 CbBMECTHMOCT C XPaHHTE.

KaTto ce mMa B mpeaBHJ KOMIUIEKCHOCTTa Ha Ipolieca OKHUCIICHHE-aHTHOKHUCIICHUE,
OUEBHJHO HE MOXE Ja ObJie HAMEPEH eIMH EIMHCTBEH METOJ|, KOMTO Ja OCUrypsiBa
n34yeprnaTeqHa KapTHHA HAa AHTHOKCHIAHTHHSA NPO(QMI HA JajJeHa cHcTeMa cyOcTpart-
aHTHOKCHIaHT. MHOTOOPOIHM MeTO/M, BKIIIOUBAINHY U Oon-line MeToauTe, ca Hy>KHH, KOTaTo
TpsgOBa J1a ce OLEHM peajHaTa aHTHOKCHJIAHTHA aKTUBHOCT. 3a Ta3M Ll TpsiOBa aa ce
M3M0J13Ba KOMOMHAINSA OT ObP3H, YyBCTBUTEIHH U BB3IIPOM3BOANME METOJH, OCUTYPSIBAIIH
JIOIIBJIBAILM C€ PE3YIITATH 32 “I'bPBUYHU U “BTOPUYHM~ AHTUOKCUJAHTHU CBOMCTBA, KAKTO

1 paavKalyjJaBsalld TaKMBa, KOraTo C€ IjaHrupa TECTBAHC 3a aHTUOKCUJAHTHA aKTUBHOCT.
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'0,-Q - '0, Quencher

302-S -3 O, Scavenger

ABAP - 2,2’-Azobis-(2-amidopropane) hydrochloride

ABTS - 2,2’-Azinobis-(3-ethylbenzothiazoline-6-sulfonate); ABTS™ - 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonate) radical cation

AH - Phenolic antioxidant

AnV - Anisidine Value

AO - Antioxidant

AOA - Antioxidant Activity

AOM - Active Oxygen Method

AUC - Area-Under-Curve

BCBT - B-Carotene Bleaching Test

BHA - 2-fert-Butyl-p-hydroxyanisole

BHT - 2,6-Di-fert-butyl-p-hydroxytoluene

CA - Caffeic acid

CC - Column Chromatography

ChA - Chlorogenic acid

CL - Chemiluminescence

COSY - Correlated Spectroscopy

CPB - Citric-Phosphate Buffer

DAD - Diode Array Detector

DBO - n, 7t Singlet-excited azoalkane 2,3-diazabicyclo[2.2.2.]-oct-2-ene
DEPT - Distortionless Enhancement by Polarization Transfer
DMPD - N,N-Dimethyl-1,4-phenylenediamine

DMSO - Dimethylsulfoxide

DNA - Deoxyribonucleic acid

DPPH - 2,2-Diphenyl-1-picrylhydrazyl radical

E" - Standard redox potential

EDTA - Ethylenediaminetetraacetic acid

Enz-I - Enzyme Inhibitor

EPR (ESR) - Electron Paramagnetic (Spin) Resonance

FID - Flame Ionization Detector

FRAP - Ferric-Reducing Antioxidant (Ability) Power

GC - Gas Chromatography

GSH - Glutathione reduced

HACCP - Hazard Analysis of Critical Control Points

HMBC - Heteronuclear Multiple Bond Correlation spectroscopy
HMQC - Heteronuclear Multiple Quantum Correlation spectroscopy
HPLC - High Pressure Liquid Chromatography

HS-GC - Head-Space Gas Chromatography

IP - Induction Period

IR - Infrared; FT-IR - Fourier Transformation Infrared

LC/MS - Liquid Chromatography-Mass Spectrometry; LC/NMR -  Liquid
Chromatography- Nuclear Magnetic Resonance
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LOD - Limit of Detection

LDL - Low Density Lipoprotein

M - Metal

M-D - Metal Deactivator

MDA - Minimum Detectable Amount; MDC - Minimum Detectable Concentration
MPLC - Medium Pressure Liquid Chromatography

MS - Mass Spectrometry; FAB-MS - Fast Atom Bombardment MS; ESI-MS -
Electrospray lonisation MS

ND - not done

NMR - Nuclear Magnetic Resonance

ORAC - Oxygen Radical Absorbance Capacity

PA - Polyamide 6S

PBS - Phosphate Buffered Saline

PEEK - Polyetheretherketones

PF - Protection Factor

PG - Propyl gallate

PTFE - Polytetrafluoroethylene

PUFA - Polyunsaturated Fatty Acids

PV - Peroxide Value

RA - Rosmarinic acid

ROESY - Rotational nuclear Overhauser Effect Spectroscopy
ROOH - Lipid Hydroperoxides

ROOH-D - Lipid Hydroperoxide Destroyer

RRH - Relative Rate of Hexanal formation

RSA - Radical Scavenging Activity

RSD - Relative Standard Deviation; SD - Standard Deviation
S/N - Signal-to-Noise ratio

SAR - Structure-Activity Relationship

Sens - Sensitizer

Seph - Sephadex LH-20

SiO,- Silica gel

SOD - Superoxide Dismutase

TAA - Total Antioxidant Activity

TBA - 2-Thiobarbituric Acid; TBARS - 2-Thiobarbituric Acid Reactive Substances
TBHQ - tert-Butylhydroquinone

TEAC - Trolox Equivalent Antioxidant Capacity

TFA - Trifluoroacetic Acid

THF - Tetrahydrofuran

TLC - Thin Layer Chromatography

TOCSY - Total Correlation Spectroscopy

TOTOX - Total Oxidation

TRAP - Total Radical-Trapping Parameter

UV - Ultraviolet

Vis - Visible

VLC - Vacuum Liquid Chromatography
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U JI0CETra, W KOUTO CBIIO NPOSBSABAT 3arPHKEHOCT KbM CBHCTOSHHETO MH, KbM AOcHa M
Acsi (pexabunurtaropku ot lllymeHckara okpbkHa OonHHIA). MowTe Hal-ChPICYHU
OnaromapHoctd  KbM  I-p 3apaBko IllekepoB, MosAT JsuueH Jekap, 0e3 KOWTO
BB3CTAHOBSABAHETO MM IeIIe jaa ce 3abaBm MHoro. Mckam cpimo na Omaromapst W Ha
noronen Ana CriacoBa, 3a HEHHOTO MPO(ECHOHAIHO OTHOIICHHWE U THPIEHHUE, MO-KHCHO
npepacHajo B IPUATEICTBO.

My deepest gratitude and thanks go to Mrs. Joke van der Berg. It is impossible to
express all the feelings that my family and I share within a few lines. You are a very special
friend to us. I would like to thank you very much for sociable evenings, excursions and all
the good and unforgettable times we had together.

195



Acknowledgements

He ma mocmemHo MsCTO HCKaM Ja H3Kaka MOSATa IBJIOOKA MPHU3HATEIHOCT M
67arolapHOCT KbM CEMEMCTBOTO MU — CBIPYTBT Mu Ilmamen um most cuH Pamocnas. 3a
BCHYKO, KOETO CTE MMPABWIIN M MpaBHTE 3a MeH — Onaronaps! Mckam na Gnarosiapst Ha MosiTa
Maiika JKaHa, K0osTO Oemie mpe3 BCHYKUTE Te3W TPYAHU T'OJWHM HEOTIHYHO A0 MEH — IO
OONHUITNTE W CAaHATOPUYMHUTE, y JoMa. brarogapeHwe Ha MOs CBHIPYT M HAa Maika MW,
KouTo Osixa yOeJIeHM Iie ycresl Ja 3aliuTs BBIPEKH TPYJHOCTUTE M INPEMEKAMATA, 3a
TSIXHATa BApa B MEH, KOraTo a3 camara rybex HaJesk/a, ce CIIpaBuX ¢ TasH Tpy/Ha 3ajadal
CwI110 1 Ha MosITa CBeKbpBa PaiiHa, KOsTO ce TPHXKK BCeOTAaiiHO 1 focera 3a meH! KakTto u
Ha u ceexbpa Kosro! He mMora n1a u3passt B HAKOJIKO pesia KOJIKO CbM BH
npusHatenna! Mckam nma Onaromapst mHa mowte mnpusarenn Croboma u J[obpu ToOpesw,
Pymstaa [TomoBa, 1 BCHUKH JPYTH MPUATENN U OMM3KH, KOUTO ca ME TOKPETISTH U BAPBaIN
B MeH! Also, to my English friends Tony and Sheron Denford for their constant care even

from miles away.

There was less obvious but not less important support by [Prof. Dr. Ljuben Yankov.|He

was the first who “fired” me with the enthusiasm to love natural products.
THANK YOU! BJIAT'OJIAPS!

196



Curriculum Vitae

Curriculum Vitae

Irina Iordanova Koleva was born on June 23, 1965 in Choumen, Bulgaria. She attended
primary school at the 6™ Secondary School of Choumen from 1971-1978. From 1978-1983
she attended Grammar Secondary School with Extended Learning of Russian Language in
Choumen which she left with a “Gold medal”. Then she started studies at the University of
Chemical & Metallurgical Technology in Sofia (former Higher Institute of Chemical
Technology). When she was 3™-year student she won the first place in the National
Chemical Olympiad. She graduated in 1988 as a Chemical Engineer in Organic Fine
Synthesis under the supervision of Prof. Dr. L. Yankov with the subject “Synthesis of
Methyl Anthranilate”. From 1988 till 1994 she worked as a technologist at the Research
Institute of Perfumery, Cosmetics & Essential Oils in Plovdiv. From 1989-1991 she was on
maternity leave. In 1992 she worked at Plovdiv University at the Central Research
Laboratory under guidance of Prof. Dr. G. Andreev who supervised her in doing UV- and
IR spectra of essential oils. In 1994 she passed the exams for assistant-professor at the
University of Food Technology (former Higher Institute of Food & Flavour Technologies)
in Plovdiv. In 1995 she spent 3 months in England in the framework of the TEMPUS
programme. In 1996 she performed a 6-month research study in The Netherlands in the
framework of the same programme.

On February 1998 she was admitted as a PhD-student to a so-called “sandwich”
research project of the Bulgarian Academy of Sciences - Sofia, University of Food
Technology - Plovdiv and two departments of Wageningen University, The Netherlands,
namely the Department of Organic Chemistry and the Department of Food Chemistry. She
obtained in 1999 and 2000 twice a grant of the Dutch Ministry of Agriculture and Fisheries
(IAC grant). As a result of this work, she published in high-ranked journals which can be
found in the List of publications.

In 2001 she had an accident with heavy cranial-cerebral trauma that made her
temporarily stop her thesis work. From 2001-2005 she was constantly on sick-leave. After 4
years of revalidation, she decided to finish the thesis work she started in 1998. At present,
she is Head Assistant Professor at the University of Food Technology — Plovdiv.

197






Printed by MAKROS Ltd., Plovdiv, Bulgaria






