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ABSTRACT

Oxidative damage is implicated in the pathogenesis of a number of diseases. Scientific
research shows positive links between accumulated free radical damage and age-related
diseases such as atherosclerosis and osteoarthritis. There is great interest in the
possibility that the antioxidant potential of plant-derived compounds such as flavonoids
may reduce the risk of developing these conditions. The aim of this study was to
evaluate the antioxidant activity of selected non-food plants, traditionally used by
herbalists in their treatment of osteoarthritis, using crude plant extracts and herbal
tinctures, the most commonly used form of plant extract. As herbalists traditionally
argue that herbs used in combinations or formulae will increase in efficacy when used

together, an exploratory study was further carried out to investigate whether the

antioxidant activity of two herbs tested in combination was greater than the sum of both

herbs tested singly.

Eight plants were selected for phytochemical analysis and investigation for antioxidant
activity, based on discussions with clinic supervisors from four herbal medicine training

clinics and a review of patient’s case notes. The prescriptions from a pilot study

investigating outcomes for the herbal treatment of osteoarthritis were used as selection

criteria.

Chromatographic analysis of each plant by TLC, HPLC and GCMS confirmed the
presence of a number of flavonoids reported in the literature and of other compounds
which were not possible to identify. Previous studies have established that certain
flavonoids in vitro can exert pro-oxidant or antioxidant effects according to the
concentration and presence of transition metal ions such as copper and iron. In view of
the pro-oxidant effects observed for some extracts during biochemical analysis, metal
analysis by ICP was carried out on the selected plant material to test for the presence of
selected metal ions known to catalyse free radical reactions. ICP analysis showed the

presence of most of the selected metals in all the plant samples.

Several pathways, by which flavonoids and other plant phenolics may exert their effects

on chemical oxidation have been identified, one of which is their free radical

scavenging capacity to halt the propagation stage of lipid peroxidation. Since lipid



peroxidation 1s implicated in the pathogenesis of osteoarthritis, assays to measure this in

vitro were Investigated and the following two assays selected:- lipid peroxide assay
using the ferric thiocyanate method for the detection of peroxides and an assay using the

stable free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) an established method for
investigating the potential free radical scavenging activity of plant extracts. The lipid

peroxide assay and method of analysis was re-evaluated and a standardised procedure

established.

All eight crude plant extracts showed marked antioxidant activity in both assays.
Results for the crude plant extract in the lipid peroxide assay varied according to
concentration, with 0.1% w/v giving the best results. The crude plant extracts in almost
all cases seemed to be more active as antioxidants than tinctures (fluid extracts). When
combinations of crude plant extracts were tested in pairs for antioxidant activity, results
demonstrated synergy from five of the pairs and antagonism from three, approximately
one third of the possible 28 two-herb combinations tested. The synergistic interactions

observed could form the foundation for the future development of an antioxidant

formula to offset the effects of free radical damage.
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GENERAL INTRODUCTION

Over the last few decades, research into the role and involvement of oxygen and
nitrogen-generated free radicals in the pathogenesis of many of the degenerative
diseases of ageing has advanced, with the establishment of a greater body of evidence in
regard to the number of essential biological functions associated with these species and
their specific contribution to disease pathology. A fine biological balance exists
between the normal physiological formation of reactive oxygen and nitrogen species
and their removal. An excess of oxidative stress can lead to the oxidation of lipids,
DNA and proteins, which is associated with cell injury. Oxidation of the
polyunsaturated fatty acids in cell membranes by reactive oxygen species can lead to a
biologically significant process implicated in many cell and tissue abnormalities known
as lipid peroxidation. The uncontrolled reaction of lipid peroxidation in cellular and
sub-cellular membranes can cause or amplify pathological phenomena in degenerative

diseases such as atherosclerosis, cataracts, cancer and osteoarthritis (Scott, 1995; Behl,

1999).

There is evidence that a diet high in antioxidants can favourably influence the primary
‘intrinsic’ ageing process, as well as many of the secondary age-associated pathological
processes (Aruoma, 1993). It has been suggested that a high consumption of fruits and
vegetables is associated with a lowered risk of degenerative diseases like cancer and

atherosclerosis and that dietary flavonoids can repair a range of oxidative radical

damage sustained by DNA (Eastwood, 1999; Anderson et al, 2000).

In recent years there has been an increased interest in the use of antioxidants Ifor the
treatment of certain conditions. Research to date has focussed mainly on diet-derived
antioxidants like vitamins C and E and carotenes (Cao et al, 1998). Some of these
studies suggest that combinations of synergistic antioxidants acting by complementary
mechanisms are more effective than individual antioxidants. For example, vitamin E
alone is relatively ineffective without ascorbic acid (Scott, 1995).  Clinically, the
current view 1s that single nutrient therapy is not as effective as multiple nutrient
interventions, which are both more effective and safer (Crayhon, 2001). Since it is
argued that medicinal herbs contain a multiplicity of chemical compounds which

interact synergistically, it is suggested that whole plant extracts could help in alleviating
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some of the problems associated with ageing processes which are linked to free radical
damage. Consequently there is now a growing interest in the role of plant phenolics,
especially flavonoids, which have demonstrated considerable antioxidant activity in
vitro (Bohm, 1998). Although some isolated plant antioxidants can exhibit potent
effects in vitro, it is not known whether whole herb extracts can replicate this action.
Herbalists generally believe in plant synergy, i.e. that the active constituents are

balanced within the plant and are made more (or less) powerful by the numerous other

substances present.

Herbal remedies have a long history of use in the treatment of chronic age-related
conditions like osteoarthritis.  Interestingly however, the contribution of their
antioxidant activity to the prevention or treatment of these conditions has received little
attention. The main body of antioxidant research has been carried out by the Food
Industry on foods associated with dietary intake. Research into the therapeutic

properties of medicinal plants that do not constitute a normal part of the diet, currently

in its infancy, 1s desirable.

The purpose of this thesis is to investigate a small selection of medicinal plants

traditionally used by herbalists in their treatment of chronic degenerative disease, in
particular osteoarthntis, with a view to identifying antioxidant activity that may be
contributing to their efficacy. The Herbal Medicine Department of Middlesex
University recently carried out a pilot outcome study on the treatment of osteoarthritis,
mainly with positive results (Bell et al, unpublished work, 1999). Based on this study,
in vitro investigations were conducted for this thesis on herbs selected from the herbal

formulae used in this trial and from those generally used by herbalists for this condition,

with a view to the preparation of whole plant extracts, to assess their antioxidant

propensity and to identify any phenolic compounds within these extracts which may be
contributing to their antioxidant effects.

Synergy 1s a well known concept in phytotherapy and, although evidence is
accumulating to show that it does occur in extracts and mixtures, there is still a paucity
of reports in the scientific literature (Williamson, 2001). In addition to the assessment of

single crude plant extracts for antioxidant activity, these extracts were also tested in

pairs for any demonstrable synergistic interactions.
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Tinctures used as herbal medicines are the most widely used pharmaceutical preparation
form of plant origin, traditionally used by herbalists in their prescribing (Bilia, 2001).
For this reason, as an adjunct to the assessment of the antioxidant activity of the crude
plant extracts, a comparison of these extracts with herbal tinctures used therapeutically
and prepared commercially by a phytopharmaceutical company was carried out, to
assess the comparative antioxidant activity of the two types of extract. Selected
phytochemical methods were used to identify the constituents, especially flavonoids, of

the crude plant extracts and the tincture (fluid extracts). The resultant understanding of

the chemistry involved may we hope lead to the development of more effective

treatment strategies.

Due to its biological significance in the pathogenesis of many age related diseases,
assessment of antioxidant activity was focused on the propensity of the chosen plant
extracts to inhibit lipid peroxidation. Athough flavonoids may exert a number of

biological eftects, their inhibitory effects on lipid peroxidation are considered to be their
primary action (Bors, 1998).

The ability of flavonoids to act as antioxidants or pro-oxidants in vitro is now well

documented (Kessler et al, 2003). As pro-oxidant activity is often related to the

presence of transition metal ions known to catalyse free radical reactions, all the

selected plant parts were tested for the presence of metal ions.

Following a review of the literature, the first part of this thesis concerns the selection,
extraction and analysis of the identified plant material. The second part covers
biochemical analysis by which the antioxidant propensity of the plant extracts were

determined, with a view to the future development of an herbal formula based on any

synergistic interactions observed between these extracts.
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CHAPTER 1: FREE RADICALS, OXIDATIVE

STRESS, AGE-RELATED DISEASES AND
ANTIOXIDANTS

1.1 FREE RADICALS, ENDOGENOUS DEFENCE AND

THE ROLE OF OXIDATIVE STRESS IN HUMAN
DISEASE

1.1.1 Origins of the free radical theory

Denham Harman, the pioneer of free radical research, first made the connection
between free radical chemistry and ageing in the early 1950°s. His initial life span study
was presented as an abstract in 1956 at the American Federation of Clinical Research.
It showed that 2-MEA (2 - mercaptoethylamine), a radiation protection compound
synthesised by the Atomic Energy Commission, could extend life span by decreasing

the level of free radical reactions. Little support was generated for his theories at this

time.

Harman proposed that a single common process, the production of free radicals, was
responsible for ageing and death of all living things (Harman, 1956: 1992). This theory
was based on the chemical nature of free radical reactions and their ubiquitous

prominent presence 1n living systems (Harman, 1956).

The free radical theory of ageing cites oxygen-derived free radicals as being responsible

for age-associated impairment at cellular and tissue levels. This assumes that cellular
ageing is associated with oxidative stress [an accumulation of pro-oxidant molecules in
sufficient concentrations to outweigh antioxidant compounds (Sies, 1986)]. The theory,
hitherto viewed with some degree of scepticism, gained credibility with the discovery
by McCord and Fridovich (1969) of superoxide dismutase (SOD), a natural enzyme that
destroys superoxide free radicals in the body. Subsequently, the free radical theory has
inspired more research than any other concept in ageing, with evidence accumulating to

support Harman’s onginal conception that free radical damage is a major factor
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contributing to the ageing process and possibly to many other age-related diseases such
as atherosclerosis, cancer, arthritis and neurodegenerative diseases (Beckman and

Ames, 1998; Wilcox et al 2004).

40 years after its original conception, Beckman and Ames (1998) in a review entitled
‘The free radical theory of ageing matures’ systematically reviewed the status of the
free radical theory by categorizing the literature in terms of the various types of
experiments that have been performed. They reported that a large body of consistent
data had been generated to convince scientists that oxidants play an important role in
ageing and the aetiology of many degenerative diseases. In the same year, Diplock et al
(1998) also published an extensive review critically evaluating the science base that
underpinned the argument that oxidative damage is a significant causative factor in the
development of human disease and that antioxidants are capable of preventing or
ameliorating these disease processes. Diplock et al (1998) concluded that there was
sufficient evidence that mechanisms which involve free radicals are implicated at some
stage of the development of human diseases, and that maintenance of well-being and
health depends on the supply through the diet of antioxidants which modulate free
radical processes in vivo. With the general acceptance of the theory that many diseases
are related to oxidative stress, current research has mainly focused on the role of free
radicals and antioxidants in specific diseases such as atherosclerosis (Maron, 2004;
Cherubini et al 2005) and Alzheimer’s disease (Engelhart et al 2002; Behl, 2005) and

the protective effects of various groups of natural antioxidants further outlined 1n this

review.

After a period of flourishing research on oxidants and antioxidants, Azzi et al (2004)
suggest that it 1s now time to critically re-evaluate the evidence. Speculation that many
diseases are related to oxidative stress still needs to be supported by more secure data
and the hope that antioxidants can prevent or cure a number of pathological situations
also requires reconsideration. Azzi et al (2004) propose that antioxidants may only be
useful if the molecular mechanism of the oxidative stress situation or imbalance is
known especially since antioxidants can protect, or increase injury, depending on the
situation. There 1s still insufficient knowledge on the pro-oxidant, oxidant and
antioxidant properties of the various antioxidant supplements and growing evidence that
free radicals are not only by-products, but also play an important role in cell signal

transduction, apoptosis and infection control (Bonnefoy, 2002; Halliwell, 2005). Such a
review has yet to be published.



1.1.2 Reactive oxygen species and free radicals

1.1.2.1 Origins and targets of free radicals

Much has been written over the last twenty years about the origins and nature of free

radicals. To summarise, free radicals are atoms or molecules with unpaired electrons

which are capable of independent existence. The unpaired electron creates an unstable

and highly reactive molecule which, to stabilise itself, will take an electron away from a

stable molecule. On the loss of an electron, this previously stable molecule becomes

damaged (a free radical), setting up a destructive chain reaction, i.e. one radical

begetting another (Fig. 1.1.).

ADDITION ¢+ y - [xy]
HYDROGEN ABSTRACTION x + yH—> xH+y
ELECTRON DONATION x+y—>y +x'
ELECTRON TRANSFER Ky o> x4y
ELECTRON REMOVAL Ay X+ y
TERMINATION + X 5 X

X + Yy — Xy

Figure 1.1 Free radical reactions: how radicals beget radicals (Halliwell et al,
1992). Free radicals are signified by a superscript dot, which indicates the

presence of one or more unpaired electrons (Halliwell, 1994).

Damage 1s permanent. Even if the free radical regains its electron from a stable
molecule it does not regain its original form and function (Halliwell et al, 1992). These
free radicals are collectively known as Reactive Oxygen Species (ROS) or Oxygen

Derived Species and encompass both oxygen radicals and certain non-radicals that are
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oxidising agents, or are easily converted into radicals (Aruoma, 1993; Halliwell, 1996).

ROS may oxidise cell components such as lipids, nucleic acids (deoxyribonuclei'c acid

and ribonucleic acid), carbohydrates and proteins, changing their structure and causing

them to malfunction (Halliwell, 1996; Diplock et al, 1998).

Biological membranes comprise the most common target for auto-oxidative and
oxidative tissue 1njury and disease. A free radical attacks membrane lipids by removing
a hydrogen atom from a polyunsaturated fatty acid (PUFA) side chain, leaving a carbon
centred radical (CH-). Since a hydrogen atom has only one electron, removing it leaves
behind an unpaired electron on the carbon. This combines with molecular oxygen,
yielding a highly reactive peroxyl radical (COO"). By abstracting a hydrogen, peroxyl
radicals are capable of attacking adjacent fatty acids, generating new carbon centred
radicals, resulting in a chain reaction, known as lipid peroxidation (Santanam et al,
1998) (Fig.1.2). The cell membrane is destabilised by the accumulation of lipid
hydroperoxides (-COOH), leading to interrelated derangement of cell metabolism,
including DNA strand breakage, alterations in gene expression, damage to membrane
ion transporters (resulting in “free” iron and copper ions) and other specific proteins,
plus further peroxidation of lipids. This results in the production of mutagenic products,
which burden the immune system, whilst threatening it by compromising immune cell
function by similar damage (Halliwell, 1984:1994; Snowdon et al, 1996). The
production of hydrophilic lipid hydroperoxides in the hydrophobic regions of
phospholipids will increase the permeability of the membrane and a damaged
membrane allows easy entrance to bacteria and viruses (Lin, 1993, p19). Trans metal
ijons are important catalysts of free radical reactions and the release of “free” metal ions
from sequestered sites can promote the formation of hydroxyl radicals (Halliwell,

1987). Peroxyl radicals can attack not only lipids but also membrane proteins. They
may also oxidise cholesterol (Halliwell, 1994).

There is growing evidence that excessive production of free radicals can cause or

exacerbate many human diseases (Halliwell, 1992; McCall and Frei, 1999).
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Figure 1.2 An outline of the mechanism of lipid peroxidation adapted from

Halliwell (1994)



1.1.2.2 Sources of free radicals

Free radicals emanate from the environment, from other free radicals in chain reactions
and from many normal biological processes in vivo.

Free radical reactions are initiated continuously in cells and tissues in the body from
both enzymatic and non-enzymatic reactions. Enzymatic reactions serving as sources of
free radical reactions include those involved in phagocytosis, prostaglandin biosynthesis
and in the Cytochrome P450 system. Free radicals also arise in the non-enzymatic

reactions of oxygen with organic compounds as well as those initiated by 1onising

radiation (Beckman and Ames, 1998; Diplock et al, 1998).

Sources of free radicals from the environment include tobacco smoke, ozone derived
from air pollution, automobile exhaust emissions, excessive radiation, pesticides, deep-
fried foods, hydrogenated oils and toxic metals which we inhale or digest (Pryor et al,
1995; Diplock et al, 1998). The destructive free radical nitrogen dioxide (NO;’) for
example, which is the result of a reaction between nitric oxide (NO’) and oxygen (O»), is
formed 1n cigarette smoke and vehicle exhaust and has been implicated in respiratory

illnesses and irreversible lung damage (Pryor and Stone, 1993; Halliwell, 1994; Van de
Vilet and Cross, 2000).

1.1.2.3 Formation of reactive oxygen species and actions in vivo

A number of ROS are responsible for oxidative damage in the human body. Some of
the more physiologically relevant free radicals include hydroxyl (OH), nitric oxide
(NO), superoxide anion (O," ), peroxyl (RO, ) and nitrogen dioxide (NO;y ), and the
non-radicals, hydrogen peroxide(H,0,), hypochlorous acid (HOCI), singlet oxygen
('0,), ozone (Os3) and peroxynitrite (ONOO-) which, although not technically oxygen
free radicals, are included in this family due to their radical-forming capacity.

Superoxide anion radical (O;7), the one electron reduction product of oxygen (Halliwell,
1994), is the most important source of initiating radicals in vivo formed from the

reduction of molecular oxygen by many physiological processes either deliberately or

accidentally. Phagocytic cells like macrophages deliberately produce superoxide to help
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inactivate viruses and bacteria (Babior et al, 1973; Halliwell, 1994). Accidental
production appears to be a chemical accident of which leakage from the mitochrondria
during electron chain transport is one of the most important sources (Halliwell, 1994).
Another source 1s ‘autoxidation’ (a spontaneous oxidation reaction in which a molecule
reacts with oxygen via a free radical, self catalysed route). The development of
rancidity 1n fatty foods is an everyday example. Superoxide radicals can damage red
blood cells, cause lung damage and degrade synovial fluid, possibly leading to arthritis
(Lin, 1993, p76; Halliwell, 1994). Superoxide can also produce other ROS by a variety
of reactions in biological systems (Beckman and Ames, 1998).

Hydrogen peroxide (H,0;), a non-radical derivative of oxygen, is present in tap water,
expired air, tea and coffee and edible oil (Arumoa, 1993). It is continuously produced in
vivo as a consequence of many physiological processes including phagocyte activity,
peroxisomal fatty acid metabolism and as a result of normal aerobic respiration where
mitochondria consume oxygen, reducing it by sequential steps to produce water (H,0).
Hydrogen peroxide (H,O,) and superoxide (O, " ) are inevitable by products of this
latter process due to leakage of partially reduced oxygen molecules (Ames, 1993).

When superoxide (O,7) radicals react with hydrogen peroxide (H,0,) in metal catalysed
processes (Fenton reaction: iron catalysed Haber Weiss reaction), the highly reactive
oxygen centred hydroxyl radical (OH") is formed (Beckman and Ames, 1998). This is a
deadly free radical that can attack all molecules in the human body. Damage includes
cell membrane destruction and genetic mutation (Lin, 1993, p76; Snowdon et al, 1996).
These radicals account for a large part of the damage done by ionising radiation

(Halliwell, 1994). In vivo any OH' produced reacts at or close to its site of formation.

The extent of the damage done therefore depends on where it is formed (Halliwell,
1984).

Neither superoxide (O;") nor hydrogen peroxide (H,O;) alone can attack DNA or
initiate lipid peroxidation (Halliwell, 1994). Interest has been mainly focused therefore

on the ability of superoxide (O,") and hydrogen peroxide (H,O,) to generate the
dangerous OH’ species.

Singlet molecular oxygen ('0,), another highly reactive non-radical resulting from

energy transfer, is thought to be formed in vivo for instance, from exposure to sunlight
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or ozone (O3) (Beckman and Ames, 1998; Diplock et al, 1998). Singlet oxygen can
damage lipids, DNA and RNA. B carotene is a known quencher of singlet oxygen and

is often prescribed for people who are abnormally photosensitive (Pearson and Shaw,

1982, p.422).

Nitric oxide (NO"), only recently recognised as a biologically significant free radical, 1s
a messenger molecule, generated from the amino acid L-arginine that participates in a
broad range of physiologic processes such as vasodilation, bronchodilation,
neurotransmission and microbial-host defence (Moncanda and Higgs, 1993; Van de
Vilet and Cross, 2000). Nitric oxide (NO') contributes to the tissue injury mechanism
but in excess it is highly cytotoxic (Beckman and Ames, 1998).

Peroxynitrite (ONOO-) a powerful oxidant which can cause lipid peroxidation 1s formed

when Nitric oxide (NO") reacts with superoxide (027), (Beckman and Ames, 1998; Van
de Vilet and Cross, 2000).

1.1.2.4 Oxidants generated in vivo via mitochondrial electron transport

The mitochondria are a principal source of endogenous oxidants (Beckman and Ames,
1998). Mitochondrial respiration utilises oxygen to produce ATP via several reactions
including the electron transport system. It appears however, that mitochondria electron
transport leaks a small amount of electrons and one-electron reduction of oxygen to
form Oy occurs. The spontaneous and enzymatic dismutation of O, produces H;0,

thus a significant by-product of the actual sequence of oxidation-reduction reactions

may be the generation of O,” and H,O, (Beckman and Ames, 1998).

In regard to ageing, Harman postulated that mitochondria might be largely responsible
for changes usually attributed to the intrinsic ageing process. He considered that ageing
changes associated with the environment and disease can be viewed as resulting from
varying degrees of interaction between the environment and free radical reactions of
mitochondrial and non-mitochondrial origin (Harman, 1972). This theory is still under
investigation with a great deal of uncertainty still remaining in regard to the
mechanisms, quantity and meaning of mitochrondrial O;" generation in vivo (Beckman
and Ames, 1998; Nohl et al, 1996). The fact that mitochondna posses their own genetic
material (mt DNA) and that they lack mt DNA repair enzymes and protective histones
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makes them one of the prime targets for the ROS generated continuously by the
mitochrondria (Sastre et al, 1999). Collins, (1999) in a review on oxidative DNA
damage, antioxidants and cancer states however, that the amount of mitochondrial DNA
(mt DNA) 1s so small relative to the DNA of the nucleus that its contribution to the
whole is negligible (Collins, 1999). The mitochondrial damage caused by ROS and

concomitant decline in ATP synthesis seems to play a key role not only in ageing but
also in the fundamental cellular process of apoptosis (Miquel, 2002). Scientists appear
to be in agreement that as the site of respiration, mitochondria must have a particularly

high concentration of reactive oxygen and damage to their DNA might have important
consequences 1n cellular ageing (Kowald, 2001; Wei et al, 2001).

1.1.2.5 Transition metals

Transition metal 10ons are important in the production of ROS. The ability of metal ions
to donate and accept single electrons is the basis for the formation and propagation of

many ROS. Both copper and iron gain or lose electrons during redox reactions, cycling

from reduced to oxidised forms and back. Most iron in the body is stored in the oxidised

(ferric form).

Fe?* (reduced iron) +—— Fe’* (oxidised iron)

Cu" (reduced copper) <+—— Cu** (oxidised copper)

In the presence of transition metal ions H,O,, which is continuously produced in vivo,
easily breaks down to produce the OH' radical. This is known as the Fenton reaction,

which can also occur with copper and some other metal ions and is usually written as
follows (Halliwell et al, 1992).

H,0, + Fe** > OH + OH + Fe*

Many antioxidants, including vitamin C and some flavonoids can provide the electron

source for the redox recycling of transition metal ions which can lead to the formation

of OH' by the Fenton reaction (Boik, 2001, p.168).
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Transition metal ions such as iron and copper can also participate in the production of

the OH" radical by catalysing the steps in the Haber-Weiss reaction shown below, an
interaction between H,Oz and Oy " (Boik, 2001, p.169).

0, + H,0,™ - 0, + OH' + OH

Metal sequestration is an important part of extracellular antioxidant defence. As much
iron or copper as possible in the human body is bound to transport proteins or functional
proteins such as transferrin or haemoglobin (iron) and ceruloplasm and albumin
(copper). Metals bound to these proteins are inactive or only weakly active in
catalysing OH' production. Although the availability of iron and other transition metals
to stimulate radical reactions in vivo is very limited, cellular injury appears to increase
the availability of metal ions by possibly interfering with their storage vacuoles or by
causing vacuole lysis thus exacerbating damaging radical reactions (Halliwell, 1984).
There is established evidence for the occurrence of the Fenton and Haber Weiss
reactions in vitro. Although there is evidence supporting these mechanisms in vivo

variations in the actual chemistry is likely to occur (Boik, 2001, p.169; Liochev, 1996).

1.1.3 Endogenous protection

Since free radicals are intermediates in many normal and necessary metabolic processes,

we have evolved endogenous antioxidant defence mechanisms to protect us against their
tissue-damaging effects. They include enzymes such as superoxide dismutase (SOD),
catalase and glutathione peroxidases which metabolise superoxide, hydrogen peroxide
and lipid peroxides, amino acids and proteins, e.g. glutathione, bilirubin, ubiquinol
(coenzyme) and uric acid (Heng-long et al, 2000) and copper and iron transport to avoid
Fenton chemistry (Ames et al, 1993; Halliwell, 1996). These are supplemented by
repair antioxidants based on proteases, lipases, transferases and DNA repair enzymes
which are able to repair the damage caused by unscavenged ROS (Pietta, 2000).
Antioxidant nutrients like B carotene (provitamin A), vitamin C and vitamin E and non-
nutrient compounds like plant flavonoids, although not made in the body, contribute to
its antioxidant defences (Knight, 2000). Trace elements from the diet like selenium,
copper and zinc are essential co-factors of a number of enzymes with antioxidant

function. Selenium is a vital component of glutathione peroxidase and zinc and copper
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are components of SOD (Boik, 2001, p.163-4 and p.171). In healthy individuals the
natural endogenous antioxidant defences are generally adequate to neutralise stray
radicals, but with age, concentrations of these decrease, leading to increased amounts of
free radical damage and chronic “age related” disease like atherosclerosis, Alzheimer’s
disease, arthritis, cataracts and cancer. Indeed, excessive oxidative stress may result at

any age, causing serious damage to health when antioxidant defences are unable to cope

with the production of free radicals from physiological stress or from the action of

certain toxins (Halliwell, 1994; Spiteller, 2001a/ b).

1.1.4 Oxidative stress, age-related diseases and antioxidants

There is now evidence that mechanisms that involve free radicals are implicated at some
stage of the development of many human diseases (Diplock et al, 1998; Tiwari, 2001).

The following are several of the chronic disease conditions associated with advancing

age where research has implicated free radical involvement in their aetiology and

pathogenesis.

1.1.5 Cardiovascular disease

Degenerative heart and blood vessel disease is one of the most common and serious
effects of ageing. The gradual build up of atheromatous material in plaques in the walls
of coronary arteries 1s initially asymptomatic but may lead to angina. The plaques may
rupture and thromboses become superimposed. This is the usual basis for the acute
syndromes of unstable angina and myocardial infarction. If these plaques calcify,

arteriosclerosis occurs, plus the risk of cerebral infarction (stroke), leading to severe

disability or death (Brown, 1996, p.187-196).

1.1.5.1 The role of lipid peroxidation in atherosclerosis

A major development in cardiovascular disease was the finding that oxidation reactions
played a central role in atherogenesis involving lipids in the arterial wall and serum that

yield peroxides and other substances (Harman, 1992; Ames et al, 1993). Fatty streaks
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formed in the subendothelial space by lipid deposits are one of the earliest lesions of
atherosclerosis (Matsuoka, 2001). Lipids, as already outlined, are especially susceptible
to free radical attack. Low-density lipoproteins (LDLs) comprised of lipids and proteins
carry the majority of the cholesterol in the blood. ROS interact with the lipid component
of the LDL particle, peroxidatively modifying it. Oxidised LDLs are cytotoxic and In
quantity infiltrate and help to sustain an inflammatory reaction in the arterial vessel wall
(Estubauer et al, 1991; Basu, 1999; Cherubini et al, 2005). Oxidised LDLs are more
readily taken up by macrophages to form foam cells which play an important role in
forming the atheromatous plaque. Foam cells may also come from medial smooth
muscle cells that migrate to the intima of the arterial wall where they proliferate and
contribute to the formation of the plaque, along with oxidation products including
damaged lipoproteins and the cholesterol they are carrying. Much of the lipid in
atheroscleroic plaques is composed of LDL particles (Mason, 1997; Diplock et al, 1998;
Cherubini et al, 2005). The plaque continues to proliferate by a number of complex
mechanisms that include large accumulations of extracellular lipids and connective
tissue changes involving the deposition of collagen and elastin. Cholesterol, LDLs and
other lipids deposited into the injured area become oxidised further increasing free

radical activity and resulting in adherence of platelets to plaques (Kntchersky and
Kritchersky, 1999). These attract red blood cells that haemolyse, leaking 1ron and

copper, which are powerful autoxidation catalysts (Herbert et al, 1996; Parke, 1999).

With the increase in size of the plaque, blood flow can become seriously compromised

initiating thrombosis and aneurysm formation (Basu, 1999; Reed, 2002).

1.1.5.2 Effects of antioxidants on cardiovascular disease

Much research has been carried out in regard to the relationship between cardiovascular
disease (CVD) and antioxidant status. Antioxidants may have a role to play in the
atherosclerotic component of CVD by protecting both PUFAs and LDL cholesterol
from oxidation. Epidemiological studies suggest preventive etfects towards atherogenic
lesions to be associated with an increased intake of lipophilic antioxidants such as
vitamin E, which appears to inhibit the oxidation of LDL (Mason, 1997; Cherubini et al,
2005). Low serum levels of antioxidant vitamins and minerals like selenium are
inversely correlated with an increased risk for developing atherosclerosis (Kok, 1991;
Diplock, 1993;1998; Rimm et al, 1993). Established research carried out on the

relationship between diet and disease has indicated that a large number of non-nutrient
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components like plant flavonoids may also be contributing to antioxidant activity
(Hirano et al, 2001; Vinson et al, 2001; Maron, 2004). However, because research has
focused mainly on dietary sources of flavonoids, like fruit and vegetables, which
contain other potentially protective antioxidant substances like micronutrients (vitamins
and minerals), it has been difficult to state with certainty that flavonoids play a
protective role against CVD. At least three studies however, have suggested a role for
flavonoids in the prevention of coronary heart disease, (Hertog et al, 1993:1995; Keli et
al, 1996) and research on some medicinal plants have established positive anti-

atherogenic effects due to their flavonoid constituents.(Miquel et al, 2002; Zhang et al,
2001).

1.1.5.3 Beneficial effects of flavonoids against cardiovascular disease

The use of the plant Hawthorn (Crataegus oxyacantha) as a cardiovascular medicine 1s
a modern herbal development that began with the discovery ot a flavonoid-like complex
of oligomeric procyanidins and other flavonoid compounds (Reweski and Lewak, 1967;

Loew, 1994). Their potent antioxidant properties, which help to combat the damaging

effect of free radicals on the cardiovascular system, assist the reduction of the risk of
atherosclerosis (Hertog, 1997; Boughon, 1998; Fuhrman and Aviram, 2001). Two
mechanisms have been proposed for their cardioprotective action; direct protection of
human LDL from oxidation or indirect protection via the prevention of radical induced
oxidation of a-tocopherol, a primary antioxidant known to protect human LDL from
oxidative modification (Zhang et al, 2001; Maron, 2004).

Turmeric (Curcuma longa), currently the subject of much research for a wide range of
modern day health problems, although revered in India for its therapeutic properties for
thousands of years, 1s a relative newcomer to Western herbal medicine. The anti-
atherogenic effects of this plant have recently been demonstrated in vivo by the daily
intake for 60 days of turmeric equivalent to 20mg of the phenolic antioxidant curcumin
by 30 healthy volunteers ranging in age from 40 to 90 years, which resulted in a
decrease in total blood lipid peroxides as well as reduced LDL and HDL lipid

peroxidation, determined via the measurement of serum lipid peroxide levels from

blood tests taken before and after the trial (Ramirez-Bosca et al, 1997).
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1.1.6 Cancer

Cancer 1s the uncontrolled virtually autonomous growth of abnormal cells that can arise
in any organ or tissue of the body. A transformed neoplastic or cancerous cell 1s simply
a once-normal cell which continues to grow and multiply without limitation. This may
be due to a multiplicity of endogenous and exogenous factors, including oxidative
stress, which initiate a change in the cell’s DNA, resulting in a tumour. Only
transformed cells that escape detection by the immune system have the opportunity to
become tumours. The immune system usually isolates and destroys the abnormal cells
before they proliferate enough to be noticeable as a tumour. Free radicals can
compromise immune cell function reducing immune responses which can allow the
abnormal cells to continue growing (Ames et al, 1993; Boik, 2001). The question of
why the risk of cancer increases with age is an interesting one. Harman, (1993)
suggests that this increase is probably due in part to the increased level of endogenous
free radical reactions with advancing age and inadequate antioxidant defences resulting
in an increased rate of mutations in proto-oncogenes (involved in normal cell growth
and development) and tumour-suppressing genes (suppress cell proliferation) coupled

with the progressive diminishing capacity of the immune system to eliminate

transformed cells.

1.1.6.1 The role of ROS in carcinogenesis

Carcinogenesis 1s a complex process with the in vivo generation of ROS leading to
oxidative DNA damage being a significant contributory factor (Collins, 1999).

A critical factor 1n mutagenesis is cell division. Cancer is rare in non-dividing cells.
When the cell divides damage to the cell DNA can give rise to mutation. Oxidative
damage to DNA has been demonstrated in vitro and in vivo showing that ROS damage

to cells may contribute to carcinogenesis in a number of ways (Diplock et al, 1998).

They may cause:-

e structural alterations in DNA such as gene sequence amplification (Halliwell,
1996);

e translocations and base pair mutations [the oxidised form of guanine has altered

base-pairing properties (Collins, 1999)];
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e activation or inhibition of signal transduction pathways - over expression of a
growth factor receptor is commonly involved in the majority of squamous cell

carcinomas of the lung (Robbins, 1995, p112-3);

e abnormal cell-to-cell communication that allows unrestricted cell proliferation
(Halliwell, 1996);

e interference with genes that modulate cell growth preventing programmed cell
death by apoptosis or necrosis (Robbins, 1995, p.114);

e damage to proteins such as DNA repair enzymes compromising repair of a

mutation once it has occurred. (Wiseman et al, 1995; Wiseman and Halliwell,

1996; Halliwell et al, 1996).

The immune system keeps an ever-present vigil to protect us from invading organisms
and remove damaged, aged or altered cells which have the potential to cause cancer.
White blood cell membranes, like all cell membranes, are composed of lipids, which
are highly susceptible to free radical attack. Numerous links have now been
established between free radical reactions and altered immune cell function (Niki et al,
1991).

ROS can decrease the membrane fluidity of white blood cells, significantly reducing
their function (Baker and Meydani, 1994). Loss of membrane fluidity has been directly
related to the decreased ability of lymphocytes to respond to challenges of the immune
system (Bendich 1994; 1999) Free radicals can also damage the DNA of immune cells
resulting in mutations and reduced cell function (Fabiani et al, 2001). Ironically, free
radical damage forms the basis of some chemotherapy drugs and radiation used in
cancer treatment (Cottier et al, 1995). Well-documented side effects like hair loss,
reduced immunity and gastro-intestinal disturbances result from the barrage of free

radicals that indiscriminately destroy healthy cells as well as malignant ones (Buckman,
1996, p.305).

1.1.6.2 Antioxidants and cancer

Epidemiological data provides strong evidence of a cancer prophylactic effect of high

intakes of vegetables, fruits and whole grains containing high levels of antioxidant



19
micronutrients and phytochemicals (Diplock et al, 1998; Eastwood, 1999; Kaur, 2001;
Meydani, 2001). Some naturally-occurring phytochemicals such as phenolic/
polyphenolic compounds, e.g. epigallo catechin gallate from green tea (Bushman, 1998;
Nie, 2002), curcumin from turmeric (Nagabhushan, 1992; Sriganth and Premalatha,
1999), genestein from soy and red clover (Lian, 1999; Ren, 2001) and silymarin from

milk thistle (Jiang, 2000), may reduce cancer risk according to initial trials (Weiner,
1994; Lamson and Brignall, 1999).

There have been a number of bioassay-guided searches for cytotoxic antitumour agents
in plants especially those traditionally used in folk medicine for this purpose (Harborne
and Williams, 2000; Williamson, 2001). Hartwell, (1971) 1n his survey, entitled ‘Plants
against Cancer’ catalogues hundreds of plants from around the world that have
historically been used for treating cancer in various cultures. Many chemotherapeutic

drugs currently in use were first identified in plants, including taxol, vinblastine and

vincristine.

1.1.6.3 A traditional herbal formula used by cancer patients

One of the herbal products most widely purchased by cancer patients is ‘ESSIAC’,
originally developed as a folk medicine by the Native American Ojibway Indians which
had particular application to auto-immune diseases. In the early 1920’s a native healer
passed the formula to a Canadian nurse called Rene Caisse (Essiac is Caisse spelled
backwards) who successfully, it is claimed, used it to treat cancer. Nurse Caisse reduced
the original formula to what she considered the most important ingredients: burdock
root (Arctium lappa), turkey red rhubarb (Rheum palmatum), slippery elm bark (Ulmus
rubra) and sheep sorrel (Rumex acetosella). No in vivo studies or clinical tnals using
the whole tonic have been reported to date. Evidence of anticancer activity for the
Essiac formula 1s limited to anecdotal reports gathered from people who have used it
during the decades of its popularity. In vitro, this formula has been shown to have
strong antioxidant action and contains trace elements, minerals, and phytoestrogens
(Flora Manufacturing & Distributing Ltd., cited in Tamayo, 2000).

Quite a body of in vitro studies exists on the individual herbs in ESSIAC or the isolated
components of these herbs. Burdock root in particular, contains five flavonoid-type
antioxidants and several polyphenols that are more effective as antioxidants than
vitamin C (Maruta et al, 1995; Tamayo et al, 2000). Slippery elm bark is reported to
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contain high concentrations of antioxidants and sheep sorrel contains several
anthraquinones including emodin, rhein, alizarin and aloe emodin which are effective
antioxidants and radical scavengers in vitro (Malterud et al, 1993). Proponents of the
Essiac formula claim that its effect is dependent of the herbs being present in the correct
proportions 1n accordance with the original formulation and that, although difficult to
demonstrate, its efficacy may be the synergistic interaction of all four herbal
constituents used together that contribute to the treatment eftect (Tamayo et al, 2000).
Although there are no data on the possible synergistic effect of individual herbs in the
final formula, research on the individual herbs may not be applicable to the whole
preparation (Snow and Klein, 1999). Several new in vitro studies showing the effect of
Essiac on a selection of cancerous cell lines indicate that this formula may be able to
inhibit tumour growth while enhancing immune response to antigenic stimulation
making it especially valuable for immune-suppressed individuals. Further research is

still urgently required however, to elucidate in vivo activities (Ottenweller et al, 2004;

Tai et al, 2004).
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eneration (Alzheimer’s disease

Alzheimer’s disease (AD), one of the 21% century’s growing health threats, is a
neurogenerative disorder which causes progressive and irreversible decline in the ability
to remember, learn, think and reason. Alzheimer’s disease i1s the most common
neurological disorder in old age and despite extensive research there still remains no

effective treatment or prevention for it (Newton, 1998).

1.1.7.1 The role of ROS in Alzheimer’s disease

Due to the economic implications for the Health Care System of the increase in our
elderly population, with 1 in § over the age of 80 currently affected by Alzheimer’s
disease, research into the aetiology and pathogenesis of this disease has intensified over
the last 15 years. There 1s now a better understanding of the pathogenesis of this tragic

condition and possible areas of research into its prevention (Ferry, 1996).

In the histopathology of AD many signs of oxidative reactions, including lipid
peroxidation, can be found leading to an oxidative stress hypothesis (Zhou et al, 1995).
Neuropathologically the dementia of Alzheimer's disease is associated with senile

plaques, neurofibrillary tangles and loss of nerve cells from the cerebral cortex. There

is also a change in the brain’s chemistry, i.e. neurotransmitter deficits resulting from the

neuronal degeneration.

Senile plaques are sphernical structures with a dense core of a protein called f—amyloid,
surrounded by the decaying remains of nerve cell terminals (Murphy, 1992).
f—amyloid can be neurotoxic and this toxicity is mediated by peroxides and by the lipid
peroxidation of membrane lipids leading to lysis of the cell, thus generating an overall
oxidative microenvironment for the nerve cells resulting in neuronal loss (Behl, 1999).
B—amyloid has been isolated, sequenced and found to be a variable length protein of 40
— 42 amino acids which has a tendency to aggregate into insoluble fibrils which in turn
form the basis of plaques (Murphy, 1992; Glenner et al, 1994). Studies have shown that

it is a breakdown product of a much larger protein, amyloid precursor protein (APP),

which is inserted into the cells outer membrane so that a short sequence protrudes into
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the cell and a much longer sequence is left outside. This outside segment is cleaved by

enzymes Into a number of small segments, later broken down by proteases. One of

these segments 1s B— amyloid, which for unknown reasons is not broken down, but
accumulates into plaques (Murphy, 1992; Selkoe, 1998). From his very early studies on
mice Harman (1993) postulated that APP was one of the unknown substances from cell
surface origin inhibited by antioxidants implicating an oxidative process. He surmised
that by slowing down the rate of formation of fibrils they had more time to be

proteolysed before aggregating to form amyloid (Harman, 1993). The generation of

free radicals by P—amyloid has now been directly demonstrated during research
supporting the oxidative stress hypothesis (Harris et al, 1995; Martins et al, 1999). It is

considered likely that one or more free radical reactions are involved in the

pathogenesis of AD.

1.1.7.2 Antioxidants and Alzheimer’s disease

Antioxidant supplementation has naturally formed the basis of much research, with
preliminary evidence suggesting that antioxidants may have a protective effect against
the development of AD (Flynn and Ranno, 1999; Behl, 2005). The antioxidant herb
Ginkgo biloba and vitamin E have both demonstrated the ability to help relieve some of
the symptoms of AD in the early stages and slow its progression (Wolff, 2001
Grundman, 2000). Several studies involving the daily administration of Ginkgo biloba
to mildly-demented patients resulted in measurable improvements in memory, attention
and mood according to caregivers compared to those taking a placebo (Hofferberth,
1994; Kanowski1 et al, 1997; Le Bars et al, 1997; Kanowski and Hoerr, 2003). Due to
the nature of AD, Ginkgo biloba may be able to slow the progression of early stage

disease, but 1t 1s considered unrealistic to expect significant results in more advanced
patients (Wolff, 2001).
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1.1.8 Osteoarthritis

Osteoarthritis, a joint disease strongly associated with ageing and probably one of the
commonest disorders to affect homo sapiens, continues to baffle scientists as to its

precise causation and pathophysiology.

The modern view of OA is that it is neither a disease nor a single condition. It is now
viewed as the dynamic repair process of synovial joints triggered by a variety of
mechanical, metabolic or constitutional insults (Doherty et al, 2001). Sometimes a clear
cause such as trauma may be apparent (secondary OA) but more often these insults
remain unclear (primary OA). All the tissues of the joint such as cartilage, bone,
synovium, ligament and muscle, depend on each other for health and function. Insult to

one impacts on the others, resulting in a common OA phenotype affecting the whole
joint (Doherty et al, 2001).

1.1.8.1 The role of ROS in osteoarthritis

Free radicals are now being considered as one of the contributory factors to the
development of OA (Ames et al, 1993; Tiku et al, 2000). ROS and the products of their
reactions were shown by early research to decrease the fluidity of synovial fluids,
consequently reducing their function (Merry et al, 1989: Merry, 1991). Excessive free

radicals in the synovial fluid can destroy the synovium, causing loss of joint fluid and
support between bones. The resulting inflammation can trigger an inflammatory

response resulting in the generation of more free radicals exacerbating the disease

process (Henrotin et al, 1992).

More recent studies report high levels of superoxide radicals in the exudates of patients

with active synovitis, and evidence of oxidative DNA damage to cartilage and lipid
peroxidation of chrondrocytes, fuelling the current suggestion that free radical damage
may be the molecular mechanism of OA (Zhu et al, 1998; Kucera et al, 1998; Tiku et al
2000). Tiku et al (2000) suggests that naturally occurring radicals like superoxide and
nitric oxide, shown to be produced by chrondrocytes, could combine, resulting in the
formation of peroxynitrite, a powerful oxidant known to initiate lipid peroxidation.
Collectively, chrondrocyte lipid peroxidation plays both a physiological and

pathological role in cartilage. Thus, a state of uncontrolled oxidative stress leading to
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unbridled oxidation of cartilage collagen could make 1t more brittle and prone to

mechanical fatigue failure, thereby instituting osteoarthritis.

1.1.8.2 Antioxidants and osteoarthritis

The role for dietary antioxidants in the prevention of OA is still unclear. In the
Framington knee OA cohort study, vitamin C was shown to reduce the progression and
development of knee pain, but there was no evidence to suggest that increased dietary

intake of antioxidants 1s generally protective against the incidence of knee OA (Felson

et al, 1995; McAlindon et al, 1996).

Herbal remedies have a long history of use in the treatment of ‘arthritis’ (Meletis, 1999;
Aleves-Avela, 2001). The efficacy of many of these traditional remedies such as devil’s
claw (Harpagophytum procumbens), turmeric (Curcuma longa) and ginger (Zingiber
officinale) on both the progression and pain associated with OA are now being

confirmed by research. Proposed mechanisms of action all include antioxidant activity

(Grant, 2000; Leblan, 2000; Marcus and Suarez-Almazor, 2001).

OA is not exclusive to humans. It can also affect other animals including dogs. A large

pharmaceutical
for arthritic dog

longa and Curc
in vitro (Grant and Schneider, 2000; Phytopharm, 2001). Although evaluation of
treatments for camine OA 1s difficult, results of a randomised, double blind, placebo-

controlled study using this remedy to treat 61 dogs, reported an improvement in at least

56% of those treated with turmeric extracts (Phytopharm, 2001).

1.1.9 Reactive oxygen species and human disease

As research Into the role and involvement of oxygen and nitrogen-generated free
radicals in the pathogenesis of many human diseases advances, a greater body of
evidence is being established in regard to the number of essential biological functions

associated with these species and their specific contribution to disease pathology. A



fine biological balance exists between the normal physiological formation of ROS/RNS
and their removal. An excess of oxidative stress can lead to the oxidation of lipids,
proteins and nucleic acids which is associated with cell injury. The biochemistry of
oxidative pathobiology is complex. Some disease processes like carcinogenesis can be
directly caused by ROS damage to biological molecules, whereas in others, like
rheumatoid arthritis and ulcerative colitis where the disease process is characterized by

inflammation, oxidative stress is not the cause of, but may be a contributory factor to
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the disease pathology by perpetuating tissue injury (Halliwell et al, 1992).

Besides playing a role in the pathogenesis of many ‘age related’ disorders, recent

research suggests that free radicals may be implicated in a considerable number of other

disorders. The following is a short representative list of human diseases in which

oxidative mechanisms has been suggested may play an important role.

Table 1.1 Range of human diseases in which oxidative damage have been claimed
to play a role in the pathogenesis

Visual disorders

Neuronal diseases

Shock

| Respiratory diseases

Digestive system
diseases

Muscular Skeletal

Infectious diseases

Endocnne disease

— —br

Cataract and age-related macular degeneration (Diplock et al,
1998)

Parkinson’s disease (Jenner et al, 1992), schizophrenia
(Smythies, 1998; Reddy and Yao, 1999)

Septic, haemorrhagic and burnshock are all associated with
severe oxidative stress and depletion of antioxidant defences

(Goode and Webster, 1993)

Asthma, lung cancer, cystic fibrosis, especially during
exacerbations, exposure to environmental pollutants (O;, NO,,
50,, auto exhaust), emphysema (Van der Vliet and Cross, 2000)

Inflammatory bowel disease, ulcerative colitis (Grisham, 1993)

Rheumatoid arthritis (Halliwell et al, 1992)

AIDS, malaria (Halliwell and Gutteridge, 1999; Mollace et al,
2001)

Diabetes (Paolisso et al, 1995)

|

F
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1.2 THERAPEUTIC USE OF ANTIOXIDANTS

1.2.1 Introduction

The accepted definition of an antioxidant is a molecule which, when present in small
concentrations compared to the biomolecules they are supposed to protect, can prevent
or reduce the extent of oxidative destruction of biomolecules (Halliwell 1990). In
recent years there has been an increased interest in the application of antioxidants to
medical treatment as information is constantly gathered linking the development of
human diseases to oxidative stress. Because free radicals play many important
physiological functions however, if antioxidants were stored in the body in such levels

that all free radicals were neutralized many important body functions might fail.

1.2.2 Mechanisms of action

Two principle mechanisms of action have been proposed for antioxidants (Vaya and
Aviram, 2001). The first is a chain-breaking mechanism, by which the primary
antioxidant donates an electron to the free radical present in the system (e.g., lipid
radical) forming a new radical, more stable than the initial one. Primary antioxidants
include compounds such as flavonoids, tocopherol and ascorbic acid. The second
mechanism involves removal of ROS initiators (secondary antioxidants) by quenching
chain-initiating catalysts. This second mechanism can be accomplished by deactivation
of high-energy species like 027, absorption of UV light, chelations of metal catalysing

free radical reactions, or by inhibition of peroxidases, such as xanthine oxidase or

lipoxygenases (Vaya and Avrim, 2001). Any compound that can react with the
initiating radical, inhibit the initiating enzyme, or reduce the O; level without generating

ROS, can be considered as a secondary antioxidant.
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1.2.3 Antioxidants and lifespan

Scientists have revealed an interesting relationship between longevity and factors of
ageing in humans and other mammals. The level of antioxidants detected in different
mammals 1s directly related to the species’ expected life spans. Humans, who were

found to have the highest level of antioxidants, had the longest life expectancies of all

mammals (Cutler, 1991).

Experimental studies have also shown that the life span of laboratory animals can be
prolonged with antioxidants (Short et al, 1997). In some of his early studies involving
mice, Harman, (1968) demonstrated that by feeding weaned mice on diets containing
0.5 — 1% antioxidants their life span was increased 30-40%. He equated this in human
terms to raising the human life span from 73 to 95 years (Harman, 1968; Pearson and
Shaw, 1982, p.116). He used synthetic antioxidants such as Sevitoquin (commonly
used as a stabiliser in chicken food) and butylated hydroxy-toluene (BHT) an
antioxidant food additive. His choice of these substances led to some scepticism
towards the relevance of his work. At this time Harman’s free radical theory of ageing
was still a relatively new concept and his initial research with synthetic, rather than
recognised dietary antioxidants did not achieve a convincing outcome. It has also been
suggested that the taste or smell of the synthetic antioxidants may have reduced the
animals’ food intake, which is known to retard ageing in mammals (Scott, 1995).
Harman (1987) observed quite early on that an antioxidant capable of inhibiting
essential free radical reactions would become toxic beyond some level of intake, e.g.
BHT is toxic in the mouse when added to the diet at levels above about 0.5% by weight
(Horrum, Harman and Tobin, 1987). Studies on the lifespan of mice receiving various
supplement antioxidants have continued. Unfortunately, no lifespan studies appear to

have been carried out on popularly available antioxidants such as proanthocyanins,

lycopenes, bioflavonoids and other antioxidants from plant sources (Donaldson, 2005).

1.2.4 Epidemiological studies

Research to date has centred on diet-derived antioxidants such as vitamins C and E and

carotenes. In a review by Diplock et al, (1998) it was concluded that although
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epidemiological studies generally support the hypothesis that these vitamins may play a
beneficial role in reducing the risk of several chronic age-related diseases, findings for
human intervention studies are inconsistent. Many synthetic antioxidants, although
more efficient in vitro than biological antioxidants of the body defence system, produce

unwanted side reactions unrelated to their biological functions (Rekka and Kourounakis,
1991). P carotene for example can both inhibit or exacerbate the growth of cancer cells,
depending upon dosage (Lowe et al, 1999; Wang and Russell, 1999). A large human
intervention trial carried out on smokers to investigate the efficacy of B carotene and
alpha-tocopherol supplementation in reducing the incidence of lung and other cancers
produced unexpected results. Not only did the smokers show no benefit, but also an
18% increase In the incidence of lung cancer was observed among those who only
received [3 carotene (Omenn et al, 1994:1996; Collins, 1999). B carotene in its
unoxidized form appears to be an anti-carcinogen, but its oxidised products appear to

facilitate carcinogenesis. The carcinogenic response in lung tissue to high dose f3

carotene observed in the trial is thought to be caused by the instability of B carotene in
the ROS rnich environment of the lungs, particularly in cigarette smokers (Crayhon,

2001; Wang and Russell, 1999). This is especially possible because smoke decreases

tissue levels of other antioxidants such as ascorbic acid and alpha-tocopherol, which

normally have a stabilising effect on the unoxidised form of B carotene (Crayhon,

2001).

Dr. Jeff Evans oncologist, Cancer Research Campaign, University of Glasgow points
out that even 1n successful human trials using P carotene supplementation, protection
lasts only as long as the supplement continues and ends on its discontinuation (Evans,
2001). In respect of cancer therefore, for which there is a large body of research, it
would seem that antioxidant vitamins used alone especially in doses considerably higher

than normal dietary intake can produce beneficial, detrimental or insignificant results

depending on the circumstances (Boik, 2001, p.189).

Results from epidemiological studies involving increased fruit and vegetable intake are
generally more conclusive, appearing to confirm their protective function against
various diseases such as cardiovascular disease and cancer and their contribution to the
promotion of good health generally (Eastwood, 1999). This protective effect may be

attributed to a vanety of constituents, including not only a combination of vitamins,
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minerals and fibre, but numerous phytochemicals, including flavonoids (Aruoma, 1993:

Eastwood, 1999).

The electron transfer studies carried out by Anderson et al., (2000) support the

possibility that dietary flavonoids, in addition to being effective scavengers of free

radicals, can repair a range of oxidative radical damage sustained by DNA by a
mechanism of H atom transfer from the flavonoids to free radical sites on DNA which
result in the fast chemical repair of some of the oxidative damage resulting from OH
radical attack. As oxidative DNA damage is considered to be a pathogenic event in the
induction of many cancers for example, a reduction in the rate of such damage would

probably result 1n a reduced risk of cancer, postulating the beneficial protective role of

fresh fruit and vegetables.

1.2.5 Dietary supplementation with antioxidant enzymes

The therapeutic benetits of oral supplementation with isolated antioxidant enzymes are
mixed. For example, SOD (superoxide dismutase) taken as a nutritional supplement is

ineffective due to the destruction of the enzyme during the digestive process
(Dev-Marderoscan, 2001, p.605-6). The results for Coenzyme Q10 [2,3 dimethoxy-S
methylbenzoquinone (often abbreviated to CoQ10)] a naturally occurring fat soluble
quinine taken as a food supplement, are more promising (Lamson and Bnignall, 1999;
Dev-Marderoscan, 2001, p.605-6). Morton et al, (1957) introduced the name
ubiquinone, meaning the ubiquitous quinone because it is ubiquitous in eukaryotic cells.
Mellors and Tappel, (1966) showed that in its reduced form, in vitro it was an effective
antioxidant against lipid peroxidation in membranes. Ubiquinone is found in foods,
particularly organ meat, but cooking and processing methods tend to destroy it and,
whilst it can be made in the body, production declines with age. Professor B. Ames
from the Department of Chemistry, University of California, Berkeley suggests that
optimal levels of dietary ubiquinone/ubiquinol could be important in many of the
degenerative diseases of ageing (Ames et al, 1993; Burke et al, 2001).
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1.2.6 The synergistic approach

Single nutrient therapy has comprised the bulk of all nutrient intervention studies
because generally the aim of research 1s to isolate the activity of nutrients so that their
individual roles in deficiency states and disease prevention can be established.
Clinically however, 1t is now being established that when synergistic nutrient
interventions are compared to single nutrient interventions, the combined nutrient

approach 1s both more etfective and safer (Crayhon, 2001).

Intriguing results from some studies suggest that combinations of synergistic
antioxidants acting by complementary mechanisms are more effective than individual
antioxidants (Scott, 1995). For example Vitamin E alone is relatively ineffective
without ascorbic acid (Scott, 1995). Vitamin C and other antioxidants are known to
enhance iron absorption (Yang et al, 1999) and zinc is a nutrient that can be considered
as synergistic with almost every other nutrient. A lack of zinc can lead to a lack of

absorption of other nutrients especially fat soluble vitamins like B carotene and alpha-

tocopherol.

The effect of the carotenoid lycopene when used alone or in association with other
antioxidants on the growth of two different human prostate carcinoma cell lines
(androgen insensitive DU-145 and PC-3) has been studied (Pastori et al 1998).

Lycopene alone was not a potent inhibitor of prostate carcinoma cell proliferation

however, in combination with alpha-tocopherol at physiological concentrations (> 1uM

and 50uM respectively) exhibited a strong inhibitory effect on prostate carcinoma cell
proliferation, which reached values close to 90% inhibition (Crayhon, 2001; Pastori et

al, 1998). Supplementation with a single antioxidant therefore may be counter-

productive because 1t could result in less efficient control of oxidation.

Based on this knowledge it could be postulated that medicinal plants, which contain a
multiplicity of chemical compounds possibly working synergistically, could help in
alleviating some of the problems associated with ageing processes linked to free radical
damage. Although there is little documented evidence of plant synergy, one example
comes from investigations on the anti-malarial herb Qing Hao (4rtemisia annua) which

suggest that the flavonoids it contains, especially casticin and artemitin, can enhance the

in vitro activity of the main anti-malarial constituent, artemisinin (Williamson, 2001).
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1.2.7 Phenolic compounds as antioxidants

1.2.7.1 Introduction

Though in its infancy, there is now a growing research interest in the role of plant
phenolics, especially flavonoids, as antioxidants in vitro (Bohm et al, 1998). As well as
being widely distributed 1n the fruits and vegetables of our diet flavonoids now seem to

be the active constituents in numerous medicinal plants used in herbal medicine

traditions throughout the world.

Clearly a better understanding of the role played by free radicals in the pathogenesis of
disease will lead to a better understanding of the way to control excessive free radicals
with antioxidants. The tissue specificity of certain antioxidant compounds in medicinal
plants is already being established indicating a need for more research and the

development of more specific antioxidant treatments, e.g. Milkthistle (Silybum

marianum) and the liver (Morazzoni and Bombardelli, 1995).

The Naturopath Leon Chaitow, proposes that taking antioxidant supplements which the
body should be producing itself may just result in the down regulation of production,
thereby defeating the object of supplementation (Chaitow, 1993). Thus, the author
feels that antioxidants from medicinal plants may provide the vital key to unlocking the
preventive and therapeutic potential for antioxidants that researchers are still seeking.
Further, if the body does not recognise the unique plant antioxidants as part of its

normal metabolism, it may still continue to manufacture its own antioxidants, which

will work alongside the plant antioxidants to control free radical reactions.

1.2.7.2 Flavonoids

Although the 1interest in flavonoids from a physiological viewpoint was first initiated
over 60 years ago, the full potential of this diverse group of compounds is still to be
realised, particularly from non-nutrient sources like medicinal plants. Resurgence of
interest in holistic medicine and media-generated ‘scare stories’ about drug side effects,
coupled with scientific evidence that diets rich in fruit and vegetables may be protective
against some chronic diseases, has rekindled interest in ‘herbal medicines’ with terms

like ‘bioflavonoids’, ‘proanthocyanins’ and ‘ high potency flavonoids’ being touted
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commercially as panaceas for ageing and disease prevention. Little research has been
published on specific tlavonoids such as proanthocyanins or on studies related either to
absorption or antioxidant activity of these compounds in vivo in man. Most

manufacturers’ claims are extrapolations of the general benefits of flavonoids and

proanthocyanins, one of which may be antioxidant activity.

1.2.7.3  History and origins

The flavonoids were first 1solated in the 1930’s by Albert Szent-Gyorgyi, the Nobel
Laureate who discovered Vitamin C. From his dietary experiments on guinea pigs, fed
with a scorbutogenic diet, he discovered that by feeding them daily with an additional
supplement i1solated from lemons which he called ‘citrin’ they could be kept alive
longer (Fairbairn, 1959). “Citrin’ was subsequently found to consist of a mixture of the
flavanones hesperitin and eriodictyol glucoside, compounds belonging to a group of
substances known as bioflavonoids or just flavonoids (Evans, 1996). Szent-Gyorgyi
found that ‘citrin’ decreased capillary permeability and fragility in ways Vitamin C
alone could not and the name vitamin P was proposed (Fairbarn 1959). This term was

subsequently dropped because the flavonoids ultimately did not meet the definition of a

vitamin, as no deficiency symptoms could be provoked.

Flavonoids are a class of phenolic compounds present in most plants concentrated in the

seeds, fruit skin or peel, bark and the flowers. They are the products of secondary plant
metabolism biosynthesised via the shikimic, mevalonate and phenylpropanoid pathways
(Duthrie and Crozier, 2000) that assist the plant’s survival against harmful threats such
as microbial 1invasion, insect and mammalian herbivory and UV radiation. Flavonoid
pigments give plants their characteristic flower colour which acts as a vital attractant for
pollinating insects. Protection however, particularly to UV-B (280-315nm) radiation, is
conferred by the leaf flavonoids located at the upper surface of the leaf in the epidermal
cells hidden by chlorophylls that have UV absorbing properties and are able to scavenge
UV-generated ROS (Harborne and Williams, 2000). The intracellular flavonoids are
thought to filter out UV-A (315-350nm) radiation (Harborne and Williams, 2000). The
flavonoid content of plants can vary considerably and is influenced by many factors,
including species, variety, light, and degree of ripeness, processing and storage. There

can be surprisingly wide variations in the flavonol content of seeming similar produce
(Duthrie and Crozier, 2000).
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In resisting UV-A radiation and other insults such as wounding or infection, plants show
significant increases 1n flavone or flavonol synthesis, constituents which are capable of
free radical scavenging, a phenomena currently being investigated by scientists, who by
stressing the plants during growth, hope to increase the levels of these constituents in

medicinal plants to increase their pharmacological potency (Harborne and Williams,
2000).

1.2.7.4 Structures and properties

The flavonoids are characterized by a basic Cg¢-C3-Cg (flavan) carbon skeleton: two
benzene rings (A and B) linked through an oxygen-containing pyran or pyrone ring (C)
[Fig. 1.3a]. The various flavonoids differ in regard to the number and position of
hydroxyl, or substituted hydroxyl groups in the aromatic rings, and the extent and
character of oxidation in the middle C; portion of the molecule (Fairbairn, 1959).
Individual compounds within a class differ in the pattern of substitution of the A and B
rings. Six main groups of flavonoid aglycones are recognised based on the flavan
skeleton, these are chalcones [Fig. 1.3b], flavonols [Fig. 1.3c], flavones [Fig. 1.3d],
flavanones [Fig. 1.3e], 1soflavonoids [Fig. 1.3f] and anthocyanins [Fig. 1.3g] and they
are found in a wide variety of fruits, vegetables and many medicinal plants (Evans,

1996).  Other flavonoid classes of particular interest to this study include

dihydroflavonols and proanthocyanidins (condensed tannins).
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(a.) Basic Flavonoid Structure

(b.) Chalcone (c.) Flavonol

(d.) Flavone (e.) Flavanone

o (g.) Anthocyanidin
(f.) Isoflavone

Figure 1.3 Examples of flavonoid types based on the structure of the basic

flavonoid nucleus as shown in (a.)
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Flavonoids usually occur in actively metabolising plant tissues in combination with
sugars as glycosides (a sugar portion linked to a non-sugar molecule called the
aglycone) with a changeable spectrum of glycosidation. Although all glycosides
contain a sugar unit, generally the pharmacological action of the glycoside is due to its
aglycone, which varies widely in their chemical constituents. The sugars found in
glycosides are mainly monosaccharides such as glucose, rhamnose, galactose and
xylose (Rice-Evans et al, 1996). A glycoside molecule may contain just one, several of
the same, or several different monosaccharide units. The glycoside rutin for example
contains one rhamnose and one glucose molecule called rutinose. When there are two
or more monosaccharides in a glycoside molecule, the sugars are mainly linked together
in a di-, tri- or polysaccharide chain linked directly to the aglycone. The preferred
glycosylation site on the flavonoids is the 3 position and less frequently the 7 position
(Rice-Evans et al, 1996). The most common linkage between the sugar and the
aglycone is a hemiacetal bond formed between the sugar and hydroxyl group of the
flavonoid aglycone. Most of the plant glycosides known are of this type and are
designated as O-glycosides. Other glycosides do occur however, whereby the sugar is
linked to the thiol (sulthydryl) group (S-glycosides); an amino group (N-glycosides); or
by a carbon-to-carbon bond (C-glycosides). Quite a number of C-glycosylated
flavonoids occur naturally. The flavone apigenin can occur with glucose at C6
(isovitexin); C8 (vitexin) or at both C6 and C8 (vicenin). The nature and number of
saccharide-units in the sugar- portion of a glycoside affect the degree of polarity of the
glycoside and consequently its solubility in and partition between different solvents.

Glycosides are generally only very slightly soluble in water, but are more soluble in

ethanol, methanol, or a mixture of water with ethanol or methanol.

The most common flavonoid found in food is the flavonol quercetin, present in onions,
olives, tea, wine, apples and many other fruits and vegetables (Noroozi et al, 2000). It
is also found in medicinal plants like Hawthorn, Ginkgo and German Chamomile
(Bames et al, 2002). Any one flavonoid aglycone can occur in a single plant in several
glycosidic combinations. Over one hundred different glycosides of quercetin are known,
the commonest of which are the 3-O-glycosides quercetrin containing rhamnose as its
sugar-portion and rutin that contains the disaccharide rutinose. Most flavonoids are
glycosylated in their natural dietary form (Formica and Regelson, 1995) but due to this
structure they cannot be absorbed from the small intestine. No enzymes that can split

the glycosidic bonds are secreted into the gut or present in the intestinal wall.




36

Hydrolysis only occurs in the colon by cecal microflora that are capable of releasing the
aglycone from its sugar. Furthermore, the aglycones can then undergo further
breakdown by a process known as C-ring fission to give a variety of phenolic products.
The manner in which the aglycone or its breakdown products transfer across the gut
wall is still unclear and research on the metabolism of flavonoids particularly in humans
is still sparse (Hollman, 1997). In a normal diet flavonoids are routinely consumed
daily, with an estimated total consumption varying from 20mg tolg (Hertog et al, 1993).
Table 1.2 shows a representative list of some other well known flavonoids and their

dietary sources.

Table 1.2 Sources of some well known compounds found in the different classes

of flavonoids

Compound: Type: Occurrence: ‘
Naringe;zinj Hesperidin Flavanones Citrus fruits (che:_E\;aﬁs, 001).
|
| Taxifolin Dihydroflavonol Milkthistle (Barnes et al, 2002).
|
| Apigenin, Luteolin Flavones Parsley, celery and Roman

‘ chamomile (Evans, 1996). |

Cyanidin, Malvidin Anthocyanidins Dark red fruit berries such as |
strawberries, chernes, purple
l grapes and hawthorn (Rice-
Evans, 2001). |
| Catechin, Epicatechin, Proanthocyanidin  Barks such as willow and
: . cinnamon. Lime and hawthorn
Epigallocatechin |

flowers. Green tea and red wines
(Hertog and Katan, 1998).

Genistein, Daidzein Isoflavonoids I.egumes, soya beans and red
clover (Evans, 1996).

N

| Quercetin, Kaempferol, Flavonols Various fruits and vegetables
(mainly found in the skin). Green
and black tea and red wine
(Duthrnie and Crozier, 2000).

Myricetin, Isorhamnetin

Flavones and flavonols represent about 80% of known flavonoids (Bruneton, 1995,
p.268). Flavones occur most frequently as glycosides located within the vacuole of the

plant cells. Flavonols are a class of flavones in which the 3-position of the pyran ring is
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occupied by a hydroxyl group. Flavones typically occur as 7-glycosides, whereas
flavonols are usually present as 3-glycosides. For identification purposes flavonols
absorb ultraviolet at higher wavelengths than flavones. Flavanones are formed
biosynthetically from chalcones. They occur in a range of glycosidic forms with the
sugar usually being attached to the 7 hydroxyl. Only a limited number of flavanones are
currently known (Harborne and Baxter, 1999). Dihydroflavonols, often referred to as
flavanon-3-ols, are formed by oxidative addition of a hydroxyl group to the 3-position
of a flavanone. Taxifolin (dihydroquercetin), one of the commonest dihydroflavonols,
is closely related in structure to the common flavonols (Harborne & Baxter, 1999).
Anthocyanidins are coloured sap pigments related in structure to flavones. The
anthocyanidin aglycone is referred to as an anthocyanidin which in plants 1s almost
always found as the more stable glycosylated derivative known as an anthocyanin. The
sugars are commonly at the C3 position or more rarely the C5 position. These sugars
may be modified by acylation with acids such as p coumaric, caffeic and acetic acid
(Bruneton, 1995, p.303). Proanthocyanidins also known as condensed tannins, are
colourless substances with polymeric flavan-3-ol structures (catechins) and/ or flavan-
3,4-diols (leucoanthocyanidins) linked by carbon-carbon bonds usually from the 8-
position of one umt to the 4-position of the next unit (Harborne and Baxter, 1999). The
term proanthocyanidin is derived from the acid catalysed oxidation reaction that
produces red anthocyanidins on hot acid treatment. Production of anthocyanidins in this

way is the main method of detecting these colourless substances in plants (Walker,
1975; Harborne, 1984).

1.2.7.5 Flavonoids as antioxidants

Plant flavonoids are multifunctional and may exert cell protective mechanisms by more
than one biochemical mechanism. They can act as reducing agents, hydrogen donating
antioxidants and singlet oxygen quenchers and, in some cases, metal-chelating
properties have been proposed (Boik, 2001, p.255; Rice-Evans et al, 1996). Many
flavonoids have been shown in studies to be potent antioxidants capable of quenching
HO' radicals, superoxide anions, and lipid peroxidation (Duthrie and Crozier, 2000).
Théy may also however, exert a number of other biological affects including
vasodilatory, antibacterial, antihepatotoxic, anti-allergenic, anti-inflammatory, anti-
spasmolytic and anti-tumour activities which may be relevant to their overall effects on

human health (Harborne and Williams, 2000). It is considered that the value of most
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flavonoid medicinal plants rests not on the flavonoid fraction alone but on a complex
mixture of chemically different compounds. Other components may either directly

contribute or play an adjuvant role that strengthens the action of the flavonoids (Pietta,
1998).

Several pathways whereby flavonoids and other plant phenolics may exert their
antioxidant effects on chemical oxidation have now been i1dentified, the most important
of which is likely to be their free radical scavenging capacity to halt the domino effect
of a free radical chain reaction in lipid peroxidation by donating an electron to the
peroxyl radical of a fatty acid, and thus halting propagation (Bors et al, 1998; Terao and
Piskula, 1998). They may work synergistically with other vitamin antioxidants
potentiating their actions. For example, in vitro studies have shown that rutin
potentiates vitamins C and E when used in combination, yielding a more potent radical
scavenging action (Negre-Salvayne et al, 1991). Flavonoids may act as antioxidants by
influencing enzyme systems such as superoxide dismutase, catalase and glutathione
peroxidases in various tissue sites (Weiner, 1994). Anmimal studies using silymarin and
silybin extracts from Silybum marianum have demonstrated a stimulatory eflect on
superoxide dismutase activity and increase in the amount of total glutathione in the
liver, intestines and stomach of normal healthy rats (Valenzuela et al, 1989; Morazzoni
and Bombardelll, 1995). Further, they may also prevent the generation of the highly
reactive hydroxyl radical by Fenton type reactions via their ability to sequester
transition metal 1ons (Halhwell et al, 1995; Diplock et al, 1998). In vitro studies

involving this final pathway have led to possible concerns of pro-oxidant effects in vivo

whereby flavonoids could also generate free radicals in reactions with some free
transition metal ions (Halliwell and Gutteridge, 1986; Halliwell,1996; Cao et al, 1997).
Flavonoids can reduce CU*' to CU" and Fe** to Fe** hence allowing the formation of
initiating radicals. Although metal ions in the body are largely sequestered in forms
unable to catalyse free radical reactions, injury to tissue may release iron or copper
(Halliwell et al, 1992) and catalytic metal ions have been measured in atherosclerotic
lesions (Smith et al, 1992) leading to concerns that under certain circumstances
flavonoids could also generate free radicals in reactions with free transition metal ions.
Most antioxidants 1.€. 1solated compounds like vitamin C and quercetin that have been
tested, exhibit both antioxidant and pro-oxidant effects in vitro, depending on conditions
that include the concentration of the antioxidant, the presence of other antioxidants, and

the presence of 1ron and copper ions (Boik, 2001, p.189). In an in vitro study the
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flavonoid compounds apigenin and luteolin acted as antioxidants at low iron
concentrations but as pro-oxidants at high iron concentrations (Sugihara et al, 1999).
There is much in vitro evidence to support the antioxidant activity of flavonoids, but
their effects in vivo are still unclear and mainly speculative. The in vivo antioxidant
activity of tlavonoids is largely dependent on their bioavailability. This in turn is
dependent on a number of factors including their release and stability in the gut,

glycosylation, absorption through the intestinal wall, liver metabolism and accessibility

to the tissue target site.

Taking current knowledge into account, i.e. that flavonoids may exert antioxidant
protection by more than one biochemical mechanism, the use of total extracts or
combinations of herbs in formulations may provide an important advantage, the
possibility of additive or synergistic interactions that could target a range of cell

protective antioxidant mechanisms. Safety is a further advantage, because the use of

combinations allows lower and safer doses of each compound to be used.

Synergy 1s comparatively difficult to measure and documented examples are scarce.

Implicated 1nstances, however are becoming more common. In a recent study, workers
reporting the unnaturally high antioxidant activity of a liquorice extract compared to
isolated compounds from the plant suggested that the activity of licorice extracts is due

to the contribution from a number of components, especially flavonoids (Gordon and
An, 1995).

Various studies have established the structure-antioxidant activity relationships of the
flavonoids, the chemistry of which is fully outlined in Bors et al, (1990). To briefly
summarise, the structural features of flavonoids necessary for the optimum free radical

scavenging are as follows illustrated in Fig. 1.4. (Bors et al, 1990).

1. The presence of two adjacent hydroxyl groups on the B ring. The O-dihydroxy

(catechol) structure for electron delocalisation is the obvious radical target site for
all flavonoids with a saturated 2,3-bond.

2. The 2,3 double bond in conjugation with a 4-oxo function in the C-4 position
providing electron delocalisation from the B-ring.

3. The presence of an OH group at positions C-3 and C-5 to provide hydrogen bonding
to the keto group for maximum radical scavenging potential and strongest radical

absorption (kinetically, the 3- and 5- OH groups are equivalent owing to their H-
bonds with the keto group).



40

1. Two adjacent hydroxyl groups on the B-ring

Binds free copper
(CU?*) or Iron (Fe?t)

® H to prevent the Fenton
reaction

2. A 2,3 double bond conjugated with the 4 oxo group
JH

3. The presence of an OH group at positions number 3 and S with oxo function

@
OH
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