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During the last decade increasing attention has been given to the role of free radicals in biological oxida- 
tions. The subject has been of increasing interest to both the food scientist and the physiologist. Free 
radical scavengers in the form of both indigenous and added antioxidants are necessary for the successful 
preservation of food; free radicals are increasingly being implicated in the onset of, among others, 
ischaemic heart disease and for protection against these diseases it is suggested that the dietary intake 
of the antioxidant vitamins should be increased especially for diets high in polyunsaturated fats.'v2 Con- 
venience and snack foods which absorb substantial amounts of frying oils are being increasingly con- 
sumed. Since poly-unsaturated fatty acids are particularly susceptible to oxidation by free radicals durin 
the storage, cooking and frying of foods, the potential risk of exposure to lipid degradation products 
is likely to have increased. In foods the non-enzymic and lipoxy-genase catalysed oxidation of polyun- 
saturated fatty acids, /3-carotene and vitamin A can result in the loss of essential nutrients and the 
development of off-flavours. 
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3 

INTRODUCTION 

Organic molecules in their ground state possess paired electrons having opposite 
spins, whereas free radicals have one or more unpaired electrons that usually 
predetermines their greater chemical reactivity. For instance a radical R ' will often 
readily abstract a hydrogen from a substrate LH to form other free radicals. 
Atmospheric oxygen exists in the relatively stable triplet state as a diradical with 
two unpaired electrons of parallel spins and cannot readily react with non-radical 
organic molecules. Therefore such reactions involving molecular oxygen depend on 
single electron additions to form superoxide, hydroxyl and peroxyl radicals. These 
radicals are essential species in metabolic reactions like oxidative phosphorylation 
and photosynthesis and enzyme catalysed reactions requiring the insertion of oxygen 
atoms as typified by lipoxygenases and other oxygenases. In fresh and processed 
foods oxygen-derived free radicals, as in the cells of the living system, can be pro- 
duced by electron transfer reactions. In general the consequences of free radical 
activity within foods are undesirable, and especially so as free radical initiated 
oxidation is one of the main of causes of rancidity in fats and oils. Although produc- 
tion of free radicals is now recognised as a normal biochemical event, in food 
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148 J.K. DONNELLY AND D.S. ROBINSON 

systems, control over metabolic activities is reduced as a consequence of harvesting 
and slaughter. The free radical reactions which occur during the cellular breakdown 
in foods are similar to some of those which occur in diseased, injured or ageing 
living tissue. These include, for example, the release of haem iron which can catalyse 
the oxidation of fats during meat processing or storage. Although the radicals may 
only have a fleeting existence, they have the ability to trigger chain reactions which 
amplify the damage caused by the initiating radical. If unchecked, free radicals are 
capable of causing substantial chemical changes resulting in disruption of organelles 
and subsequently further chemical and enzymic reactions which may be responsible 
for the deterioration of food products. Thus free radicals may be responsible for 
initiation of many biochemical changes within foods including some which are cur- 
rently ill-defined. Although the precise biochemical mechanisms by which free 
radical mediated postmortem and postharvest changes occur in foods are generally 
poorly understood, free radicals are known to be responsible for the oxidation of 
food components resulting in alteration to the major quality parameters which 
include colour, flavour, aroma and nutritional value of foodstuffs. Enzyme systems 
may initiate free radical mediated oxidation in foods, resulting in changes in the 
sensory quality of the food; for example, peroxidases, lipoxy-genases and micro- 
soma1 enzymes may be involved not only in lipid peroxidation but more so in the 
generation of free radicals capable of reacting with a wide range of other substances. 
Also free radicals may have a useful role during food processing as indicated below. 

At the molecular level foods are complex mixtures containing hydrophilic and 
hydrophobic phases. In the polar phases hydro peroxide homolysis by hydrogen- 
bonded assistance, a process called “molecule-assisted homolysis” may be enhanced. 
Lipid phases that are not inert to radical attack may actually participate in reactions 
where a weakly bonded hydrogen can be readily abstracted. Physical changes during 
processing of food may have subtle effects on radical reactions. For example, during 
drying and lowering of water activity, the increase in viscosity and concentration 
of reactants will increase the time a radical pair is trapped within a “solvent cage”, 
thereby either causing greater radical recombination or propagation with other con- 
stituents. Similar effects may occur during freezing and during other concentration 
processes like reverse osmosis. While free radical activity in foods is generally 
undesirable, there are a number of important exceptions, such as the desirable 
development of volatile compounds arising from the oxidation of fatty acids in a 
range of dairy products. For many years, food scientists have known that 
undesirable free radical activity may be controlled within processed food systems 
by the use of naturally occurring or synthetic antioxidants. Much of the early 
research on free radicals was carried out by food scientists; by the mid 1940’s 
vitamin E was known to retard the initiation of rancidity in fatty foods which could 
also be further delayed by the additional presence of vitamin C.4 Within fresh 
foods, indigenous antioxidants may maintain their activity in suitable storage condi- 
tions, yet our current knowledge of free radical mediated biochemical changes 
within foods is incomplete. The potential to preserve quality by limiting the 
manifestations of free radical activity during storage and processing has not been 
fully exploited by the food industry. 

Free Radical Generation and Reactivity 

The formation of superoxide and other more reactive oxygen species, which con- 
tribute to oxygen toxicity within the aqueous and non-aqueous cellular micro 
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FOOD AND FREE RADICALS 149 

environments, arises from the stepwise addition of electrons to oxygen. In aqueous 
solutions, superoxide is a moderately strong reductant but also a weak oxidant' 
and so superoxide molecules are poorly reactive towards organic molecules, at least 
as oxidants.6 For reaction with organic molecules the rate constants are usually 
low and less than lo3 M-ls-'.' 0; itself can only oxidise strong reducing agents 
such as a-tocopherol and ascorbic acid with an overall rate constant of 2.7 x lo5 
M-ls-'.' In general superoxide is probably not reactive enough to cause cell 
damage in living systems, although it will react with metals to produce other reactive 
species such as the hydroxyl radical. However in postharvest and postmortem foods 
superoxide generating systems may allow superoxide to either be released or 
accumulate within both aqueous and non-aqueous phases. Fluxes of superoxide 
generated in vifro have been shown to be associated with damage to cell com- 
ponents: superoxide being the precursor of the more reactive hydroxyl radical which 
is a powerful ~ x i d a n t . ~  Nevertheless the stability of the superoxide radical is 
relatively high and thus is long-lived and therefore has the potential to diffuse and 
strike specific targets," whereas other radicals may be more reactive and strike 
targets closer to their site of production. The small size of 0; enables it to diffuse 
through the phospholipid bi-layer. In non-polar solvents 0; is a strong base and 
nucleophile; the non-polar interior of cell membranes may allow 0; to deacylate 
phospholipids and damage lipid side chains. The protonated form of O;, the 
perhydroxyl radical HO; , a moderately strong oxidant may be of significance in 
foods with low pH values, such as citrus and other fruit products. The pKa for the 
dissociation of HO; is 4.8 and in living systems it comprises only a small propor- 
tion of the physiological 0;; only approximately 0.25% is protonated," and is 
more likely to be detected only in organelles where the pH is low. 

In living cells and hence foods the most abundant transition metal ions are iron 
and copper, In undamaged living cells, compartmentalisation and binding of 
cations, for example to proteins, may ensure that control is maintained over the 
availability of intracellular metals,4*" but such control diminishes in stored and 
processed foods. Superoxide is likely to arise from the leakage of electrons from 
reduced electron transport systems and organelles. Superoxide is believed to con- 
tribute to oxygen toxicity through its role as the precursor of the more reactive 
hydroxyl radical by bringing about the reduction of transition metal ions. In the 
presence of hydrogen peroxide, reduced transition metals are oxidised and hydroxyl 
radicals are formed via the Fenton reaction 

Fe2+ + H20,- Fe3+ + 'OH + OH- 
Only trace amounts of transition metals are required as the oxidised metal can 

be reduced by 0; - or other reducing agents. The hydrogen peroxide may arise 
from reduction of oxygen by oxidases and can accumulate in the absence of 
catalases and peroxidases. The potential for the generation of reducing agents, other 
than 0; , e.g. ascorbate and glutathione, is limited and in any case, these may be 
rapidly lost in the non-living system. Although there is some evidence to suggest 
that ascorbate can replace 0; as the reducing agent for the production of OH',  
the relative contributions may be concentration dependent. As ascorbate is rapidly 
oxidised by reaction with both 0; - and with 'OH, hydroxyl radical production 
would quickly become 0; --dependent.'* In foods with added nitrites the nitric 
oxide formed may react with 0; to form the hydroxyl radical.'" 

There are other mechanisms by which hydroxyl radicals may be produced via the 
Fenton reaction within foods; for example, there is some evidence to suggest that 
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150 J.K. DONNELLY AND D.S. ROBINSON 

OH’ may arise from the addition of cochineal red (E120) to food  system^.'^ A 
major component of this red colouring is carminic acid, which can be reduced to 
produce semiquinone radicals that then reduce transition metal cations, thus allow- 
ing the Fenton reaction to proceed in the presence of H2O2.I3 

The Role of Enzymes in Free Radical Mediated Oxidation 

Unprocessed foods are biological systems often composed of aerobically respiring 
cells. The dissociation of organelles and the breakdown of cellular structure during 
harvesting and storage, or during homogenisation, emulsification or dispersion of 
food ingredients must initiate many biochemical reactions, whereby especially those 
involving transfer of single electrons may be uncoupled and result in the release of 
free radicals. In aerobically respiring living cells most of the oxygen absorbed is 
catalytically reduced to water by cytochrome c oxidases or blue copper oxidases in 
the respiration cycle, but up to 5% of the total 0, may be only univalently 
reduced to 0 ; . l 4  In fresh foods and certainly those stored and processed the tight 
compartmentalised control of active oxygen species, including 0; and H202, is 
lost. Thus under these conditions free radical intermediates and active oxygen 
species may accumulate. In complex food systems it has not yet proved possible to 
always define in precise chemical terms how such released free radicals react with 
the very large number of substances present in food materials, although it is now 
becoming increasingly accepted that free radicals damage texture, flavour and col- 
our. Some enzymes, such as peroxidases and lipoxygenases, are often able to initiate 
oxidation through the involvement of free radicals. They can withstand thermal pro- 
cessing and therefore in processed foods, where other protective enzymes have been 
denatured, may still be sufficiently active to initiate changes in quality during long 
term storage. 

During enzyme catalysed oxidation of quite a wide range of substrates the 
individual reactions between enzyme and substrate and the subsequent release of 
the product requires in some instances the transfer of single electrons. Until 1969 
when superoxide dismutase (SOD) was discovered biochemists had not accepted that 
enzyme catalysed oxidations could take place by single electron transfer, although 
Chance” had elucidated the single electron reduction of compounds I and I1 to 
regenerate native peroxidase. Transition metals like iron, copper or molybdenum 
are present in the active sites of oxygenases and facilitate the transfer of single 
unpaired electrons: sometimes a free radical is the prime oxidation product as with 
xanthine oxidase, lipoxygenase and peroxidase. For other enzyme catalysed reac- 
tions transfer of single electrons may be part of a series of steps that ultimately result 
in the four electron reduction of oxygen to water or the two electron reduction of 
NAD+ via FADH. 

Xanthine Oxidase 
Xanthine oxidase (EC 1.2.3.22, xanthine: oxygen oxidoreductase) is widely distri- 
buted in foods. In milk, xanthine oxidase, a molybdenum-containing enzyme, can 
exist in both free and bound forms. The enzyme contains two molybdenum atoms, 
two FAD groups and eight Fe-S centres, all of which can readily be involved in 
transfer of single electrons. The “free” form of the enzyme catalyses the formation 
of both superoxide and hydrogen peroxide during the oxidation of purines, xanthine 
itself being oxidised to uric acid. The bound form of the enzyme seems less harmful 
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FOOD AND FREE RADICALS 151 

where it acts as a NAD-dependent dehydrogenase. The general reaction catalysed 
by xanthine oxidase is: 

H-OH + RH+ ROH + 2H+ + 2e- 
where RH is the substrate and the oxygen introduced is derived from water. Where 
oxygen is the electron acceptor, sequential single or two electron transfers can form 
superoxide and hydrogen peroxide, respectively. 

2e- + 202+ 20; 
2e- + O2+0;--%H2O2 

The superoxide is believed to be produced at the flavin site of the enzyme and 
hydrogen peroxide can be produced by two electron reduction of oxygen from either 
FADH, or Mo". 

Peroxidases 
Peroxidases (EC 1.1 1.1.7) catalyse the overall reaction: 

ROOH + AH,+ H 2 0  + ROH + A 

Hydrogen peroxide is generally the oxidising substrate which results in the forma- 
tion of compound I from peroxidase, which then in turn oxidises AH, by abstrac- 
tion of a single electron to form the free radical and compound 11. Both peroxidase 
compounds I and 11, where the haem Fe exists in nominal oxidation states of 5 and 
4 respectively, are able to easily oxidise a wide range of phenolic substrates to form 
free radicals. 

Per-FeV - 0 + e- + H+ - Per-Fe" - OH 
compound I compound I1 

Per-Fe" - OH + e- + H t  -+ Per-Fe"' - H 2 0 
compound I1 native peroxidase 

Hydrogen abstraction readily occurs from phenolic substrates because of the 
resonance stabilisation of the resultant phenoxyl radicals. These separate cationic 
radicals are then able to react non-enzymically with a wide range of other susceptible 
substrates to generate other radicals and promote a large number of separate reac- 
tions. In this way peroxidases have a propensity for initiating the oxidation of a 
very wide range of compounds, generally unlike other oxidase enzymes. It is this 
propensity to stimulate the oxidation of a large number of substances, sometimes 
ill-defined, which makes it difficult to identify precisely the action of peroxidases 
not only in foods but also in living plants. Because of the ease of hydrogen abstrac- 
tion many of the natural susceptible substances must include phenolics, such as 
coumaric and caffeic acids and anthocyanins. In the same way flavins, pyridinium 
compounds and other aromatic compounds are likely to be oxidised by the 
peroxidase-generated free radicals. Vitamin C is oxidised directly by peroxidase to 
produce the resonance stabilised ascorbate radicals which can disproportionate to 
dehydroascorbate and ascorbic acid. Other radicals and in particular those of test 
substrates, such as guaicol and o-dianisidine, can combine to form dimers or higher 
polymers. Nevertheless in foods the amount of hydrogen peroxide present is 
generally small and therefore the rates of oxidation are likely to be low, but oxida- 
tion can become apparent during storage at ambient temperatures. 
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152 J.K. DONNELLY AND D.S. ROBINSON 

Peroxidases also catalyse oxidatic reactions in the absence of hydrogen peroxide. 
The oxidatic reaction, accompanied by the uptake of oxygen, is exemplified by the 
oxidation of the synthetic substrate dihydroxyfumaric acid (DHF) by compounds 
I and II.I6 Superoxide is believed to be involved in the oxidatic reaction which is 
inhibited by superoxide dismutase. In plants a similar scheme is believed to operate 
for the oxidation of NADH, pyridoxyl compounds and indole-3-acetic acid (IAA). 
During the oxidation of IAA the initial reaction requires the oxidation by com- 
pound I to form first IAA' and secondly indole-3-methyl radicals which are then 
oxygenated by compound 111, Per-FeII-O,." Although IAA is a plant hormone, 
clearly it and possibly other indole compounds could be a source of peroxidase- 
generated free radicals during food storage, which indirectly might cause loss of 
quality by initiating the formation of other free radicals. In heat processed foods, 
where catalase and superoxide dismutases are likely to have been inactivated, the 
deleterious effects of the more thermostable peroxidases are likely to be more 
apparent. 

Lipoxygenases 
Lipoxygenases (EC 1.1 3.1 1.12, linoleate: oxygen oxidoreductase) catalyse the 
oxidation of polyunsaturated fatty acids containing a cis, cis- 1, 4-pentadiene system 
to produce first free radicals and subsequently after oxygenation conjugated 
hydroperoxy unsaturated acids. Generally oxidation of unsaturated lipids through 
the action of lipoxygenase may lead to either beneficial or detrimental changes in 
the sensory characteristics of foods. In harvested fruit and vegetables, the hydro- 
peroxides produced are degraded by hydroperoxide lyases to form volatile carbonyl 
compounds which contribute to characteristic aromas. Part of the desirable aroma 
present in potatoes, tomatoes and cucumbers is due to the action of lipoxygenase 
followed by enzyme catalysed transformation of the hydroperoxides. The action of 
hydroperoxide lyases and dehydrases, the consequent formation of secondary pro- 
ducts and their physiological importance has been reviewed recently by Gardner." 
The aroma and flavour deterioration of maize, green beans, peas and soybeans is 
attributed to the presence of lipo~ygenase,'~ although the enzyme itself may only 
be directly responsible for the oxidation of polyunsaturated fatty acids by a free 
radical mechanism. Thus it is implied that the enzyme generated radicals may also 
react chemically with the important aroma compounds causing a loss of quality as 
well as producing grassy-beany off-flavours. During the mechanical development 
of wheat dough the enzyme catalysed oxidation of lipids increases the ability of 
doughs to withstand over mixing, since the peroxy radical product may oxidise the 
thiol groups of the intermolecular gluten n e t w ~ r k . ' ~  Oxygen is required for the 
manufacture of bread dough and Graveland et a1.20 have proposed that superoxide 
is both generated and responsible for the reduction of disulphide bonds. Recently 
we have shown that bovine superoxide dismutase added to wheat dough also delayed 
peak dough development indicating the involvement of superoxide and possibly 
other free radicals.,' 

Different lipoxygenases from various plant and animal species oxidise poly- 
unsaturated fatty acids stereospecifically. The insertion of molecular oxygen is 
chiral and positionally specific." For the oxidation of linoleic acid by plant lipoxy- 
genases, the hydroperoxide group may be located at carbon-9 or carbon-13, depen- 
ding on the type of lipoxygenase. 

Soybean lipoxygenase type 1 (LOX-I)22*19 is the most characterised enzyme and 
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is widely considered as a model for other plant lipoxygenases. Type I enzymes have 
optimum activity at approximately pH 9, whereas type I1 enzymes are most active 
between pH 6.5 and 7. All of the soybean lipoxygenase isoenzymes have a molecular 
weight of approximately 100,OOO and contain one atom of iron per molecule. 

It is assumed that there is a common mode of action for all lipoxygenases in which 
iron is the electron acceptor. The substrate must contain a cis-cis-pentadiene moiety 
with an activated methylene group at w8 located between the double bonds. It is 
suggested that the native enzyme exists as E-Fe" and that activation is by a small 
amount of hydroperoxide naturally occurring in lipid substrates or by nanomole 
quantities of hydrogen peroxide to generate the E-Fe"' form. The enzyme iron in 
oxidation state I11 is believed to abstract stereo-specifically an electron from the 
activated methylene group of the substrate to form an enzyme-linked pentadienyl 
resonance stabilised radical with the Fe atom then reduced to oxidation state 11. 
Addition of oxygen to pentadienyl radicals results in the formation of chiral and 
regio-specific hydroperoxy isomers. Theoretically such isomers are possible from 
each cis-l,4-pentadiene configuration (Figure 1). 

Typically for the type I LOX acting on linoleic and linolenic acids hydrogen 
abstraction from 08 is chiral and oxygenation occurs on the opposite side of the 
fatty acid chain and oxygen insertion is at 06 to form l3(S)-peroxy radical. An 

9(R)EZ-OOH 9(S)EZ-OOH 

9(R)EE-OOH 9(S)EE-OOH 

HOO 

14 14 L8 

13( R)EE-OOH 

FIGURE I Chiral types of hydroperoxides produced by lipoxygenase-catalysed oxidation of linoleic 
acid. There are a total of eight intramolecular arrangements involving the optical isomers (R, S), 
geometrical isomers (cis,trans-ZE and trans, trans-EE dienes) and the positional isomers 9- and 
13-hydroperoxides. 
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electron is then transferred from the reduced enzyme to form a peroxyl anion and 
the regenerated active Fe"'-LOX. In an "anaerobic" environment the E-Fe"- 
pentadienyl radical complex is believed to dissociate to a pentadienyl radical which 
may then polymerise or propagate the formation of free radicals from other 
substrates. It has been proposed that the enzyme is recycled in oxygen-depleted 
systems by small amounts of hydroperoxides which reoxidise the Fe"-LOX to 
FeI'I-LOX. Even in the anaerobic pathway the products might be oxygenated by 
interaction of the pentadienyl radical with small amounts of residual hydroperoxyl 
or lipoxyl radicals: 

0' 

Soybean LOX-I forms the 13(S)-hydroperoxy-9(Z), 1 1 (E)-octadeca-dienoic acid 
from linoleic acid and the 13(S)-hydroperoxy 9(Z), 11(E), 1 S(Z)-octadecatrienoic acid 
from linolenic acid. The C-20 tetraenoic acid found in animal tissues is (surprisingly) 
oxidised to the respective 1 S(S)-hydroperoxytetraenoic acid. Furthermore a range 
of secondary products including dihydroperoxides and compounds normally con- 
sidered to be of mammalian origin (leucotrienes and lipoxins) also arise from the 
oxidation of arachidonic acid catalysed by soybean and potato L0X.l8 For the 
type I1 enzymes Soybean LOX-I1 has been claimed to form the 9R-hydroperoxide, 
while maize germ lipoxygenase has been claimed to remove a hydrogen radical from 
the pro-R position of the w8 carbon coupled to insertion of oxygen from the 
opposite side of the fatty acid chain to form the 9S-hydropero~ide.~~~'~ Ketodienoic 
acids absorbing at 270-280nm have also been shown to be formed during the 
oxygenation of arachidonic acid by human lipoxygenases. It has also been reported 
that keto compounds are formed during the oxygenation of linoleic acid by a pea 
lip~xy-genase.~~ 

Microsomal cytochrome P450 enzymes (EC 1.14.14.1) may also catalyse lipid 
oxidation in foods from animal and microbial sources. Although there is con- 
troversy concerning the mechanism, it is considered to be free-radical mediated as 
the antioxidant compound butylated hydroxytoluene (BHT) causes complete inhibi- 
tion." Although a number of iron-oxygen complexes have been proposed as 
initiators,'' the precise nature of the initiator is not known. 
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Cooxidation 

Lipoxygenases are used to bleach carotenoids by a cooxidation reaction in wheat 
flour during bread making. The cooxidation activity of lipoxygenases may be 
source-dependent; lipoxygenases in peas and beans have been claimed to have a high 
cooxidation activity.26 For soybean and peas, the type I1 isoenzyme which has 
optimum activity at pH 6-7, as opposed to the type I isoenzymes with an optimum 
at pH 9, is more effective at co-~xidation.~’ Recently a high cooxidation activity 
has been reported for one of two chick pea type I1 isoenzymes2* and oxidation by 
LOX in nonconventional media has been reported.29 Purified tomato lipoxgenase 
has been reported to oxidise P-carotene faster than a-carotene and lutein, while 
lycopene (the main tomato pigment) remained ~naffected.~’ Given the choice of 
natural substrates available and the occurrence of different isoenzymes in any given 
source it is not surprising that there have been few reports in the literature relating 
loss of carotenoids to lipoxygenase activity. 

Lipoxygenases are known to catalyse the oxidation of carotenoids and chlorophyll 
by a free radical mechanism but still requiring the presence of a polyunsaturated 
fatty acid. It is possible that the enzyme is an integral part of the system for cooxida- 
tion of carotenoids through the involvement of an enzyme pentadienyl radical- 
complex. The cooxidation reaction may arise from abstraction of a hydrogen atom 
from the carotenoid resulting in the formation of a resonance stabilised radical, 
which would then combine with oxygen to produce carbonyl compounds.” Fur- 
ther products could arise by either decomposition of the radicals or condensation 
reactions to form dimers or higher polymers. However little is known about the 
chemistry of the degradation  product^.^' 

For the apparent associated oxidation of other substances, including thiol groups 
and inhibitors, it is possible that free radicals are first dissociated from the enzyme. 
Endogenous inhibitors of lipoxygenase in plant sources include chlorophyll, a- 
tocopherol and phenolic compounds. These substances could act as scavengers for 
released, or possibly enzyme-bound radicals. One potential mechanism involves the 
leakage of a peroxyl radical from the enzyme which can then attack the carotenoid, 
presumably at positions adjacent to double bonds. A second mechanism is that an 
enzyme-bound hydroperoxide is the oxidising species. A third mechanism which 
may operate is the generation of free-radicals in reactions catalysed by anaerobic 
cycling of lipoxy genase. Whatever the primary mechanism, the net effect generates 
carotenoid moieties containing a free radical centre which can then react with 
oxygen to cleave an adjacent double bond to give two carbonyl fragments. In addi- 
tion to loss of carotenoid colour, such processes, if continued, lead to the formation 
of odourous molecules involved in flavour and off-flavour in foods. Our previous 
unpublished work with tomato LOX has indicated that cleavage can occur at a 
number of the double bonds in lycopene and that 6-methyl-5-hepten-2-one is one 
of the products. 

Lipid Autoxidation 

All foods that contain lipid are susceptible to oxidation, but dried foods, and those 
subjected to high temperatures during cooking/processing and subsequently stored 
are particularly affected.32 Lipid oxidation products include aldehydes and 
especially malonaldehyde, fatty acid hydroperoxides, secondary degradation pro- 
ducts and thermally altered oxidised lipids as well as cholesterol oxides. Addis and 
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Warner’ have emphasised the wealth of publications on the deleterious effects of 
oxidised lipids and have recommended a number of reviews on the health aspects 
of dietary lipid oxidation. 

In animal foods the most obvious effect of free radical mediated reactions is the 
production of off-flavours arising from the autoxidation of unsaturated fats. 
However the primary products of lipid oxidation, the hydroperoxides, do not 
modify the flavour or structure of the food to any significant extent, but, the secon- 
dary products i.e., aldehydes etc. are potent flavour modifiers responsible for objec- 
tionable flavours. Sometimes they modify the structure of the product.33 The 
volatile aldehydes, ketones and hydrocarbons responsible for the off-flavours 
initially arise from hydroperoxy radicals formed during autoxidation. The forma- 
tion of alkanes, aldehydes and alkenes can be explained in terms of the known 
mechanisms by which hydroperoxy and lipoxy radicals decompose, react inter- 
molecularly and undergo rearrangement reactions. Consequently research on the 
origin of off-flavours in foods has aided the development of a mechanistic 
understanding of the various ways in which free radicals can interact with each other 
and with other food constituents. Indeed, knowledge of the mechanism of autoxida- 
tion preceded awareness of the existence of lipoxygenases and is still considered to 
be the major cause of oxidative rancidity in animal foods and possibly commercial 
fats and oils. 

Lipid peroxidation is a free radical reaction in which initiation, propagation and 
termination phases are involved; each of these phases may be influenced by a variety 
of factors such as the structure of the lipid, the presence of antioxidants and the 
mechanism of initiation.34 The presence of additional unsaturated bonds increases 
the susceptibility of fatty acids to autoxidation: the relative rate of autoxidation of 
oleic acid (1 8 : l), linoleic acid (1 8 : 2) and linolenic acid (1 8 : 3) was reported to 
be in the ratio 1 : 40-50 : 100 as indicated by oxygen uptakes and 1 : 12 : 25 on the 
basis of hydroperoxide production. Other polyunsaturated fatty acids with further 
double bonds (e.g., arachidonic acid (20 : 4) and eicosapentaenoic acid (20 : 5 )  and 
docosahexanoic acid (22 : 6 )  found mainly in fish oils are considerably less stable 
than linolenic acid. The rates of oxidation have been claimed to increase linearly 
with the number of double bonds.36 With the increased number of double bonds 
their hydroperoxides are more likely to undergo rearrangement reactions. Due to 
the susceptibility to oxidation either through the mechanism of autoxidation or 
catalysis by lipoxygenases, the nutritionally important exploitation of fish oils for 
the manufacture of not only acceptable but desirable products poses a special 
challenge for the food industry. 

Lipid oxidation is responsible for major changes in food acceptability even in 
foods with only a minor lipid component, such as cucumbers and melons. Lipox- 
genase is probably responsible for the development of off-odour, loss of colour and 
flavour in legumes such as peas and green  bean^.'^ In fruits the initial products of 
lipoxygenase catalysed oxidation are converted to acids and alcohols which subse- 
quently form esters characterising fruit  flavour^.^' Polyunsaturated fatty acids 
(PUFA) are particularly susceptible to oxidation: it has been stated that the relation- 
ship between oxygen and unsaturated fatty acids is perhaps the most significant fac- 
tor affecting the stability and nutritional value of many foods.” Many chemicals 
and enzyme systems in foods are able to reduce iron ions and so accelerate lipid 
peroxidation. Within processed foods, the treatments or addition of other ingre- 
dients may compound the problems of exposure to trace elements created through 
loss of cellular compartmentalisation. Changes in colour may be due to either the 
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Maillard reactions between substances originating from lipids and proteins or to 
cooxidation of susceptible substances such as carotenoids and chlorophyll. Warmed 
over off-flavour in precooked meat poses a substantial problem and may be due 
to reactive free radicals. Changes to texture may arise through cross linking reac- 
tions of proteins and changes in nutritional value may occur through the loss of 
PUFA, especially through the loss of the n-3 essential fatty acids. 

Transition metals play an important role in the initiation and propagation phases 
of lipid oxidation as they participate in the generation of hydroxyl radicals, in addi- 
tion to their role as decomposers of lipid hydroperoxides. Several iron ion com- 
plexes, such as perferryl, ferryl or Fe2+, Fe3+ -, 0, complexes, have been claimed 
to initiate lipid oxidation,39 although their ability to do this is as yet uncertain.' 
The hypervalent ferryl species containing FE(1V) is known to occur in the presence 
of hydrogen peroxide in catalase, peroxidase and cytochrome P450 and other haem 
proteins including myoglobin, all of which even in the denatured state, may initiate 
lipid oxidation. The possible role of hypervalent iron species and mixed metal 
oxygen complexes has recently been reviewed.'"' However it is not known whether 
hypervalent iron exists in denatured haem proteins or hydrolysed haem peptides and 
in some cases the rate of autoxidation may be much slower than lipoxygenase 
catalysed oxidation. 

Light-induced lipid oxidation via the formation of free radicals resulting from 
light absorption first by other species (i.e., photo-sensitised oxidation) may affect 
food quality. For example, photo-sensitised oxidation processes which involve the 
formation of energised vitamins or colours, such as riboflavin (vitamin B,, E101) 
or erythrosine (E127), may be responsible for the initiation of lipid peroxidation. 
There are two types of photo-sensitised reactions. Type 1 occurs when a photosen- 
sitised compound such as riboflavin abstracts the initial H atom from the lipid 
molecule and the oxidation proceeds as for autoxidation, excepting that the 
photosensitised reaction is not inhibited by antioxidants. A type 2 reaction occurs 
when molecular oxygen is activated to singlet oxygen ('0,). Its formation in foods 
is important where natural and added photo-sensitisers can generate singlet oxygen 
in microseconds. The stability including the colour and flavour of oils and oil based 
foods containing chlorophyll and carotenoids is susceptible to light induced oxida- 
tion, although this may be controlled by the use of suitable coloured packaging and 
many substances such as ascorbate, vitamin E and carotenoids act as chemical 
quenchers. 

Singlet oxygen can react with carbon-carbon double bonds to yield hydroperox- 
ides. Unlike ground state oxygen, singlet oxygen is not a radical species and it does 
not abstract hydrogen from reactive methylene groups or add to double bonds. 
However it will interact with double bonds to form an allylic hydro-peroxide in 
which the double bond is chemically ~hifted.~'  

The oxygen molecule is joined onto the end of the double bond and a new double 
bond is formed between the allylic position and the other end of what was previously 
the carbon-carbon double bond.42 In addition to chemical combination it has 
been claimed that one mole of @-carotene can quench up to lo00 moles of '0, 
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158 J.K. DONNELLY AND D.S. ROBINSON 

through the transfer of excitation energy.43 One of the major ways in which '0, is 
generated is through the exposure of photo-sensitive compounds such as chloro- 
phyll, certain haem compounds and erythrosine to light .44 In unsaturated lipids 
singlet '02 oxygenation occurs at both ends of all the double bonds: that is at the 
ends of the 1,Cdiene units as in au t~x ida t ion .~~  Autoxidation is typically accom- 
panied by a weak chemilumin escence, some of which has been attributed to '0, 
de~ay .~ '  One of the main mechanisms may be the combination of peroxyl radicals, 
which yields a ketone, an alcohol and oxygen in the triplet ground state, or the 
singlet excited state.46 

R R R 
\ \ \ 

/ / / 
2 CHO0'- C = O +  CHOH+'O,  

R'  R'  R'  

There have been proposals that '0, generated from oxidising lipid may then con- 
tribute to the chain peroxidation reaction by further initiation, but these suggestions 
were based on the inhibition observed with scavengers and quenchers which lack 
specificity for The singlet oxygen may induce oxidation of carotenoids pre- 
sent by an ene reaction to form allylic hydro peroxide^,^'^ permitting cooxidation 
of carotenoids in the presence of lipoxy genase-generated peroxyl radicals. Although 
there is some evidence for the formation of '0, during lipid peroxidation, whether 
it contribute significantly to the process has been q~es t ioned .~ .~ '  

Initiation of lipid oxidation involves the initial abstraction of a hydrogen atom 
from the lipid molecule to form a carbon-centred radical. This abstraction may be 
caused by irradiation or by interaction with other sufficiently reactive free radicals, 
or excited photochemicals. The direct reaction with an unsaturated fatty acid and 
oxygen to produce a free radical is endothermic (AH, 35 kcal) and is not significant 
due to the stability of triplet oxygen. However abstraction of an electron from an 
unsaturated fatty acid by a transition metal is exothermic (AH, -15 kcal) and 
therefore is an important process during autoxidation. 

RH + MI"- R' + H+ + M" 

The hydroxyl radical possesses extreme reactivity (with typical rate constants > 
lo9 M-' s - ' ) , ~  and therefore must be a significant initiator of lipid oxidation, 
whereas 0; is believed to be insufficiently reactive to abstract a hydrogen directly, 
although its protonated form, HO; may be sufficiently reactive to abstract hydro- 
gens from some fatty acids at a low rate.48 

Free radicals (R')  which are sufficiently reactive can abstract a hydrogen atom 
from a methylene carbon of an unsaturated lipid (LH) to yield a fatty acid radical 
(L.  ): 

LH + R ' - L '  + RH 

The exact nature of R' in foods may be difficult to determine because of its low 
c~ncentration.~' The removal of the hydrogen atom leaves behind an unpaired 
electron on the carbon atom to which it was originally attached. This carbon-centred 
radical rearranges to form a conjugated diene and generally such resonance 
stabilised radicals only abstract weakly bonded hydrogens. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FOOD AND FREE RADICALS 159 

In aerobic conditions the lipid alkyl radical (L') combines with molecular oxygen 
at an extremely rapid rate, the reaction is generally assumed to have very low activa- 
tion energy." 

L' + O , - - b L O O '  

As O2 itself is a diradical the combination produces a peroxyl radical. The reac- 
tivity of the peroxyl radical is sufficient to remove a hydrogen atom from another 
fatty acid thus propagating a chain reaction. The peroxyl radical is the major chain 
propagating species which combines with the hydrogen atom abstracted to yield a 
lipid hydroperoxide (LOOH). It has been estimated that such a reaction sequence 
goes through 8- 14 propagation cycles before termination4' depending on the 
presence or otherwise of other constituents including antioxidants. 

LOO' + LH-LOOH + L' 

The hydroperoxide formed may participate in metal catalysed reactions in which 
alkoxyl and peroxyl radicals are generated by its decomposition. 

LOOH + Fez+ - LO' + OH- + Fe3+ 

LOOH + Fe3+ - LOO' + H+ + Fez+ 

The generation of radicals is therefore maintained, resulting in a chain reaction. The 
reductive pathway appears to be faster than the oxidative one5' and the addition 
of reducing agents such as ascorbic acid or 0; can accelerate the reductive 
pathway. Although metal-independent reduction of lipid hydroperoxides is ther- 
modynamically feasible, in general this occurs much more slowly than metal 
catalysed reduction. During food processing, that generally includes heat treatments 
and the addition of other ingredients, cellular disruption will increase exposure to 
transition metals and hence enhance free radical reactions. When the radical concen- 
tration is sufficiently high, radical-radical interactions may occur, yielding stable 
end products. This is the termination phase, which is dependent on many factors 
such as fatty acid composition, oxygen concentration and the presence of chain- 
breaking antioxidants. The combination of two peroxyl radicals is one example of 
an important termination reaction." 

LOO' + LOO' __* LOOL + 02 
The potential range of oxidation products so formed is large and dependent on 
factors such as the nature and concentration of the initial substrate, the presence 
of pro-oxidants and the mechanisms by which they stimulate oxidation and the 
processing conditions." The consequences of free radical reactions in foods which 
contain a very large number of potential substrates for interactions will be deter- 
mined by the relative reaction rates or the various pathways taken by a radicals5' 
Mixtures of products can include epoxyhydroxy and epoxyoxo-compounds, oxy- 
genated and non-oxygenated dimers and possibly due to a hydro peroxidase activity 
ketodienes and ketodienoic acids. Epoxides are formed by intramolecular addition 
of oxygen across a double bond. The 13-hydroperoxide can rearrange to the 
12,13-epoxide and the 9-hydroperoxide to the 9, lO-epo~ide.~~ This type of intra- 
molecular rearrangement was detected.53 
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2 
OOH 

OH 

0 

Also end products can be formed by combination with oxygen to produce epox- 
yhydroperoxides and disproportionation products such as epoxyhydroxy and epox- 
yoxo corn pound^.^^ In anaerobic systems the epoxy allylic radical may combine 
with radicals such as fatty acid diene radicals and a-tocopherol simiquinone 
radicals. Also, in the presence of thiols and disulphides, thiyl (RS') and thiyl peroxyl 
radicals (RSO;) may be reactants. Glutathione present in both plant and animal 
foods reacts rapidly (rate constant lo7 M- l s - ' )  to form the GS' 

Isomerisation of hydroperoxides of fatty acids can occur by rearrangement of the 
peroxy radical through the loss of oxygen and consequently the pentadiene 
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In lipid hydroperoxides the hydroperoxyl group is next to one or more double 
bonds which increase rates of intramolecular rearrangements of peroxyl radicals. 
It seems that such reactions might be more likely in the longer chain fatty acids con- 
taining five and six double bonds found in pelagic fish, - mackerel, salmon, sar- 
dines etc. Lipid hydroperoxides are susceptible to homolysis of the 0-0 bond to 
form an oxyradical which may easily occur during cooking. 

ROOH+RO’ + ‘OH 

This is essentially an irreversible reaction and once formed the oxyradicals are 
transformed into end products.’* H-abstraction is the more important reaction of 
oxyradicals and this affords a further mechanism of cooxidation analogous to that 
brought about by peroxyl radicals. The mechanism of cooxidation is abstraction 
of H-radicals to yield another radical from substrates such as carotenoids, which 
may then be oxygenated to form carotenoid peroxy radicals. Retinol (vitamin A) 
and 0-carotene, the main precursor of vitamin A, due to their location as fat soluble 
vitamins are especially susceptible to free radical induced co-oxidation initiated by 
either autoxidation or lipoxygenases. 

Deoxygenation of peroxyl radicals can account for the formation of truns,truns 
isomers in mixtures of hydroperoxides. The sequence proposes a conformational 
change in the peroxyl radical, deoxgenation to form a new pentadienyl radical and 
reoxgenation at the end of the radical to form a new trans, trans-peroxyl radical 
to give the hydroperoxide on H addition.43 Antioxidants that act as H-donors can 
interfere with such rearrangements by forming the cis,trans-hydroperoxide from the 
cis, trans-peroxyl radical. Thus antioxidants may not only inhibit oxidation but also 
channel O2 to form certain isomers. 

Cholesterol Oxides 

Under oxidising conditions, cholesterol gives rise to a substantial number of pro- 
ducts which are collectively known as cholesterol oxides. More than 70 oxidation 
products have been claimed.” Since the proposed role of cholesterol in coronary 
heart disease, the products of cholesterol oxidation have received an increasing 
amount of attention. Although the position is not yet clear the atherogenicity of 
cholesterol may be considered to be due to contamination by cholesterol oxidation 
products.’ Oxidised products of cholesterol can be formed after exposure to air at 
elevated temperatures, light, ionising radiati~n,’~.’~ free radical initiators or com- 
binations of these  factor^.^' Cholesterol and closely related plant sterols contain a 
hydroxyl group that is attached to the A ring and a 5-double bond in the B ring. 
Oxidation is initiated by hydrogen abstraction at C-7 followed by attack by 
molecular oxygen to form two epimeric 7-hydroperoxides. These are thermally 
unstable and form 7-hydroxycholesterols and 7-keto~holesterol.~~ 

Studies have concentrated on the oxidation of cholesterol in dried egg yolk 
which may frequently contain high  level^,^^^'*^^ comminuted beef,62 and clarified 
butter fat or ghee.ss-63 Lebovics et a/.” have produced data on the formation of 
cholesterol oxide in irradiated egg powder. This has led them to advise that the 
irradiation of whole-egg powder and powdered egg yolk be reduced because of the 
enhanced formation of cholesterol oxidation products. 

Further the oxidation of sterols in foods may not be limited to cholesterol. 
Many plant foods including refined fats and oils contain significant amounts of 
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0-sitosterol, stigmasterol, campesterol and brassica-sterol.@ Exposure of plant 
based foods to heating during manufacture and/or long term storage at ambient 
temperatures may lead to oxidation of sitosterol, the major sterol in vegetable oils. 
The presence of these plant sterols and their oxidation products in foods complicates 
analysis for cholesterol oxides. An accumulation of sitosterol oxides may also be 
associated with undesirable biological effects similar to those of cholesterol oxida- 
tion.65s2 Addis and Warner’ argue that the weight of evidence suggests that 
oxysterols are far more atherogenic than their native sterol counterparts and that 
increased atherogenicity seen in the case of oxysterols is independent of increases 
in serum cholesterol. Interestingly Addis and Parkm have suggested that food 
technology should focus on the prevention of lipid oxidation instead of cholesterol 
removal. Wasilchuk et a/.& have developed a method for analysis of cholesterol 
oxidation products using deuterium labelled cholesterol and alternative methods 
using NMR are being developed for the detection of oxidised products formed dur- 
ing the processing and storage of foods such as the spray-dried egg yolk.67 

Mechanisms of Free Radical Removal 

Within freshly harvested foods there exists a range of defence mechanisms that 
inhibit or remove the intermediates during the reduction of oxygen and thus prevent 
oxidative damage. The formation of free radicals and active oxygen species may 
be prevented by suppressing the rates of initiating reactions. This can be brought 
about by chelators of metal ions and systems that prevent initiation by light or 
irradiation. Biological inhibitors are metalloenzymes such as superoxide dismutases 
(SOD) which scavenges 0; and catalases and peroxidases which remove H202 and 
hydroperoxides. Conversion of hydroperoxides into inactive species by reaction with 
reducing agents such as thiols and disulphides, thus preventing propagation, also 
brings about very effective inhibition. However by far the most well-known and 
most frequent method for the prevention of free radical generated oxidation in 
foods is through the use of antioxidants. These are defined for purposes of food 
legislation as substances that prolong the shelf life of foods by protecting against 
deterioration, such as rancidity and adverse colour changes caused by oxidation. 
Antioxidants may be indigenous or added during processing. The use of antiox- 
idants is now common in food manufacture and those which are permitted in the 
UK are listed in the Antioxidants in Food Regulations 1978 (Statutory Instrument 
1978 No 105). In addition to UK legislation, the European Union has drawn up pro- 
posals to harmonise legislation in Member States (Table 1). Without the addition 
of antioxidant compounds as ingredients, whether natural or synthetic, the shelf life 
of foods, especially those with a particularly high fat content and large surface area, 
such as cakes and biscuits would be severely limited. Along with microbial spoilage, 
the peroxidation of poly unsaturated fatty acids is considered to be a major factor 
limiting the shelf life of foods. According to Halliwell and Gutteridge68 an antioxi- 
dant may be defined as “any substance that, when present at low concentrations 
compared to those of an oxidisable substrate, significantly delays or inhibits oxida- 
tion of that substrate”. Most food commodities contain significant amounts of lipid, 
including unsaturated fatty acids. 

Although there is much concern about the toxicology of synthetic antioxidants, 
the potential hazard associated with the use of naturally occurring compounds as 
food additives, as an integral part of the diet, is largely unexplored and therefore 
the long term risk associated with their use is unknown. In addition to flavour and 
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TABLE 1 
Antioxidants Generally Permitted in Foodstuffs in European Union* 

Serial number Name 

E300 L-Ascorbic acid 
E301 Sodium L-Ascorbate 
E302 Calcium L-Ascorbate 
E304 
E306 
E307 Synthetic a-tocopherol 
E308 Synthetic y-tocopherol 
E309 Synthetic &tocopherol 
E310 Propyl gailate 
E311 Octyl gallate 
E312 Dodecyl gallate 
E315 Erythorbic acid 
E316 Sodium erythorbate 
E320 Butylated hydroxyanisole 
E321 Butylated hydroxytoluene 
El 102 Glucose oxidase 

'Taken from the Proposal for a Council Directive on Food Additives other than Colours and 
Sweeteners. 

Fatty acid esters of L-Ascorbic acid 
Extracts of natural origin rich in tocopherols 

rheological modification, the arguments in favour of protection of manufactured 
food through addition of antioxidants are the health considerations related to the 
possible role of oxidised lipids in carcinogenesis, coronary heart disease and age- 
ing.33 Combinations of two or more types of antioxidant activity can result in a 
synergistic effect; many individual antioxidants have multiple modes of action and 
in addition to the action of the chain-breaking antioxidants, there are preventative 
antioxidant techniques. These include: 

(i) the removal of oxygen using inert gas or vacuum packaging. 
(ii) the binding of metals ions using chelating or sequestrating agents such as citric 

acid, amino acids or EDTA, and 
(iii) the use of enzymes capable of catalysing the removal of reactive oxygen species 

eg., glucose oxidase, catalase, peroxidase and SOD, and the use of non-enzymic 
oxygen scavengers including ascorbic acid and ascorbyl palmitate. 

Chemical antioxidants interrupt the autoxidation propagation reactions: 

LOz' + AOH- LOzH + AO' 

LO' + AOH+ LOH + AO' 

For effective antioxidants AOH, as typified by vitamin E, the radical product seems, 
due to resonance stabilisation, insufficiently reactive to rapidly abstract a hydrogen 
from other lipid molecules. The reaction may then be terminated by combination 
of antioxidant radicals. During the action of antioxidants a pathway to products 
may include several intermediate stages of radical reactions: 

(1) radical combination where 

AO' + AO' --+ AOOA 

AO' + X'  -AOX 
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yields a new compound with paired electrons. For resonance stabilised radicals of 
antioxidants abstraction of a weakly bonded hydrogen is only possible and therefore 
these radicals prefer to combine to form dimers and further products. 

(2) oxidation-reduction by transition metals capable of effecting one electron 
transfer: 

AO' + M(I1) + H++AOH + M(II1) 

or 
AO' + M(III)+AO + M(I1) 

(3) radical disproportionation as exemplified with ascorbate to yield oxidised and 
reduced products: 

2 

L-ascorbato radical 

Ascorbic acid is a well known food antioxidant in aqueous environments. It reacts 
rapidly with 0; and very rapidly with HO;, to form a stable semidehydroascor- 
bate radical, although in the presence of Fe3+ it may act as a pro-oxidant by 
reducing the Fe3+ which in the presence of H2O2, stimulates 'OH production.* The 
overall effect of ascorbate as a radical scavenger is likely to be variable being con- 
centration dependent 68 as plant and animal tissues, and indeed organelles contain 
variable millimolar amounts of the vitamin. In postharvest and postmortem meats 
transition metals are likely to be released as cells and organelles break down and 
therefore may promote Fenton chemistry and consequently oxidation. 

Other antioxidants, the "secondary antioxidants", act by decomposing peroxides 
by converting them into non-radical products. Examples are dilauryl thiopropionate 
and thiodi propionic acid. These two compounds are approved for food use in the 
USA, but not within the EU. At present the shelf life of products with a high fat 
content is extended through the use of synthetic antioxidants including butylated 
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), propyl gallate, ascorbate 
and a-tocopherol. As indicated above the fate of these synthetic antioxidants is 
determined by the relative rates of radical-radical interactions, oxidative and reduc- 
tive systems and disproportionation. The synthetic compounds act as primary 

L-dehydroascorbate 

I, ascorbate 
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FOOD AND FREE RADICALS I65 

antioxidants, or hydrogen donors. The chain reaction is halted by the low energy 
of the antioxidant radicals so formed. 

There is a great deal of interest in the potential of naturally occurring compounds 
and in the use of food ingredients that possess antioxidant properties. Naturally 
occurring antioxidants include thiols, such as glutathione, a large number of 
phenolics, tocopherols and carotenoids. A wide range of possible biological anti- 
oxidants has been reviewed.' The search for natural antioxidants is also centred 
on the potential exploitation of plant phenolic and those found in 
the herb Rosemary. Herbs and spices are frequently used in food manufacture 
and offer an opportunity, as natural ingredients, for exploitation of their anti- 
oxidant properties." Although Rosemarinus officinalis is the only spice extracted 
for use as an antioxidant many others are added as spices and the benefit of 
the antioxidant properties is in addition to their other use as flavouring agents. 
Carotenoid pigments are widely distributed in foods. Potential mechanisms of anti- 
oxidant action have been re~iewed.~' The carotenoid molecules such as carotene 
and lycopene have an extensive system of conjugated double bonds and can act as 
photo-protective agents which can use an energy transfer process to quench singlet 
oxygen and triplet photo-chemical sensitisers. 

In lipid environments they may also have a chain-breaking antioxidant capability 
inhibiting free radical induced lipid peroxidation at low oxygen partial pressures. 
Molecules such as &carotene are very susceptible to attack by alkoxyl and peroxyl 
radicals and there is experimental evidence that carotene reacts directly with peroxyl 
radicals involved in lipid oxidation: 

carotene + LOO' __* carotene' 
The resonance-stabilized carbon centred radical (0-carotene ' ) may then be removed 
from the system in a termination reaction with another peroxyl to yield inactive 
products: 

carotene' + LOO' + inactive products 

The reactivity of &carotene towards peroxyl radicals and the stability of the 
resulting carbon centred radical enables it to exert chain-breaking antioxidant 
activity at sufficiently low O2 partial pressures. The stability of the carbon centred 
radical formed means that at low partial pressures of oxygen this form can 
predominate over the chain-carrying peroxyl form which is produced as the carbon- 
centred radical reacts reversibly with oxygen: 

P-cartoene' + 0, S 0-carotene - 00' 
The role of &carotene and other carotenoids complements the role of vitamin E 
which is effective at higher oxygen pressures. Conn et ~ 1 . ~ ~  have used pulse 
radiolysis to show that 0-carotene radical may transfer an electron to oxygen 
yielding a &carotene superoxide complex. It is interesting to note that while the 
reversible electron transfer was not observed for @-carotene such a transfer was 
shown to occur with lycopene. 

Tocopherols 

Tocopherol (vitamin E) compounds occur in lipid components of both plant and 
animal tissues. They react with a wide range of organic peroxyl radicals, although 
beta-, gamma- and delta-tocopherols are less reactive than a-tocopherol. Burton 
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166 J.K.  DONNELLY AND D.S. ROBINSON 

and Ing01d~~ have demonstrated that a-tocopherol is one of the most active 
in vitro chain-breaking antioxidants; it is also one of the best quenchers of singlet 
oxygen and reacts with 0; yielding a phenoxyl radical. Tocopherol is often used 
in conjunction with vitamin C as during reaction with lipid radicals it is oxidised 
and must therefore be regenerated for renewed antioxidant activity. The use of high 
concentrations of vitamin C to provide protection to vitamin E may be limited in 
some foods by the presence of transition metal ions and hydrogen peroxide, as the 
hydroxyl radical production would serve to increase lipid oxidation. Although lipid 
soluble antioxidants such as vitamin E are effective against lipid oxidation, when 
used in excess their action may not be entirely beneficial since their action can 
change the relative proportions of the peroxidatic products, resulting in undesirable 
 taint^.^" Also, when considering using vitamin E for antioxidant action it should 
be remembered that although the deterioration of fats and oils is delayed by the 
inclusion of this type of antioxidant, there is also evidence to suggest that these 
antioxidants may be pro-oxidants in certain non-lipid systems. 

Phenolics 
Although there is a vast number of natural phenolic compounds in plants, which 
have been reported to exhibit predominantly chain-breaking antidxidant activity, 
only a few are used in isolated form in food products, eg., the antioxidant com- 
pound carnosol, found in the herb Rosemary. Coumaric and ferulic acids have little 
antioxidant activity whereas compounds possessing free unsubstituted hydroxyl 
groups, like caffeic and gallic acids, may be significant antioxidants. However, in 
foods these anti-oxidants are not continuously regenerated, in contrast to living 
systems where there exists a synergistic and co-operative inter-action between 
antioxidant scavengers during food storage and processing when these free radical 
scavengers are slowly lost. In addition to radical chain-breaking antioxidant activity, 
it has been claimed that some phenolic compounds are able to scavenge hydroxyl 
 radical^,^^'^^ superoxide radicals 76 and quench singlet oxygen.77 However, although 
phenolic compounds, have iron chelating abilities, many are also capable of reduc- 
ing Fe'+ to Fe2+ ," and alternatively may therefore accelerate hydroperoxide 
breakdown and trigger Fenton chemistry7' and so increase lipid oxidation by 
acting as pro-oxidants. 

The concentration of flavonoids within plant cells is relatively high (often > 
1 mM) and although not all may be available, perhaps due to their compartmen- 
talisation, scavenging of 0; and other radicals is likely to be significant. There is 
now evidence that flavonoids are able to inhibit non-enzymic lipid oxidation," 
lipoxygenase catalysed" and xanthine oxidase induced lipid oxidation,82 as well as 
singlet oxygen induced bleaching of the carotenoid pigment, ~roc in . '~  Flavonoids 
exhibiting antioxidant activity have been identified and isolated from soya beans.84 
Flavonoids in soya beans may be present as iso-flavanoids with a rearranged C15 
skeleton. The isoflavones exhibit less potent antioxidant activity than the flavones, 
flavanones and chalcones, since they lack the 3,4-dihydroxyphenyl structure which 
is significant in antioxidative action. 

Compounds exhibiting antioxidant properties may be produced as a consequence 
of thermal processing during food man~facture, '~ for example, Maillard reaction 
products have been shown to provide protection from oxidative degradation of 
lipid. Protein hydrolysates, wood smoke and fermentation products, such as tempeh 
and miso can also act as process-induced inhibitors of lipid ~xidation. '~ Bertelsen 
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et aLE6 investigated the antioxidant activity of pea fibre in meat products and 
found that surface lipid oxidation and colour loss could be decreased. The use of 
proteins from plant sources as functional ingredients in manufactured food is an 
area of current interest amongst food scientists. Swan~on '~  has pointed to the 
advantageous functional properties eg., improvement in colour, which may be 
accompanied by increased oxidative stability of food through such exploitation of 
proteinaceous material. A number of proteins have been shown to inhibit oxidation, 
eg. casein" and soya pr~te in . '~  The antioxidant activity of proteins may be due to 
their radical scavenging or metal-binding activities. Oxidation of a tocopherol-free 
corn oil in a freeze dried model system containing carboxymethyl cellulose was 
found to be inhibited on addition of protein hydrolysates,w which lengthened the 
lag phase. Some amino acids are able to exert antioxidant activity, although the 
action is complex and dependent on a number of factors such as pH and 
temperature.85 

Superoxide Dism utase 

In 1954 Gershman et al.9' proposed that the damaging effects of oxygen within the 
cellular environment were due to oxygen radicals, but the existence of oxygen 
radicals in a cellular environment was not widely accepted until 1969 when McCord 
and Fridovich" discovered the role of the enzyme SOD (EC 1.15.1.1). SOD is 
considered to be the first line of defence against oxygen toxicity as it converts 0; 
to H,02 which may then be removed by peroxidases and catalase. It is commonly 
believed that 0; is the sole substrate for SOD, although B ~ r s ~ ~  and Bors et al. 94 
have suggested that the Cu/Zn-SOD reacts with peroxyl radicals with rate constants 
comparable to those for the dismutation of 0;. Bors et aLW have recently sug- 
gested that SOD has unique properties at the protein surface having possibly evolved 
as a "general purpose radical scavenging protein". Nice and Robinson69 have 
described an interaction of both bovine SOD and pea SOD with pea phenolic frac- 
tion to produce a high molecular weight thermostable antioxidant which is possibly 
a radical scavenging protein. 

The various metalloforms of SOD have been found in a wide range of fresh food 
 source^.^' However the precise role of SOD in foods is not known, its influence on 
the preservation of fresh food quality is yet to be established, although it is likely 
that SOD is present in all fresh food sources. On harvest, a high antioxidant status 
in plant tissue, which may be specific to a particular cultivar, could make a positive 
contribution to the quality of seeds, fruits and tubers.% Our knowledge of the 
organisation of antioxidant defences, in particular species and inter-cultivar varia- 
tions, and the potential for response to a variety of environmental conditions should 
be significant in plant breeding programmes. 

Genetically modified plants may have a role in the control of fruit ripening and 
in the loss of quality due to peroxidase activity in harvested fruit and vegetables. 
Fruit ripening arises through complex biochemical changes which include lipid 
peroxidation, production of H202 and the deterioration of cell structures; as 0; 
is involved in many of the ripening changes it is likely that SOD has a significant 
role in the control of the ripening process. Wounding of plant tissue causes the 
releases of compounds such as ferredoxins, diphenols, pteridines and reduced 
flavins which easily autoxidise in the presence of oxygen to produce oxyradicals. 
In vivo fluxes in SOD activity in response to tissue wounding occur.97 Sunscald 
injury in plants is also related to enhanced 0; production. SOD activity has been 
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168 J.K. DONNELLY AND D.S. ROBINSON 

shown to increase during the ripening of tomatoes, supplementing the protective 
action of the caro tenoid~.~~ 

0; can oxidise nutrients such as ascorbate and vitamin E and so SOD may have 
a significant role in nutrient protection in fresh foods. In many highly-processed 
products SOD may have been destroyed as some indigenous sources may not be suf- 
ficiently thermostable: in addition food processing may remove SOD from its in 
vivo environment and thus it may be exposed to different pH values and ionic 
strengths. Graveland et dg9 have suggested that 0; plays a role in dough 
rheology, possibly as a reductant of wheat gluten disulphide bonds during the mix- 
ing of the dough. However endogenous SOD may have a negative effect on dough 
development by scavenging 0; ." Non-enzymic oxidation is thought to occur 
throughout beer production and also in the finished product. It has been considered 
that since barley SOD is not thermostable the incorporation of a heat stable SOD, 
eg., purified from soya beans may be desirable.lm A method of partial purification 
for the production of soya bean SOD has already been published"' and other 
potential sources of heat stable SOD include yeast.'" It should be noted that if 
SOD is used in beers and other pasteurised beverages to prevent staling, catalase 
may also be required to remove the H,O, generated. Although SOD has been 
patented as a food antioxidant'03 the feasibility of using SOD as a natural food 
antioxidant is not yet known, since we understand so little about the function of 
the enzyme under the different conditions which exist in food products or during 
the processing of foods. 

TABLE 2 
Dose requirement in various applications of food irradiation 

Purpose Dose (kGy)a Products 

Low Dose (up to I kGy) 
(a) Inhibition of sprouting 

(b) Insection disinfestation and parasite 
disinfection 

(c) Delay of physiological process (eg. 

Medium dose (1-10 kGy) 
(a) Extension of shelf life 
(b) Elimination of spoilage and 

pathogenic micro-organisms 
(c) Improving technological properties 

of food 

ripening) 

High dose (10-50 kCy)b 
(a) Industrial sterilisation (in 

combination with mild heat) 
(b) Decontamination of certain food 

additives and ingredients 

0.05-0.15 

0.15-0.50 

0.50-1 .O 

Potatoes, onions, garlic, ginger-root, 
etc. 

Cereals and pulses, fresh dried fruits, 
dried fish and meat, fresh pork, 
etc. 

Fresh fruits and vegetables 

1 .O-3.0 
I .O-7.0 

2.0-7 .O 

30-50 

10-50 

Fresh fish, strawberries, etc. 
Fresh and frozen seafood, raw or 

frozen poultry and meat, etc. 
Grapes (increasing juice yield), 

dehydrated vegetables (reduced 
cooking time), etc. 

Meat, poultry, seafood, prepared 
foods, sterilised hospital diets 

Spices, enzyme preparations, natural 
gum, etc. 

aGy: gray - unit used to measure absorbed dose. 

Reproduced, with permission from WHO, from: Food Irradiation: a technique for  preserving and 
improving the ssfety of food .  Published by the World Health Organization in collaboration with the 
Food and Agriculture Organization of the United Nations, Geneva, 1988, Table 1, p. 34. 

used for special purposes. 
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Food Irradiation 

It is appropriate here to discuss irradiation of foods, firstly because free radicals 
are generated within the foodstuff and secondly because the process is increasingly 
receiving recognition and use world wide. Indeed its effectiveness depends on the 
generation of free radicals. Thus for reasons given earlier the use of irradiation of 
foods is therefore self-limiting. Food irradiation processes have been used in many 
countries for more than 35 years. Uses (see Table 2) include the delay of fruit ripen- 
ing, elimination of pathogens and the product of shelf-stable sterile products and 
sterile ingredients. An expert committee under the auspices of the World Health 
Organisation, Food and Agriculture Organisation and International Atomic Energy 
Authority declared in 1980 that foods irradiated up to a dose of 10 kGy presented 
no toxicological hazard for human consumption.lM The dose requirement for 
various applications of food irradiation are presented in Table 2. 

The forms of ionising energy used for food irradiation include accelerated elec- 
trons, gamma rays and x-rays. Food irradiation is successful because the major com- 
ponent of foods is water, thus exposure of food to high energy ionising radiation 
results in the production of OH' radicals which may cause damage to living cells 
where DNA seems particularly susceptible to disruption, by several processes 
including base hydroxylation. Thus irradiation is an effective technique for the 
disinfestation and decontamination of food. Formation of primary radical species 
from the radiolysis of water occurs via the following series of reactions (in which 
H20 '  represents a water molecule in an excited state):"' 

H 2 0 t  + e, 
H,O*+ 'OH + H' 

H,O+ + H , 0 d H 3 0 t  + 'OH 

Hydrated electrons produced during radiolysis 

ea; + 0, + 0; 
may reduce dissolved oxygen in water to superoxide, thus permitting production via 
the Fenton reaction of further 'OH radicals in the presence of transition metal ions. 
These 'OH radicals may in turn create organic peroxyl radicals through the reaction 
of generated organic free radicals with molecular oxygen. 

At present the ability of 'OH radicals to initiate lipid oxidation chain reactions 
prevents the successful irradiation of foods with a high fat content, because of the 
undesirable flavours produced. This may be overcome in future by the inclusion 
of radical scavenging antioxidants such as SOD, although it should be remembered 
that the successful use of irradiation as a pasteurisation and sterilisation technique 
depends upon the disruption of DNA by oxyradicals. SOD has been found to 
exert a protective effect against irradiation in viruses, suspensions of bacteria, 
mammalian cell cultures and whole mice.IM Chakraborti and Chatterjee lo' have 
demonstrated that irradiation of living plants resulted in an increase in the con- 
centrations of the antioxidant enzymes SOD, cataiase and peroxidase. Gee et al.'OB 
reported that whilst an irradiation dose of 5 kGy was found to cause extensive 
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170 J.K. DONNELLY AND D.S. ROBINSON 

inhibition of alcohol dehydrogenase, the inhibition was enhanced by oxygen and 
lessened by SOD. Although SOD could be added to preserve the nutritional 
value of irradiated food products, it may provide protection for the pathogenic 
organisms.'Og 

Irradiation of horseradish peroxidase using a @%o source was found to cause a 
loss of enzymic activity which was highest in the presence of oxygen saturated water, 
suggesting that hydroxyl and peroxyl radicals were responsible for the loss of 
activity."' The inactivation was probably the result of secondary attack on perox- 
idase by free radicals produced from water during the irradiation process. The 
accumulation of phenolic components in irradiated citrus fruits was considered to 
be due to enhanced activity of the enzyme phenylalanine ammonia lyase."' 
Increases in peroxidatic activity a few weeks after irradiation of citrus fruits have 
also been reported."' The major objective of irradiation of climacteric fruits is 
extension of post harvest storage life by slowing ripening and subsequent senescence 
through inhibition of biosynthesis of the key enzymes involved. 

For low doses of irradiation (C 1 kGy) any loss of nutrients may be considered 
to be of little consequence. In the range 1-10 kGy, some vitamin losses may occur. 
As with other preservation techniques, in food irradiation there is a trade-off 
between the desirable aspects, eg. pasteurisation, control of pests, delay of sprouting 
in vegetables, ripening of fruit, and the extension of shelf life, with the potential 
loss of micro nutrients, especially vitamins. Whilst riboflavin, niacin and vitamin 
D concentrations may be largely unaffected by irradiation at low doses, vitamins 
A, B, C, E and K may be more sensitive.'" The lack of precise quantitative data 
for such losses at first sight seems absurd and open to criticism. However to the 
analyst the acquisition of accurate meaningful data for the loss of small amounts 
of nutrients from a wide range of highly variable complex food materials derived 
from different cultivars is more than a considerable challenge. Individual reports 
can only provide indications of the likely expected losses of trace nutrients in the 
selected samples. 

Detection of Irradiated Foods 
Irrespective of the method of food irradiation, it is considered a cold process, and 
at appropriate levels it does not alter the physical appearance of the food and 
therefore there is suspicion amongst consumers about control procedures, the possi- 
ble abuse of excessive irradiation to reduce an unacceptable microbial load and the 
ability of authorities to enforce labelling legislation. It has proved difficult to devise 
simple and reliable tests which may be routinely used to exclusively detect irradiated 
food products, and although no particular method is suitable for all foods, several 
techniques are being developed for a range of food commodities; the main techni- 
ques are electron spin resonance (ESR) spectroscopy, therrnoluminescence and the 
detection of products from irradiated lipids. Reviews of these techniques has been 
~ompiled,l '~-"~ which conclude that there will not be a single test for detecting 
irradiated foods, but more likely a combination of techniques will be used. 

The thermoluminescence (TL) method relies on the distinction between the levels 
of light emitted when irradiated and non-irradiated food samples are heated from 
ambient temperature to below combustion. The technique has been considered as 
suitable for herbs and spices and vegetables where the mineral debris adhering to 
the food, which is responsible for the signal, may be separated and re-irradiated. 
Goksu-Ogelman and Regulla"' found that dust samples emitted a significant TL 
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signal only if prepared from irradiated rather than unirradiated spices. The use of 
chemiluminescence may also be considered as a detection technique for irradiated 
spices and other foods, although strong chemiluminesence signals are thought to 
be associated with thermally induced radicals. Thus unknown heat treatment may 
result in false positives.''4 

The ESR spectroscopy technique relies upon the trapping of free radicals formed 
in food during the irradiation process. Generally, upon irradiation of food, the free 
radicals which are generated are short lived, but some radicals are trapped in the 
hard, dry components of the food where the rigid structure of the matrix inhibits 
radicals reacting with each other, or with food components in the wet portion of 
the food. The technique has been applied to foods such as fish, shellfish, meat, fruit 
and nuts where stable radiation induced free radicals may be detected in the hard 
matrices (eg., bone, shell, pips, stones etc) by ESR spectroscopy of a suitable sam- 
ple. At present, the ESR technique is mainly qualitative as a number of factors may 
influence the intensity of the radiation-induced signal, for example, the method of 
sample preparation, the irradiation dose, the length and temperature of storage and 
post-irradiation processing. There is also some evidence to suggest that free radical 
composition and thus ESR signals may depend on other biological factors such as 
the age and part of the carcass sampled and be species dependent. Studies using 
the cuticle of Norway lobster'16 have indicated that whilst the ESR signal intensity 
increases with irradiation dose, the signal decreases slowly on storage; this factor 
would need to be considered if a quantitative measurement was required following 
the irradiation treatment. A collaborative European inter-laboratory trial on the use 
of ESR for the identification of irradiated indicated that qualitative results 
on irradiated beef bones, dried grapes and papaya were encouraging although less 
conclusive results were obtained for trout bones, sardine scales and pistachio nut 
shells. All the laboratories involved in the study were able to distinguish between 
chicken bones irradiated at 1-3 and 7-10 kGy. 

The detection of volatile compounds from irradiated lipid-containing foods 
involves the measurement of appropriate markers such as tetradecene, hexadeca- 
diene and heptadecene since the concentration of these compounds is known to 
increase with an increase in the irradiation dose applied. Although the dose response 
relationship may be exploited in the future, at present the technique is only 
qualitative as factors such as the effect of processing and the stability of long-chain 
hydrocarbons are not well known. The technique has been applied to high fat foods 
such as chicken. 2-Alkylcyclobutanones are a series of cyclic compounds formed 
from their parent fatty acids on irradiation. One such radiolytic compound which 
acts as a marker for irradiation in chicken meat is 2-dodecylcyclobutanone formed 
from palmitic acid. This cyclic compound has been detected in meat irradiated at 
doses c 10kGy,''8*"9 but was not detectable in unirradiated food. The quantity 
produced has been shown to increase linearly with irradiation doses up to 10 kGy 
in fresh chicken meat I2O and up to 60 kGy in frozen chicken meat."' 

Another approach to the detection of foods which have been irradiated involves 
analysis of mitochondria1 DNA contained within the food, to detect strand breaks 
which will indicate that irradiation has been used. This technique may be suitable 
for the wide range of non-fatty foods lacking the suitable characteristics for the ESR 
spectroscopy or luminescence measurements. In addition some techniques have been 
focused on investigating irradiation-generated modified DNA bases. Products such 
as 8-hydroxyguanine and thymine glycol can act as markers and provide an index 
of oxidative attack on DNA." Gray and Mower'" have proposed that in fruit 
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172 J.K. DONNELLY AND D.S. ROBINSON 

such as the papaya which has a high concentration of mono- and disaccharides, the 
derivatives from reactions between irradiation-generated * OH radicals and these 
simple sugars, eg., malonaldehyde, may be of interest as post-irradiation detection 
markers. The sugars are thought to act as quenching agents, preventing alternative 
'OH reactions when papaya juice is exposed to gamma rays. Mower and co- 
workers suggest that secondary irradiation generated products from the reaction 
of 'OH with food substances may be minimal in the papaya fruit, although the 
scavenging effect of this fruit juice has not been observed to the same extent in other 
fruits. 
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