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Chapter one

GENERAL INTRODUCTION

1.1 Lipid oxidation in general

Oxidative spoilage of lipids has become increasingly important to both the food
producer and the consumer, due to several reasons. Firstly, polyunsaturated lipids
are an obligatory part of healthy modern diets, secondly, usage of food antioxidants
is still unappealing to consumers and, finally, the practice of enriching some food
products with minerals like iron renders them, in some cases, susceptible to
oxidation'. Certain additives (e.g., colourants, flavourings) used in the food
industry may promote oxidation of lipids as well. While a certain level of oxidative
changes that occur in lipid containing foods during various technological processes
may be welcome (e.g., cured ham, fermented sausage, scveral types of cheese), the
undesirable oxidation of oils and edible fats may often induce product
discolouration, polymerisation and nutritional loss’. Chemical and physical
changes which occur in stored food products due to lipid oxidation are usually
followed by deterioration of organoleptic properties, which is defined as oxidative
rancidity.

Rancid lipids in foods not only decrease their organoleptic value, but also
constitute health hazards. It has been reported that primary and secondary lipid
oxidation products may affect vital cell functions by damaging proteins,
membranes and biological components’. Over-consumption of oxidised fat may
result in poor growth rate, cardiomyopathy and a generalised myopathy,
hepatomegaly, hemolytic anemia as well as proliferation of the lymphatic system®.
In general, the toxicity of lipid oxidation products leads to increased degenerative
processes in the human body and accelerates ageing’”®. Some authors have
indicated that primary products of lipid oxidation (lipid hydroperoxides and
oxidised cholesterol) can promote tumor formation, while malonaldehyde, a
secondary lipid oxidation product, can act as a catalyst resulting in substances (e.g.
N-nitrosamines) with a high risk of mutagenesis’. More detailed definitions of
primary and secondary products of lipid oxidation will be given in the succeeding
sections of this chapter.
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The need to protect food lipids from oxidation in order to supply the
consumer with wholesome, safe and palatable food products is of utmost concern
for food chemists and technologists. The usage of antioxidants in modern food
manufacturing, therefore, should be perceived as a requirement, not just as a
necessary evil'.

1.2 Food lipid oxidation mechanisms

1.2.1 Free radical autoxidation

Autoxidation is generally defined as a reaction with molecular oxygen via a self-
catalytic mechanism®. Autoxidation that occurs in foods and bulk oils leads to
formation of off-flavours. Living organisms have their own protective mechanisms
(e.g. flavonoids, antioxidant vitamins E and C, and the enzymes superoxide
dismutase, and glutathione peroxidase) to counteract reactive free radicals, which
are key intermediates in autoxidation processes. This is the reason why living
matter does not become rancid®.

Free radicals are atoms or groups of atoms that possess one or more
unpaired valence electrons and are capable of mostly short independent existence.
This wide definition also covers transition metals, the hydrogen atom and the
oxygen molecule’. The most important pathway of rancidification of food lipids
follows the so-called classical free radical antoxidation mechanism.

Direct oxidation of unsaturated fats has a high activation energy (~ 35 to
65 kcal/mol) and is thus, under normal storage conditions, thermodynamically
improbable'’. Unsaturated lipids (RH), however, may undergo oxidation that starts
by formation of resonance stabilised allylic free radicals through the action of trace
metals, metalloproteins, enzymes, microorganisms, high temperatures, light or
other types of radiation™'. The chain reaction of lipid oxidation may be divided
into three phases: initiation, propagation and termination. The initiation step
(Scheme 1.1) starts at an aliylic methylene group of an unsaturated lipid molecule
and may be catalysed by one or several of the phenomena mentioned above'”, The
exact mechanism of the generation of the initial free radicals is still
controversial®'%.

The free radicals generated during the initiation step react further with a
molecule of ground state triplet oxygen {a diradical) via a radical-radical coupling
mechanism' producing a peroxy radical ROO" (Scheme 1.2. [a]). This peroxy
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radical reacts further with a lipid molecule to form another free allylic radical and a
hydroperoxide ROOH, the initial product of lipid oxidation (Scheme 1.2. [b]).

M= M’ \=/.\'\ + H.

v e tabyst . [T
= b e SR AL+ G

Scheme 1.1 Formation of free radicals during the initiation step of
lipid autoxidation.

0- 0-OH 0-0-
S N e VU NG Ny []

O H OH

~—N e A T s e [d]

~—AL F OH e AU+ HO [e]
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~— — ~— + e0H (1]
O-~OH

0-0-
~A o+ i — L & HoO [e]

Scheme 1.2 The propagation step of lipid autoxidation.

The formed hydroperoxides are subject to fragmentation, which can be
accelerated by heat, metal ions, or UV light'* and may follow a monomolecular
(Scheme 1.2. [f]) or bimolecular [f]+[g] route depending on the amount of energy
absorbed and on the concentration of ROOH.
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The free radical formed during the reactions [b], [d] and [e] of the
propagation step (Scheme 1.2.) re-enters lipid oxidation, making this reaction to a
self-propagating chain process. The reaction of a free radical with oxygen [a]
requires almost no activation energy''. The abstraction of a hydrogen atom from an
unsaturated lipid molecule [b] is the rate-determining step'’, which highly depends
on bond dissociation energics. The degree of unsaturation and the length of the
fatty acid influence the C—H bond strength at methylene groups next to double
bonds, which are the most susceptible parts of triglycerides. The C—H bond at a
double allylic methylene group of linoleic acid has a 1.5 times weaker bond
strength than a methylene C—H bond at the position ¢ of the double bond of oleic
acid'!. Relative rates of oxidation for arachidonic, linolenic, linoleic and oleic acid
are about 40:20:10:1, respectively®. High amounts of free fatty acids also accelerate
oxidation, since fatty acids in a free form react faster than when they are esterified
to glycerol’®. During the propagation step, linoleic acid or more highly unsaturated
fatty acids may form conjugated hydroperoxides (Scheme 1.3).

e i]; R Ji)&- E&( H '\_—;/'\“\_\'/" -------
3 0-0 i 0-0H
0-0- O-0H
Conjugated
bydroperoxides
Scheme 1.3 Formation of conjugated hydroperoxides during oxida-

tion of polyunsaturated faity acids”.

The termination step occurs when free radicals react among themselves
yielding non-radical products (Scheme 1.4).

At low oxygen conditions, the termination mostly follows the reactions {a],
[b] and [¢]'’. In an oxygen saturated atmosphere, the predominant termination
pathway is the reaction among two peroxyl radicals [e] due to rapid coupling of
allylic radicals with molecular oxygen'""". Hydroperoxides formed during radical
chain-reactions as well as peroxides that derive from other mechanisms of lipid
oxidation (e.g. photooxidation, enzymatic oxidation) may further undergo various
changes, which will be discussed later in this chapter.



Chapter one

2 N —— i_:l\ [a]

0- =
~—~ b S — i/r\\( [b]

0-0- =
e T

Q- /'—_\(
{d]

:
| |

0-0-
. E/J\ — Qr® + O €]

9

Scheme 1.4 Radical reactions that constitute the termination step of

lipid oxidation.

1.2.2  Photooxidation

Formation of singlet oxygen ('O;) through a photochemical reaction in the
presence of a sensitiser initiates a rancidification process in edible oils, which is
called photosensitised oxidation. Together with photolytic autoxidation (primary
formation of free radicals from lipids exposed to light), photosensitised oxidation
plays a significant role in spoilage of fat containing foods that are stored in light'’,

Some synthetic dyes as well as natural pigments (e.g. chlorophyll,
pheophytin, hematoporphyrins, riboflavin and myoglobin}, when being
photochemically excited, can donate energy to triplet oxygen and eventually yield
singlet oxygen'"'""". Singlet oxygen, being a very electrophilic compound, easily
reacts with electron-rich unsaturated fatty acids and forms primary free radicals
that trigger the chain reaction of lipid oxidation.
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1.2.3  Enzyme-initiated Hpid oxidation

Crushing or otherwise physically processing animal or vegetable tissue releases
lipases that start off lipolysis of glycerides, glycolipids and phospholipids. The free
fatty acids produced, in the first place unsaturated ones, may further react with
lipoxygenases, which are broadly available in plant and animal tissues™',
Lipoxygenase isoenzymes that are able to react with triglycerides directly are less
frequently encountered. The lipoxygenase enzymatic reaction leads to specific
hydroperoxides, which may enter reaction with hydroperoxide lyase or may break
down and enter the chain of free radical oxidation reactions. Hydroperoxide lyase
is able to convert the hydroperoxide to aldehydes, ketols, divinyl ether fatty acids,

epoxy hydroxy fatty acids and trihydroxy fatty acids’.

1.2.4  Meta-catalysed lipid oxidation

Metals naturally occur in trace amounts'’ (107 to 500 mg/kg) in all food materials
of plant and animal origin. Under natural conditions, the presence of water and
other constituents of biological systems seem to reduce the accelerating effect of
metals on lipid oxidation. However, pure fats and oils are very susceptible to
oxidation by trace amounts of metals. Grinding, deboning, and heating meat as
well as products containing vegetable oils release active metals from inactive
bound complexes and mobilise them for the catalysis of lipid oxidation, Metal-
catalysed lipid oxidation normally involves a one electron transfer between the
metal with two or more valency states (Fe, Cu, Ni, Co, and Mn) and a lipid
molecule. The mechanisms of such reactions are rather complicated and are grossly
dependent on the amount and form of the trace metals available™. There are two
steps of lipid oxidation in which metal ions play the most significant role.

Firstly, the activation energy of the initiation step in presence of trace
metals is reduced to 15-25 kcal/mol'®. Thus, transition metals may generate free
radicals directly from unsaturated fatty acid via a single-electron transfer and
proton abstraction®*”. Dependently on the available form of metal and oxygen,
metal ions can interact with triplet oxygen to generate superoxide radicals (Scheme
1.5).




Chapter one

J

M(n+1)+ -—“C HOO* M™

“O\/é

Scheme 1.5 Generation of superoxide radicals by metal ions.

Secondly, fransition metals increase the rate of decomposition of
hydroperoxides and promote the branching steps of lipid autoxidation. Depending
on the metal ion, cither a alkoxy or a peroxyl radical may be generated™'*?
(Scheme 1.6).

ROOH ROO"

J

H
Y Gl %HZO M

RO’ ROOH'

@

Scheme 1.6 Decomposition of hydroperoxides catalysed by transi-

tion metals.

1.2.5  Formation of secondary products of lipid oxidation

Most of the hydroperoxides, the primary products of food lipid autoxidation, are
predominantly derived from unsaturated fatty acids, such as oleic, linoleic,
linolenic and arachidonic acid. These hydroperoxides can break down further and
react among themselves as well as with other food components following various
mechanisms. Formation of the secondary products of lipid peroxidation starts up
soon after the first lipid hydroperoxides are generated. The plentitude of volatile
products such as saturated and unsaturated aldehydes (butanal, hexanal, heptanal,
(Z)-3-hexenal, (Z)-4-heptenal, (£)-6-nonenal, (£ Z2)-24-heptadienal, (£ 2)-2.6-
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nonadienal, (E,Z,72)-2.4,7-decatrienal), acids (acetic, butyric, hexanoic, 2-octenoic),
alcohols (1-heptanol, 2-heptanol, 2-nonanol, (£)-2-octen-1-oi, 1-octen-3-ol), esters
{(ethyl butanoate, ethyl pentancate), and ketones (2-hexanone, 2-heptanone, 2-
octanone, oct-l-ene-3-one, 1-penten-3-one, (7)-1-5-octadien-3-one), which is
formed during the breakdown of hydroperoxides, contributes to the rancid off-
flavour formation'*'*'®. Due to the low threshold of the volatiles formed (Table
1.1}, their off-flavour can be detected in oil long before formation of peroxides
reaches its maximum. The outcome of advanced oxidation in foods may be
alteration in colour, loss of solubility and other technological properties, decrease
of nutritive value and reduced shelf life (Figure 1.1).

Table 1.1 Threshold values of volatiles formed during oil oxida-
tion’*
Compounds Threshold (ppm)
Hydrocarbons 90-2150
Substituted furans 2-27
Vinyl alcohols 0.5-3
1-Alkenes 0.02-9
2-Alkenals 0.04-2.5
Alkanals 0.04-1.0
{E.E)-2,4-Alkadienals 0.04-0.3
Alkadienals with isolated double bonds 0.602-0.3
(£)-Alkenals with isolated double bonds 0.0003-0.1
(E,Z)-Alkadienals 0.002-0.006
Vinyl ketones 0.00002-0.007

Decomposition of monohydroperoxides occurs by homolytic and
heterolytic cleavage mechanisms™. As a result of homolytic cleavage, alkoxy
radicals are rapidly produced from their precursors by loss of hydroxyl radical
(Scheme 1.7). The alkoxy radicals can further undergo homolytic fS-scission of a
C—C bond to vield oxo-compounds and an alkyl or ailkenyl radical. Alkyl and
alkenyl radicals as well as the aldehyde produced may undergo further oxidation
yielding various saturated and unsaturated hydrocarbons, alcohols, aldehydes and
secondary hydroperoxides''*'. These secondary hydroperoxides may form an
aldehyde or they can undergo further C—C cleavage producing new shorter length
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alkyl radicals. It has been reported, for example, that homolytic cleavage of 13-
hydroperoxy methyl linoleate, affords pentane, methyl-13-0x0-9,1 1 -tridecadienoate
and hexanal, while methyl octanoate, 2,4-decadienal and methyl-9-oxononanoate
are produced during homolytic cleavage of 9-hydroperoxy methyl linoleate™.

Unsaturated fatty acids or triglyeerides

+ catalyst
Free radicals

+ oxygen

Hydroperoxides

/ v \

Breakdown products Polvmerisation products Oxidation of other food
components
Secondary oxidation Possibly toxic, dark Insolubilisation of
products (aldehydes, coloured compounds proteins, destruction of
ketones, lactones, furans, pigments, vitamins,
acids, alcohols, flavour and aroma
hydrocarbons, epoxides, compounds

etc.) cause rancid off-
flavours and odour,
destruction of essential
fatty acids and browning
reactions with proteins

Figure 1.1 Overall mechanisms involved in lipid oxidation'"".

H »‘)
f ]3? R -:O-H (—C R P-scission
10z " {o:

H—~C Dl N R, - R,—CH» - R; = (CH;:CH;
” R2 = (CHz)ﬁc()zMe

Scheme 1.7 Homolytic cleavage of 13-O0H methyl linoleate
hydroperoxide'”.



General introduction

Under acidic conditions, heterolytic cleavage between the hydroperoxide
group and the allylic double bond occurs (Scheme 1.8). This results in carbocation
intermediates from which a broad variety of characteristic carbonyl compounds are
derived. For example, heterolytically cleavaged methyl linoleate hydroperoxides
sclectively form hexanal, methyl-9-oxononanoate, nonanal, and methyl-12-

oxododecanoate®”,

H @ H -H,O
Rl/‘l\a(f_m R, _H, Rl/\c‘}_///\z/\ R, T
I
OOH O _H
oL
¢ H
T = H0 T == —
R, g_- 0._/\.1/\ R, —» R, (I:_. OM R, e— —
90H2
e = —HY o I
R, ?_. gM R, — - RI/\\("j + HO —_ R,
¥ 0 i
“H
- /\:/\\
Ry = (CHo):CH, =4 R:

R2 = (CH2)6C02Me

Scheme 1.8 Heterolytic cleavage of 13-O0H methyl linoleate
hydroperoxide.

Various epoxides can be formed from unsaturated alkoxy and peroxy
radicals (Scheme 1.9).

—~CH=CH-CH- —» —CH-CH-CH- of —CH-CH- —» -CH-CH- + RO'
] N I N/

0 O .0 .
0
R

Scheme 1.9 Formation of epoxides from alkoxy and peroxy radi-

cals®.

Primary hydroperoxides of unsaturated fatty acids may form cyclic
peroxides (Scheme 1.10). The amount of cyclic peroxides detected in products of
methyl linolenate oxidation is of the same order of magnitude as that of the
monohydroperoxides.

10
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HO/O / * 0/0
. OOH
. N _—poz; H /\I_ON
0—-0 0—0
Jo2 H
Q. .
o + 1somers
\O
OOH

Scheme 1.10  Mechanism of 1,3-cyclisation of 13-hydroperoxide of

linolenate.

" Hydroperoxides formed during primary and secondary steps of oxidation
can also condense to cyclic and acyclic dimers and polymers which may, in their
turn, further oxidise and breakdown forming a multitude of volatile products®. A
conjugated double-bond system formed during linoleate oxidation can react with
linoleate (or with oleate) and vield a tetrasubstituted cyclohexene (Scheme 1.11).

HCs
2 CHy

(CH)CO:Me
MeG,C(CHa )

Scheme 1.11 A cyclic dimer formed during oxidation of linoleaie®.

An acyclic dimer can be generated when two oleate allyl radicals react.
The reaction between oleate and its allyl radical may form cyclic saturated
hydrocarbons (Scheme 1.12).

The formation mechanisms and presence of substituted furans, epoxy
aldehydes, ketones, lactones, alkynes and aromatic compounds among
hydroperoxide decomposition products are still not fully explained®,

11
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Rl—(_?H—CHZCH—Rz R,—~CH-CH=CH-R,
L + _’
R;—CH-CH=CH-R,4 R;—CH-CH=CH-R,4

Acyclic diene
or

R\—CH-CH=CH-R, R,—~CH-CH=CH-R; . R,-CH-CH-CH-R,

+ — . ﬂb
R;—CH,-CH=CH-R, R;—CHCH-CH-R, R3-CH;-CH-CH:-R4
Acyclic monoene
e q
R—CH-CH-CH-R: . R,-CH CH-R;
H
R;—CH,-CH-CH-R,4 R;—CH,—CH-CH-R,
Monocyclic satd.

Scheme 1.12  Reactions of oleate allyl radicals’.

1.3 Prevention of lipid oxidation by antioxidants

One of the natural mechanisms used by all aerobic organisms, including humans, to
counteract autoxidation is the utilisation of a variety of antioxidant defence
systems, which can be non-enzymatic or enzymatic. A spacious definition that
covers antioxidative compounds acting in vive was proposed by Halliwell and co-
workers®. According to these authors, “an antioxidant is any substance that, when
present at low concentrations compared to those of an oxidisable substrate,
significantly delays or prevents oxidation of that substrate”. In food science,
antioxidants are wvsually defined as “naturally present or added substances that
retard the onset or slow down the rate of oxidation of oil or food lipids™.

Since 1947, antioxidants and their combinations are used in U.S.A. food
industry to protect oils, fats and fat containing foods from oxidative deterioration™,
These compounds cannot reverse advanced oxidation of food lipids, or improve the
quality of the product. The function of food antioxidants is to maintain the quality
and extend the shelf life of oils, fats and fat containing foods by preventing
oxidation of labile lipid components and consequently delaying negative oxidative
changes in foods (¢.g. loss of nutritive value, decrease in solubility, browning,
discolouration, etc.).

12
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Almost half a century of research on food antioxidants has led to several
different classification systems. The mechanism of antioxidative action, the
occurrence in nature, the enzymatic/non-enzymatic character of inhibition are just
some of them. A certain confusion when defining secondary antioxidants and
synergists of antioxidation can be noticed in the literature''%'*?",

1.3.1  Primary and secondary antioxidants

By far the most common way to classify antioxidants is to divide them into two
mechanistically distinct groups: primary and secondary antioxidants. According to
their mode of action, they can also be named as chain-breaking and preventive
antioxidants.

Antioxidants belonging to the class of primary antioxidants delay or inhibit
the initiation step and interrupt the propagation step of the radical chain reaction.
Primary antioxidants (AH) function by a radical chain-breaking mechamism that
involves hydrogen donation to peroxy or oxy free radicals (Scheme 1.13 [a] and
[b]). Antioxidants may also react directly with lipid radicals [¢]. Such reactions
result in lipid derivatives and a more stable antioxidant radical (A®)'®*"*.

o ~OH
E/(lJ\OJFAH—'\_——i"'A. fa]

Q-

OH
\—_)\+AH—"¥—)\+A' [b]

H
\“://.\\ + AH —» E)\ + AT [c]

Scheme 1,13 Free radical scavenging by a primary antioxidant.

The propagation is a relatively slow step in lipid oxidation, therefore the
peroxy radical which is formed during this step (Scheme 1.2 [a], [c}) is the major
lipid radical at normal oxygen pressures. Moreover, peroxy radicals have lower
energies than other radicals in the system (e.g. alkoxy)®. Thus, the reaction [a] in
Scheme 1.13 influences the overall inhibition rate constant most strongly and is
more important than reactions [b] and [¢]"**.
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The antioxidant radical A* may enter termination reactions with peroxy,
oxy and other types or radicals yielding stable non-radical products (Scheme 1.14).

0-0- 0-0A
\=)\ + A I \=)\ [a]
O 0OA
¥—)\ + A — E)\ [b]
A
E/;\ + A —— \=)\ [C]

2 A — A—A [d}

Scheme 1.14 Termination reactions in which the antioxidant radical
A" takes part.

The majority of antioxidants presently used are primary antioxidants which
are mono- or polyhydroxy phenols that have various ring substitutions: synthetic
phenolics (BHT, BHA, TBHQ, PG); tocopherols; plant phenolics (simple
phenolics, phenolic acids, anthocyanins, hydroxycinnamic acid derivatives and
flavonoids). Hydrophilic primary antioxidants such as ascorbic acid, glutathione
and certain amino acids (e.g. histidine, tyrosine, tryptophan, cysteine, proline and
lysine) are reported to be able to scavenge free radicals present in the water phase
of foods®. Molecular structures of some of the primary antioxidants are shown in
Figure 1.2.

C(CH3) (H3C)3C C(CHg)s
C(CH3)3 C(CHs)s

OCH,
BHA Gallates TBHQ
{Butylated hydroxyanisole) (Butylated R = C3H; (PropyD) (Tertiary
{a) 2-tert-butyl4-hydroxyanisole hydroxytoluene) = CgHj7 (Octyl) butylhydroguinone)
(b) 3-teri-butyl-4-hydroxyanisole = C|2H3s (Dodecyl)

Figure 1.2 a Chemical structures of some primary synthetic antioxidants.
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COOH COQH COOH

COOH
= ZF =
OH
OH HO OH
OH OCH; HyCO OCH, OH
OH OH OH
Thymol Carvacrol Caffeic acid Ferulic acid Sinapic acid Gallic acid

OH
O
0
Taocopherols: Sesamol
a-Tacopherol R ;=CH,, R,~=CH;, Ry=CH;
B-Tocopherol R,=CH3, R,=H, R,=CH,
¥-Tocopherol R;=H, Ry=CH,, R;=CH; 0
8-Tocopherol Ry=H, R,=H, R;=CH;, o]
o
OH
0 (0]
0
o—/
Sesaminol
R OH
: .OH OH COH
R, HO o HO O R
OH
OH g OH
Flavonols: Flavanones: Flavanols:
Quercetin Ry=0H, R,=H, R;=0H Naringenin R=H (+)Catechin R=H
Myricetin R;=OH, R,=CH, R;=0H Eriodictya] R=0H {(+)>Gallocatechin R=0H

Flavones:
Apigenin R=H, Ry=H, R;=H
Luteolin R;=0H, Ry=H, Ry;=H

Figure 1.2 b Chemical structures of some primary natural antioxidants.
It has been demonstrated that some combinations of primary antioxidants
(e.g. BHA with PG, BHT with BHA) exhibit synergistic effects. This occurs when

another free-radical scavenging compound BH regenerates the antioxidant AH
{Scheme 1.15).
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BH + A* —= AH + B

Scheme 1.15  Regeneration of the antioxidant (AH).

Such a reaction is possible when the dissociation energy of B—H is smaller

than that of A-H and when the reaction of BH with peroxy radicals is slow due to

steric hindrance”. In some cases, a partial auto-regeneration of primary
antioxidants {¢.g. a-tocopherol) can take place as well (Scheme 1.16).

CH,
0 0 HO
2 R R © R
0 0 0

e-Tocopheryl radical Methy! tocopherylquinone a-Tocopherol

Scheme 1.16  FPartial auto-regeneration of o-tocopherol (R =
CisH 33).

Another class of antioxidants is called secondary antioxidants or

preventive antioxidants. These compounds reduce the rate of free radical chain

reactions by processes other than conversion of free radicals to more stable species:
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Metal chelation agents affect metal-catalysed initiation of the chain
reaction by raising its activation energy. Such compounds can form o-
bonds with a metal, reduce their redox potential and in this way stabilise
the oxidised form of the metal ion. Besides preventing metal redox cycling,
metal chelators can form insoluble metal complexes or occupy metal
coordination sites. Steric hindrance of interactions between metals and
lipids is thought to be another action mechanism®™. It is known that
antioxidant activity or even manifestation of pro-oxidant propertics of
some metal chelators (e.g. ethylenediamine tetraacetate, citric acid and
ascorbate) depends on their concentrations, the moisture content and
pH!02

Oxygen scavengers are another group of the secondary antioxidants that
arc capable to eliminate oxygen via hydrogen atom transfer’’. Such
compounds as ascorbyl palmitate, ascorbic acid, erythorbic acid, sodium
erythorbate and sulphites are used to lower the concentration of dissolved
or headspace oxygen from finished products™.
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¢ Sccondary antioxidants, called singlet oxygen quenchers, can deactivate
singlet oxygen physically or chemically. The chemical pathway consists of
preferential oxidation of an antioxidant rather than lipids. Trapping a
molecule of singlet oxygen by an antioxidant (e.g. B-carotene, lycopene
and lutein) and dissipation of 'O, excess energy in the form of heat is the
basis of physical inactivation™,

» The non-enzymatic mechanism of peroxide decomposition involves
secondary antioxidants called peroxide decomposers. Such compounds as
thiodipropionic acid and dilauryl thiodipropionate® as well as ascorbic
acid” may react with lipid hydroperoxides yielding stable non-radical
products. Due to their low efficiency, peroxide decomposers are used more
in stabilising polyolefin resins than foods™,

e Antioxidants called UV light deactivators (e.g. carbon black, phenyl
salicylate, and hydroxybenzophenone) are also rarely used in food
industry.

Some antioxidants such as ascorbic acid or carotenoids can affect the
course of lipid oxidation by several mechanisms, therefore, they are sometimes
called multifunctional antioxidants. Ascorbic acid, for instance, may act as a
quencher of singlet oxygen, hydroxyl radicals or superoxide radical anion, as a
reducer of free radicals and radicals of primary antioxidants, as a molecular oxygen
scavenger, as well as a decomposer of lipid peroxides® . Some carotenoids may
function as singlet oxygen inhibitors, synergists of primary antioxidants or free
radical inactivators, which at low oxygen pressures act by physical and chemical
radical trapping mechanisms’>**, Antioxidative phospholipids are able to chelate
metal ions, decompose hydroperoxides and regenerate primary antioxidants,
whereas antioxidative compounds of the Maillard reaction are reported to have
chain-breaking, metal chelating and hydrogen peroxide reducing abilities™. The
abundance of types and groups of antioxidants that is found in the literature is most
likely caused by the complexity of lipid autoxidation reactions as well as by a great
number of factors that can affect them.

1.3.2  Synthetic and natural antioxidants

Independently of their mode of action, all antioxidant substances can be classified
as synthetic antioxidants (Figure 1.2 a) or as natural antioxidants (Figure 1.2 b)*",
The term “synthetic” is not always correctly used when characterising antioxidants.
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Ascorbyl palmitate, for instance, is often classified as a natural antioxidant’.
Although ascorbic acid is an abundant compound in nature, this particular ester
does not occur naturally’””. A broad variety of antioxidative substances of plant
origin will be reviewed later in this text.

Among the synthetic antioxidants, BHT, BHA, gallates (propyl, octyl and
dodecyl), TBHQ, THBP, and ethoxyquin are the most used’®. Relatively well-
studied chemical and technological properties, stable supply and low prices of
synthetic antioxidants are important aspects which, among others, still determine
the choice of antioxidant.

1.3.3  Inhibitors of enzyme-initiated lipid oxidation

Rancidification of food lipids is partially caused by enzymes that are present in raw
materials as well as in finished food products. Naturally present lipases and
lipoxygenases play an important role in peroxidation processes and in the
formation of secondary products. The lipase and lipoxygenase catalysed oxidation
can be controlled technologically (e.g. thermal deactivation of enzymes,
application of minimal processing methods) or by introduction of enzyme
inhibitors, a special class of antioxidants.

It is thought that certain plant phenolics inhibit enzymatic oxidation by
inactivating the intermediate free radicals of the enzymatic reactions, by reducing
the iron in the active site of the enzyme or by affecting lipoxygenase activity due to
specific structural features of their molecules’®. In case of quercetin and fisetin,
their high soybean lipoxygenase inhibitory activity is related to the catechol
structure in ring B. Replacement of the hydroxyl groups in the catechol structure
(e.g. apigenin, chrysin) as well as glycosidation of the molecule (ec.g. rutin)
generally reduce the lipoxygenase inhibitory potency of flavonoids™.

1.3.4 Antioxidative enzymes

Enzymatic antioxidants affect lipid oxidation by consuming molecular oxygen
present in food systems, by deactivating superoxide radicals, and by converting
hydrogen peroxide. Molecular oxygen is consumed by the glucose oxidase
catalysed oxidation of glucose. The reaction yields D-gluconic acid and hydrogen
peroxide®*. Superoxide dismutase catalyses the conversion of the superoxide anion
to triplet oxygen and also produces hydrogen peroxide™**:
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20,7 + 20 — %0, + HyO,

Hydrogen peroxide is further converted into water and triplet oxygen via a
reaction catalysed by catalase, a heme-containing enzyme:

2 H,0, —> 2H,0 + °0,

Another enzyme that reacts with peroxides is glutathione peroxidase
(GSH). This selenium-containing enzyme catalyses the reduction of both hydrogen
and lipid peroxides, producing, respectively, water or fatty acid alcohol. During the
reaction, an oxidised form of gluthatione (GSSG) is formed:

H,O0;, + 2GSH — 2 H,0 + GSSG
ROOH + 2 GSH — ROH + HO + GSSG

Endogenous enzymatic antioxidants that occur in raw materials are mostly
lost during the various technological steps. If their presence is desirable in the
finished product, these enzymes have to be added at the very end of the processing
line in a pure form or as a microbial inoculum, since several of them (e.g. glucose
oxidase, catalase and superoxide dismutase) can be produced by microbial

fermentation®**,

1.3.5  Molecular structure and antioxidative efficiency

The majority of primary antioxidants in foods are of the phenolic type'’. As
mentioned before, primary antioxidants can donate hydrogen or an electron, which
in most cases comes from a phenolic hydroxyl group. Standard one-electron
reduction potentials can be used to predict the ability of an antioxidant to donate a
hydrogen to a radical. For example, o-tocopherol (£°° = 500 mV) or catechol (E°’
= 530 mV) are capable of donating a hydrogen atom to a peroxy radical (E®" =
1000 mV). The formed radical form of the antioxidant has a much lower reactivity
due to the resonance delocalisation (Figure 1.3 [A]) by the aromatic ring®®. The
most efficient antioxidants produce the lowest energy radicals.

The activity of a primary phenolic antioxidant can be increased by alkyl
substitution at the ortho and para positions, which increases the electron density on
the hydroxyl group by an inductive effect®. Bulky groups that are present in the 2
and 6 positions of the aromatic ring of an antioxidant (e.g. 2,6-di-t-butyl-4-
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methylphenol) increase the stability of its phenoxyl radical due to electron donation
(inductive effect) and due to steric hindrance'**. Introduction of a second hydroxy
group at the ortho position (Figure 1.3 [B]) also increases the stability of the
phenoxy radical due to formation of an intramolecular hydrogen bond which
affords more resonance stabilisation. Dihydroxybenzene derivatives possess
stronger antioxidative properties due to their ability to donate two hydrogen atoms
via a two step oxidation mechanism.

OH 0 0 0
H
ROO + — » ROOH + - - [A]
H

Antioxidant Free Radical
(Stable Resonance Hybrid)

o-- n o 0O d
©/0 ©,0H @;6. [B]

Figure 1.3 Stabilisation of the phenoxyl radical: [A] formation of

a stable resonance hybrid””®: [B] stabilisation via an intramolecular

hydrogen bond””.

Many known natural antioxidants that occur in fruits, vegetables, herbs and
spices are flavonoids. Flavonoid aglycones are usually more effective antioxidants
than the corresponding glycosides. A flavonoid molecule (Figure 1.2 b) with high
antioxidant activity often has: (i) multiple hydroxyl groups in the B ring, especially
at the 3° and 4° positions; (ii) 3- and 5-OH groups in rings A and C; and (iii) a 2,3
21,33

double bond in the C ring

1.4 Methods of antioxidant activity assessment

1.4.1  Measuring lipid oxidation

The significance of lipid oxidation can be illustrated by the broad variety of
techniques that are used to measure its extent in chemistry, food chemistry,
biology, medicine and other sciences. The methods that are most relevant for the
evaluation of food antioxidants will be discussed.
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1.4.1.1  Evaluation of primary oxidation changes

Analysis of qualitative and quantitative changes in composition of reactants (i.e.
oxygen and fatty acids) as well as monitoring formation and breakdown of
hydroperoxides is important for studies of oxidative changes in food lipids. These
tests can be used to evaluate oxidation in raw food products stored at low
temperatures™. Many of them are used in model systems for the assessment of
antioxidant activity, too.

e Monitoring Oxygen Uptake. Various stability tests employ this technique
to evaluate oxygen consumption during substrate oxidation®**,

o Determination of Changes in Fatty Acid Composition. Fatty acids
remaining in the lipid system under oxidation are analysed with GC
according to the AOCS Official Method Ce 1-627.

o Measuring Formation of Hydroperoxides. Peroxide value/number (PV) can
be determined by the AOCS official Method Cd 8-53*". The test is based on
the ability of peroxides to liberate iodine from potassium iodide. Due to the
instability of peroxides, care needs to be taken in interpretation of the
results. The failure of this method to measure low peroxide levels has been
reported in literature®’. Alternative methods to monitor the formation of

hydroperoxides involve spectrophotometric*™®, chromatographic** ™,

polarographic“, chemiluminescence*"*

s  Conjugated Diene Methods (Determination of Conjugated Diene
Hydroperoxides — CDHP method, Determination of Conjugable Oxidation
Products — C.O.P. value} are based on the fact that conjugated dienes and
trienes are formed during the oxidation of polyunsaturated fatty acids
(Scheme 1.3). This technique is often used to replace/supplement peroxide
value determination®. Fatty acids, hydroperoxides and other compounds
with a conjugated diene structure absorb UV light at A = 234 nm while a
conjugated triene absorbs at A = 268 nm. Although the degree of oxidation
is not readily re¢lated to the magnitude of changes in the UV spectrum,
these tests can be used in lipids of known fatty acid composition as a
relative measurement*'.

and other techniques.

1.4.1.2  Assessment of secondary oxidation changes

Aldehydes and ketones are the predominant volatile products resulting from the
breakdown of hydroperoxides. These breakdown products can be effectively
detected by sensory or instrumental methods.
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Sensory methods of rancidity determination often are ranked as the most
useful ones. Although these tests are highly sensitive, they are expensive,
dependent on the test panel and may vary from laboratory to
laboratory’”*"*,

GC analvsis of static or dynamic headspace of oxidised lipids:
measurement of hexanal, which is the secondary product of linoleic acid
oxidation®"**!~%
ethane, pentane, and aldehydes, such as 2-heptanal, 2,4-heptadienal, 2-
decenal, 2 4-decadienal, etc>>* ¢,

Determination of fluorescent products. Malonaldehyde and other carbonyl
compounds can react with proteins that have free amino groups,
deoxyribosenucleic acid, certain phospholipids, ribonuclease, and itself.
Consequently, water and lipid soluble fluorescent preducts with the general
structure of N,N'-disubstituted 1-amino-3-iminopropene (R-NH-CH=CH-
CH=N-R') can be formed. Such compounds are reported to have an
excitation maximum around 360 nm and an emission maximum around
450 am*+5

Thiobarbituric Acid Reactive Substances (TBARS). The method is based on
the reaction of 2-thiobarbituric acid (TBA) with secondary oxidation
products (malonaldehyde, alka-2,4-dienals, 2-alkenals, etc.), which results
in a reddish-orange (A = 532 nm) colour. The spectrophotometric analysis
can by carried out (i) directly on the food product, (ii) on an extract of the
food or (iii) on a portion of a steam distillate of the food”. The classical 2-
thiobarbituric acid test is given by the AOCS®. The reactivity of TBA with
compounds other than those derived from oxidising lhipids (e.g. sucrose,
wood smoke compounds) leads to poor correlations between the TBARS
test and other oxidation tests*'.

, measurement of other volatile hydrocarbons, such as

Several other procedures that are based on reactions with anisidine,

benzidine acetate, trichlorophenylhydrazine or hydroxylamine-hydrochloride can
be used to determine non-volatile carbony! compounds formed by degradation of
hydroperoxides®'.

1.4.2

Stability tests and model systems for antioxidant activity evaluation

The period of time until rancidity of the product becomes apparent is generally
accepted as a measurement of the stability of a fat or oil. According to the
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definition of antioxidants used by food chemists®®, the main role of these additives
is to slow down the rate of lipid peroxidation and to increase the shelf life of fats
and oils. Thus, stability assessment techniques become of primary importance
when evaluating the efficiency of antioxidants.

Shelf-storage tests under normal conditions take too much time, therefore
the stability of fat containing foods is usually assessed by accelerated storage tests.
These tests employ one or more accelerating factors such as temperature, oxygen
pressure, light or metal catalysis to speed up the lipid peroxidation processes®'. The
advance of peroxidation in fats and fat containing foods under accelerated
conditions is monitored by one or more of the methods that are normally used for
the analysis of oxidised lipids. Care should be taken, however, with the
interpretation of the results obtained, since many of these acceleration methods are
reported to catalyse oxidation via other mechanisms than those of non-accelerated
shelf-storage tests®®. There is no universal stability test or ‘ideal’ acceleration
system which would suit all purposes, that is why an antioxidant compound has to
be tested by several techniques and under accelerated conditions which are as close
as possible to those in real food systems’™™®. Among the stability tests commonly
used for antioxidant activity (AA) assessment of antioxidants are the Shelf-Storage
Test, the Oven-Storage Test (or Schaal Oven Test); the Active-Oxygen Method (or
Swift Stability Test); the Rancimat Test and the Oxygen-Absorption Method with
its variations (i.e. Oxygen Bomb, Rarcroft-Warburg technique and Weight-Gain
Technique).

Comparison of the AA of various compounds is often impossible when
determined by a different stability test or when unequal oxidation conditions are
used. Employment of model systems for antioxidant studies is ofien preferred,
since they can simplify interpretation and facilitate comparison of the results as
well as provide data on the antioxidation mechanisms involved.

Most model systems are based on (i) competition between the antioxidant
and an oxidisable indicator such as B-carotene for free radicals formed during the
oxidation of simple lipids (e.g. linoleic acid); or on (ii) a direct reaction between a
primary antioxidant and a radical. Such relatively stable radicals can be obtained
commercially or can be easily produced from other commercial products.
Radiolytic, photolytic, chemical and enzymatic systems are being used for the
generation of oxygen radicals such as the superoxide anion O™, or the hydroxyl
*OH, peroxyl ROO", and alkoxyl RO" radicals®. Consumption of free radicals can
be monitored by chemiluminescence, spectrophotometry, pulse radiolysis, electron
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spin resonance (ESR) and other techniques. Some of the often used model systems
for antioxidant evaluation arc listed below.
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Linoleic Acid Oxidation. A variety of acceleration factors such as

temperature®, enzymes®®, heme®, 2,2’-azobis (2-amidinopropane)

dihydrochloride®® can be used to catalyse peroxidation of linoleic acid. The

effect of introduced antioxidants may be evaluated by monitoring the

oxygen uptake®® measuring the remaining linoleic  acid

concentration®®’, determining the conjugated diene and/or the peroxide

value®, assessing the hexanal formation in headspace®, or by a variety of

other techniques reviewed earlier.

Ferric Thiocyanate Method. This method also applies the oxidation of

linoleic acid at 40°C in the dark in the presence of an antioxidant,

ammonium thiocyanate, ferrous chloride and hydrochloric acid. The

antioxidative effect is evaluated spectrophotometrically by monitoring the

inhibition of red colour formation in the system® ™.

Oxygen Electrode Method, This procedure also uses linoleic acid as a

substrate. Oxidation of linoleic acid in an atmosphere saturated with

oxygen is initiated by 2,2°-azobis (2,4-dimethylvaleronitrile) at 37°C. The

rate of oxygen consumption, which depends on antioxidant activity, is

measured with an oxygen electrode’.

Methyl Linoleate Oxidation. This method involves accelerated oxidation

(temperature, oxygen bubbling, etc.) of methyl linoleate in presence of

antioxidants and GC monitoring of the residual methyl linoleate or the

oxygen consumption’> ™",

Simultaneous Oxidation of Linoleic Acid and B-Carotene. Three main

variations of this method exist:

— spectrophotometric assessment of f-carotene bleaching inhibition by
introduced antioxidants”™%;

— visual monitoring of the intensity and persistence of the B-carotene
colour in agar diffusion plates with added antioxidant’"”.

— applying a f-carotene-linoleic acid spray on thin layer and paper
chromatograms of the antioxidant extracts®*™**.

DPPH" Test. This test involves spectrophotometric monitoring of the

residual DPPH® (2,2-diphenyl-1-picrylhydrazyl) radical (at A = 515 nm)

B3-87
d

after a primary antioxidant is introduce . Detection of antioxidant

compounds on TLC plates using a DPPH® spray’' and a post-column
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detection of antioxidant compounds in HPLC eluates™ are two other
modifications of this test.
Due to the extensive resonance, DPPH’ is a relatively stable radical under

ambient conditions. The radical can accept an electron or a hydrogen radical losing
in the process its strong absorption at 515 nm (Scheme 1.17)*:

QL0 s¥e
|
H NH

O,N NO, O,N NO,

NO, NG,

Scheme 1,17 Reduction of DPPH* (2,2-diphenyl-1-picrylhydrazyl)

by a radical scavenging antioxidant AH.

Kinetics and reaction mechanisms depend on the molecular structure of

antioxidants as was demonstrated by Brand-Williams ef al.%-

Chemiluminescence Test. Inhibition of chemiluminescence caused by
luminol/isoluminol oxidation in presence of a catalyst reflects the radical
scavenging activity of introduced antioxidants® %,

Hydroxyl Radical Scavenging Assay. Scavenging of hydroxyl radicals,
which can be generated by the Fenton reaction, by yradiolysis or by
microbial processes can be monitored by ESR, by chemiluminescence, by
the 2-deoxyribose oxidation assay (detection of malondialdehyde) or by
the benzoic acid hydroxylation method (fluorescence measurement)” *°.
Metmyoglobin/H,O¥/ABTS (2,2 '-azinobis  (3-ethylbenzothiazoline-6-
sulfonic acid)) Assay. The test measures spectrophotometrically the ability
of an antioxidant to scavenge the ABTS"" radical, which has characteristic
absorption maxima at A = 660 nm, 734 nm and 815 nm, and compares it
with the scavenging by Trolox, a synthetic water-soluble analogue of
vitamin E (“Trolox Equivalent Antioxidant Capacity” or TEAC)** ™. A
similar technique is the horseradish peroxidase/H,O./ABTS assay, which
monitors the decrease in ABTS™ radical absorption at A = 414 nm. The
efficiency of an antioxidant is compared with that of ascorbic acid” ™',
Some authors stress the lack of correlation between ABTS™ results and
results obtained with other radical species, particularly *OH and O," '™
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When testing an antioxidant for application purposes, it is important to
choose relevant radical species, which are indeed involved in the oxidation
mechanisms of a particular system. Usage of a simple oxidation substrate (e.g.
linoleic acid, methyl linoleate) as well as monitoring scavenging efficiency towards
a single radical should not be regarded as completely reliable, since they do not
provide a complete knowledge on protective properties of a particular antioxidant
in real foods. Additional activity studies in actual food systems under appropriate
oxidation conditions are therefore strongly recommended. In case the introduced
antioxidant possesses a ’carry-through’ effect (an ability to survive processing
steps), care should be taken to avoid possible negative interactions with other
oxidisable targets that are present in a food matrix or in vive®™ '

1.5 Natural antioxidants

Living organisms are surrounded by an atmosphere that contains 20.9% of oxygen,
which is a relatively reactive gas. Evolution of life has provided several tools to
combat oxidation processes in procaryotic and eucaryotic cells. Therefore, it is not
surprising, that compounds with various antioxidative properties occur in plant and
animal tissues as well as in microorganisms. A number of initiators of oxidation
can target lipids, proteins, carbohydrates or DNA in a cell. It may be noticed that
the natural antioxidative defence mechanisms employed by a cell or an organism
are oxidation substrate and oxidation initiator dependent. For example, plant seeds
and germs naturally contain high concentrations of tocopherols and other
antioxidants, which control the rate of autoxidation of polyunsaturated compounds.
Leaves of most plants are protected with a layer of wax, which functions as an
oxygen barrier. Various enzymatic systemns, endogenous radical scavengers and
quenchers of active oxygen species regulate autoxidation of animal cell wall lipids,
proteins and DNA.

A very small number of naturally occurring plant antioxidants have been
discovered and analysed so far. Even less of them are of commercial significance.
Up to now, tocopherols, ascorbic acid and its derivatives as well as extracts from
rosemary and sage have been industrially applied in foods. A strong tendency
towards “all-natural” foods leads to exploration of other sources of food
antioxidants. This can be illustrated by the appearance of a number of new products
such as aromatised olive oil, butter, frying margarine, spreads, potato chips, frozen
foods, patties and sauces that contain fresh or dried aromatic herbs (e.g. chives,
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garlic, onion, thyme, tarragon, oregano, etc.) or herb extracts, which fulfil the
double purpose of adding flavour and enhancing stability.

Many processed foods may contain residual tocopherols, phospholipids,
enzymatic antioxidants, carotenoids and other natural antioxidants. Besides, some
specific antioxidative compounds can actually be synthesised along diverse
technological processes. Roasting, Maillard reaction, fermentation'™'” (e.g.
production of tempeh, natto, miso, soy sauce) or wood smoking are reported to
gencrate  various protective Systems against oxidation”'%.
compounds or their mixtures can also be obtained from certain microorganisms:
uric acid, 3,4-dimethoxyphenol and 3-hydroxyindolin-2-one from various isolates
of marine bacteria’!, resorstatin from Pseudomonas strain DC 165'7 and

Antioxidative

carazostatin and benthocyanin A from two Streptomyces species'™'”. An effective
antioxidant atrovenetin can be isolated from the mycelium of Penicillium

110
paraherquei ..

1.5.1 Tocopherols

Up to date, tocopherols are commonly recognised as the most important group of
natural antioxidants'''. Tocopherols and related substances (tocols and
tocotrienols) are found in vegetable oils (e.g. soybean, sunflower oil), nuts (e.g.
almonds, hazelnuts), wholemeal flour and green vegetables'
usually occur as a mixture of o-, % and &-tocopherols. B-Tocopherol is found in
only few vegetable oils. Tocopherols can be extracted from “sludges™ which are
obtained during the deodorization of refined vegetable oils'"®. There are some
contradictory references concerning the radical scavenging activity of individual
tocopherol isomers. The different oxidation substrates and the different evaluation
techniques used are probably the reason for this. The majority of authors claim that
é-tocopherol is the most effective antioxidant, 8- or ktocopherol have medium
activity and c-tocopherol is the least active'"” "', Others report that a-tocopherol
is the most active and &-tocopherol the least active'®'®.

Protection of animal fats is the primary field where tocopherols are used.
Synergistic mixtures containing tocopherols together with phospholipids or other
synergists (e.g. ascorbic acid, citric acid, some amino acids, gallate, or lecithin
derivatives) are often applied'®!'"'",

o and B- Tocopheryl radicals at low concentrations (50-500 mg/kg)
undergo dimerisation, dismutation, addition or oxidation when reacting with lipid

. Natural tocopherols
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radicals. In all these cases stable non-radical products are formed. However, a pro-
oxidant activity can be detected at high levels of o~ and S-tocopherol (> 600-700
mg/kg, at room temperature). The reason for this is that a significant amount of
tocopheryl radicals participate in propagation of the chain-reaction by yielding new
peroxy radicals when they react with lipid hydroperoxides™.

1.3.2  Ascorbic acid

Ascorbic acid, or vitamin C, naturally occurs in rather high concentrations (up to
1% and more) in most fruits and vegetables: parsley, cabbage, onions, citrus fruits,
paprika, apples, potatocs, blackcurrants, green peppers, kiwi fruit, etc, as well as in
aqueous fractions of animal tissues'®''%, Presently, ascorbic acid and its isomer,
erythorbic acid (D-ascorbic acid) are synthesised in large quantities for application
in foods™**,

Ascorbic acid is virtually insoluble in fats, while ascorbyl palmitate has a
much better solubility in oils. As was already mentioned carlier, ascorbic acid acts
as a multifunctional antioxidant and as a synergist for primary antioxidants. At
higher concentrations and in certain food systems, this compound may exhibit pro-
oxidant properties, especially in aqueous fat systems and when trace metals are
present. Tt was suggested that an ascorbic acid-Me”"-oxygen complex catalyses
decomposition of hydroperoxides and accelerates the chain reaction of lipid

oxidation''”.

1.5.3  Other antioxidant substances and their sources

A number of articles and reviews concerning plant sources of natural antioxidants
have been published during the last two decades™"'0%!®+!!1:118-122 The majority
refers to medicinal plants, herbs and spices as a source of phenolic
antioxidants™"'"'*1%12 Many of these studies are focused on antioxidant
compounds in sage™'> " and rosemary"’*'** Besides rosemary and sage, our
screening studies of nine aromatic plants also revealed antioxidant activity in
thyme and marjoram extracts'®®.

Other important sources of natural antioxidants are cereals, olives and
oilsceds, which are rich in tocopherols, tocotrienols, phenolic compounds,
phospholipids and lignin derivatives’"">!*, Certain vitamins (vitamins C and E
and provitamin A) as well as phenolic compounds such as flavonols,
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