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ABSTRACT

The objective of this work was to evaluate antiaxitleffects of five different compounds
that have a potential as food antioxidants [pra@afate (PG), caffeic acid (CaA), ferulic acid
(FeA), p-coumaric acid (CoA) and L(+)-ascorbic acid (AsA)] means of four antioxidant
capacity (AOC) assays (FC, FRAP, DPPH, ABTS), ana iliposome model system using
free iron (F&", F€") and bovine hemoglobin (Hb) as prooxidants, witbuts on different
concentration levels of the tested compounds. Ttygen uptake was used for continuous
monitoring lipid oxidation at pH 5.5 and 30°C.

The orders of AOC obtained by the FC, FRAP and DRBshy had a similar trend: PG >
CaA > AsA > FeA > CoA. However, the degree of tidiaxidant activity differed for the
same compound in the different assays. The AOCraidi@ined by the ABTS assay differed
substantially from the other orders: PG > CoA ~ Fef£aA > AsA. Only PG showed the
highest capacity in all the assays. The inconsigtenn the orders and degrees are discussed
in relation to the methodology and chemistry of #ssays, and in relation to the chemical
properties of the tested compounds. The comparativdy showed that the interpretation of
the results obtained by these assays must be ddathecare taking into consideration
drawbacks and limitations of each assay, and teeofisnly one assay to evaluate AOC may
result in misleading information.

In the liposome model system the type of oxidagpoomoter, the interactions of the tested
compounds with the prooxidants and the molar aittaox-to-prooxidant ratio were found to
be highly important factors. Other factors, suchst@acture of the molecule and location of
the antioxidant in the system, also influenceddffecacy of the compounds. PG, CaA and
FeA inhibited Hb-induced oxidation at all testechcentrations; the efficacy increased with
increasing number of hydroxyl groups on the aroon@tig and with increasing concentration,
and also correlated with reducing capacity of ti@gounds. CoA did not exhibit any activity
at the tested concentrations. PG and FeA inhibitednduced oxidation when the ratios
between the antioxidant and Fe werel. When the ratio was 0,1, PG slightly promoted
oxidation. CaA strongly promoted Fe-induced oxioiatat the ratio® 0,1 by reduction of
Fe’* to F€* via so called intra-molecular electron transfer, hdtribt exhibit any effect when
the ratio was 0,01. CoA was completely inactiveatttested concentrations. AsA itself
promoted oxidation, presumablyja breaking down pre-formed lipid hydroperoxides and
reduction of endogenous transition metals. Aftetittamh of Fe, the prooxidative effect was
further intensified due to reduction ofF¢o F€ facilitated by AsA. The effects of AsA on
Hb-induced oxidation varied in a concentration edg- 10QuM, and above a concentration
of 100uM a prooxidative effect was observed.

The AOCs determined in the assays only partialljtcheed with the effectivity of the
compounds in then vitro liposome model system. Therefore, potential foadoaidants
should preferentially be evaluated in biologicalgtevant model systems with food-related
conditions, and information achieved by the AOCagsscould serve as a tentative or
preliminary estimation of antioxidant potentials.

The outcomes of this work contribute to better ustdading the basic pro- and antioxidant
mechanisms and factors influencing oxidation of me&mbranes, liposome solutions, and oil-
in-water emulsions stabilized by phospholipids.
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ABSTRAKT

Cilem této prace bylo zhodnotit antioxéthd (Cinky péti riznych slodgenin s potencialnim
vyuzitim jako antioxidanty v potravinach [propylgalPG), kavova kyselina (CaA), ferulova
kyselina (FeA), p-kumarova kyselina (CoA) a L(+)-askorbova kyselifasA)], a to
prostednictvim ¢tyt testi antioxida&ni kapacity (AOK) (FC, FRAP, DPPH, ABTS) a
v modelovém systému liposémza pouZiti volného Zeleza &g FE) a howziho
hemoglobinu (Hb) jako prooxidahtse zamfenim na #zné koncentrace testovanych
slowenin. K nepetrzittmu monitorovani oxidace ligidpti pH 5,5 a teplat 30 °C bylo
pouZzito spateby kysliku.

Paradi AOK stanovené FC, FRAP a DPPH testeéiorpodobny trend: PG CaA > AsA >
FeA > CoA. Nicmér, mira antioxidani aktivity se u té same sléeniny v jednotlivych
testech liSila. Pi@di AOK stanovené ABTS testem se od ostatniclo [gdldstats: PG > CoA

~ FeA > CaA > AsA. Pouze PG vykazoval nejvyssSi k#tpave vSech testech. Rozdily
v paradi a mife AOK jsou bliZze rozebrany vzhledem k metodologihamii tesi a vzhledem

k chemickym vlastnostem testovanych skmin. Komparativni studie ukazala, Ze
interpretace vysledkziskanych ¢mito testy by mila byt provedena ob&atrg, v Gvahu by
mely byt brany nevyhody a omezeni kazdého testu,ud&itiypouze jednoho testu k posouzeni
AOK muze mit za nasledek zaviidi informace.

V modelovém systému liposdnse jako vysocetdezité faktory ukazaly byt typ prooxidantu,
interakce testovanych sléenin s prooxidanty a molarni pémmezi antioxidantem a
prooxidantem. DalSi faktory, jako struktura molgkalumistni antioxidantu v systému, také
ovliviiovaly (innost testovanych latek. PG, CaA a FeA utlumilydexi vyvolanou Hb p
vSech testovanych koncentracickijnimost stoupala s vy$Sim giem hydroxylovych skupin
na aromatickém j&d a s vySSi koncentraci, a korelovala také s reddapacitou slotenin.
CoA nejevila Zadnou aktivitu ip testovanych koncentracich. PG a FeA utlumily exid
vyvolanou Fe, kdyZ po#én mezi antioxidantem a Fe byl 1. Kdyz byl ponsr 0,1, PG mirg
urychlil oxidaci. CaA silg urychlila oxidaci vyvolanou Fefppoméru = 0,1 nasledkem
redukce F& na Fé" oznaované jako intra-molekularni@nos elektroi, ale nejevila zadny
cinek, kdyz byl pordr 0,01. CoA byla zcela neaktivnifipvSech koncentracich. AsA
urachlila oxidaci sama o0 s&b pravdpodobrt rozkladem jiz existujicich lipidovych
hydroperoxid a redukci endogennictigehodnych kofr. Po gidani Fe se tento prooxicta
efekt jest vice zintenzivnil nasledkem redukce®Fea Fé*, kterou AsA zprosedkovava.
Ucinky AsA na oxidaci vyvolanou Hb seé&mily v rozmezi koncentrace 1 — 1QM a nad
koncentraci 10QM byl pozorovan prooxidani efekt.

Antioxidatni kapacity stanovené v testech se §ésté&n¢ shodovaly s &innosti slodenin
vin vitro modelovém systému lipos@m Proto by latky s potencidlnim vyuzitim jako
antioxidanty v potravinach &y byt prednostd posuzovany v biologicky vyznamnych
modelovych systémech s podminkami blizicimi se gvotam a informace ziskané testy
AOK by mohly slouZit jako fiblizny nebo pedkézny odhad antioxidaniho potenciélu.

Vysledky této prace ifspivaji k lepSimu pochopeni zakladnich pro- a caidicnich
mechanism a faktof ovliviujici oxidaci bugénych membran, liposomalnich rozfola
emulzi typu olej ve vatistabilizovanych fosfolipidy.
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Antioxidanty, testy antioxidai kapacity, liposomy, oxidace lipigd Zelezo, hemoglobin,
spoteba kysliku.
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INTRODUCTION

1 INTRODUCTION

Evaluation of antioxidant capacity of various megs, such as beverages, plants,
vegetables and fruits, as well as of pure compoueds. phenols, vitamins), has lately
become an important issue. [24] Many epidemioldgtadies have demonstrated an inverse
correlation between the intake of natural antiomtdaand the occurrence of oxidative stress
related diseases. [11] Compounds of natural orggid certain plant materials with high
antioxidant capacity have been of high interestfdéod industry as additives into fatty foods
for protection against oxidative deterioration daeefforts to replace synthetic antioxidants
with natural ones. [3] One way to evaluate antiaridcapacity is indirectly by means of
spectrophotometric assays, other possibility isheyuse of a lipid model system. [13]

Foods containingn-3 polyunsaturated fatty acids (PUFAs) are highlsceptible to
oxidation, which causes undesirable flavours, idciours, and loss of the health beneficial
fatty acids. To prevent oxidation of PUFAs anti@aats can be added. [2] To achieve the
protective effects, an intimate knowledge of thetdes that influence lipid oxidation is
essential in order to select both the right antlari and the effective antioxidant
concentration for a given application.

Foods are very complex systems. Therefore, theofis simpler model system with
defined and controllable variables can provide dretionditions for investigations of the
mechanisms of lipid oxidation, the effects of axidlants and factors that influence lipid
oxidation.

Marine phospholipid liposomes represent a convéripid model system, because they
provide the oxidizable lipid substrate that is rich PUFAs, and mimic both biological
membranes and lipid emulsions. [63] Moreover, foeldted conditions can be easily
simulated in a liposome solution.

The presence and effects of lipid oxidation prommtsuch as transition metals or heme
pigments, are often neglected when different lipiddel systems are used, yet they are of
great importance. Traces of hemoglobin and iromatarally present in many foods, both of
fish and meat origin, and can be responsible fpriicant decrease in shelf-life of foodstuffs.
Therefore, knowledge of how antioxidants affectwtyt of these promoters in a given system
is desirable.

Screening of liposome oxidation by the oxygen uptakables measuring the rate and
kinetics of lipid oxidation. Moreover, the duratiaf one measurement takes less than one
hour compared to days in conventional methods, thedeffects of antioxidants can be
observed virtually instantly, which reduces timel @osts of the analysis.

The objective of this work is to evaluate antioxitaffects of five different compounds
that have a potential as food antioxidants (prgaylate, caffeic acid, ferulic acig;coumaric
acid and L(+)-ascorbic acid) by means of four comiypaised spectrophotometric antioxidant
capacity assays (FC, FRAP, DPPH, ABTS), and in anmaghospholipid liposome model
system with free iron (F& Fe")- and bovine hemoglobin-catalyzed oxidation at%bl and
30°C. The latter study is focused on different @mration levels of the tested compounds
relative to fixed concentrations of phospholipitise iron, and hemoglobin.
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THEORY

2 THEORY
2.1 Lipids and lipid oxidation

2.1.1 Lipids

Lipids are a broad group of chemically diverse commpls that are soluble in non-polar
solvents such as hydrocarbons or alcohols. They dassified as non-polar (e.qg.
triacylglycerol and cholesterol) and polar lipidsg. phospholipids). Polar lipids contain a
hydrophilic “head” group that has a high affinityr fwater attached to a lipophilic “tail” group
that has a high affinity for oil. [5]

The main components of lipids afatty acids— compounds consisting of an aliphatic
unbranched carbon chain and a carboxylic acid gaitgrhed to one end of the chain. The
majority of fatty acids in nature contain 14 — 20bwons (so called long-chained fatty acids).
They can be either saturated or unsaturated. [8] [@tter contain at least one double bond
which is almost invariablgis.

n-3 andn-6 polyunsaturated fatty acids (PUFAS) belong tftitty acids that are essential
for human and have a documented beneficial effecthoman health, hence they are
important components of human diet. Figure 2-1 sheame important essential PUFAs.
The highest proportions of long chain PUFAs arentbin fish oil.

Linoleic acid
18:2n-6

a-Linolenic acid

18:3n-3
y-Linolenic acid Eicosapentaenoic
- : 18-30-6 acid (EPA)
20:5n-3
Arachidonic acid Docosahexaenoic
20:4n-6 acid (DHA)
22:6n-3

Figure 2—1 Some essential n-6 (left) and n-3 (right) poly uassted fatty acids (PUFA$P8]

Over 99 % of fatty acids found in plants and ansnare esterified to glycerol.
Triacylglycerols are the most abundant group oflglggerols followed by phospholipids
(phosphoglycerides), where one of the fatty acidirtdy typically in thesn-3 position, is
replaced by a phosphate group. Some basic typehasdpholipid molecules are shown in
Table 2.1. [5]
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THEORY

Table 2.1 Types of phospholipids (adapted fréh)

Basic structure X Name of phospholipid
Hydrogen atom —H Phosphatidic acid PA
0 fre
st | Choline —CHz—CHz—'}ILCHa Phospahtidylcholine PC
H2C—O0—C—R; CH
3
(") Ethanolamine ~ — CH, CHy NH; Phosphatidylethanolamin PE
HGSiZO— C”‘—” Rg /COO
Serine —CHzCH Phosphatidylserine PS
O +
sn-3 || NH3
H2C—O0—P—0-X —Haf
cl)' Glycerol H?*OH Phosphatidylglycerol PG
H,C—OH
R1, Rz ... fatty acids 2 0N
Inositol HO — ot OH Phosphatidylinositol Pl
HO

2.1.1.1 Marine phospholipids and liposomes

Marine phospholipids contain a high amounnhe8 PUFAs, mainly eicosapentaenoic acid
(EPA, 20:5,n-3) and docosahexaenoic acid (DHA, 2263). Antarctic krill and fish roe are
examples of raw materials rich in marine phospliddip[4] Phospholipids are the main
constituents of biological membranes; phospholiggtsybean lecithin, egg yolk) are often
added to food as emulsifiers because of theirtgldi stabilize emulsions.

Liposomes are microscopic spherical structuresnef@a more concentric lipid bilayers of
phospholipids enclosing an equal number of aqueougpartments (a unilamellar liposome
iIs shown in Figure 2-2). The vesicles can rangsiaze from tens of nanometers to tens of
micrometers in diameter and can be formed by wadétnethods so as to control the size and
also the number of bilayers. [62]

Liposomes made from marine phospholipids have h pmential as an oral supplement
for PUFAs due to the observed higher lipid bioaadaility from liposomes compared to fish
oil. They also have a potential as aftocopherol supplement and as a delivery system in
pharmacology. [4]

The use of liposomes as a model system for studlip@f peroxidation has several
advantages. Primarily, the liposome system allovesipulation of lipid composition, pH,
temperature, and contents of various agents ifiaedeway. [62] Due to the bilayer vesicular
structure liposomes strongly resemble cell memisaligosomes can also mimic emulsions
stabilized by phospholipids. The only lipids in nefish muscle are phospholipids of cell
membranes [4]; therefore, marine phospholipids learused for study of oxidation of fish
meat matrices.
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phospholipid molacula

hydrophilic {polar)
phosphate head

hydrophobic (nonpolar)
fatty acid tail

hposome

Figure 2—2 Structure of a unilamellar liposome composed ofspiholipid moleculef94]

2.1.2 Mechanisms of lipid oxidation

Lipid oxidation is a complex phenomenon inducedRygen in the presence of initiators
such as heat, free radicals, light, photosensgizgents and metal ions. It occwia three
reaction pathways:

a) nonenzymatic chain autoxidation mediated by frekceds,

b) nonenzymatic and nonradical photooxidation, and

C) enzymatic oxidation.

The first two types of oxidation consist of reansoinvolving triplet oxygen>Q,), the
common oxygen that we breathe, and singlet oxy§@p),(the excited form of the common
oxygen. Singlet oxygen is short-lived and highlaative and can react directly with the
double bonds of fatty acids, while triplet oxygemaot.

Singlet oxygen is most often formed in the presefdeplet oxygen, UV light and type I
photosensitizers (Sen), such as chlorophylls, hepoaphyrin or erythrosine. Type |
photosensitizers, such as riboflavin, do not gdresimglet oxygen. [7, 9]

When a ground singlet state photosensitiZ&eli) is exposed to light of a specific
wavelength, it becomes an excited singlet statégseasitizer {Sen), which returns to the
ground statevia emission of light, internal conversion, or intes®m crossing (ISC). The
latter produces an excited triplet photosensitiZéBen) (1). The excited triplet
photosensitizer may accept hydrogen from the saflesor donate an electron to the substrate
and produce radicals (typel) (2). The excitatiorergy of the triplet sensitizer can be
transferred to triplet oxygen to produce singleygen or superoxide anion (type Il) (3, 4).
The excited triplet sensitizer returns to its grbsiate. [7, 9]

1sen 0 V- iser 0. 2sen (1)
Typel: 3Sen + LH - L + H + 'Sen (2)
Type II: 3Sen + %0, - 'O, + !Sen ()

3Sen +°0, - O, + 'Sen” (4)

The singlet oxygen formed through reaction (3)ighly electrophilic and can thus bind
directly to C=C double bonds of fatty acids leadiodnydroperoxide formation (LOOH) (5).
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LH + 'O, -~ LOOH (5)

Nonradical photooxidation is believed to be an intgiot mechanism, but not the only one,
responsible for the onset of lipid autoxidation e(séelow) because the generated
hydroperoxides may break down into free radicals these radicals can initial®,-induced
radical chairautoxidation

Autoxidation is a key mechanism in lipid oxidatidhusually proceeds by a three-phase
process: (i) initiation, (ii) propagation, and Xiiermination. [7]

Theinitiation phaseinvolves homolytic breakdown of C—H bond, while 6 atom is iy
position relative to the fatty acid chain (LH) déeitbond. The reaction can be initiateid
external physical agents, such as heat, ionizid@gtian or UV light, and also by chemical
agents such as metal ions, free radicals and mptateins (sensitizers). (6) However, the
exact mechanism is still unknown.

LH oAy (6)

In the propagation phasethe L radicals formed during the initiation phase reaety
quickly with triplet oxygen to generate peroxyl ieals (LOO). (7) The peroxyl radical then
abstracts a hydrogen atom from another unsatutgtiedmolecule to form hydroperoxide
(LOOH) (primary oxidation product) and anothér(B), which can react in reaction (7). [7]

L + 30, -~ LOO 7)
LOO + LH — LOOH + L (8)

In thetermination phasefree radicals react with each other to form stadan-radical end-
products (secondary oxidation compounds). Thesetioes lead to the formation of
hydrocarbons, aldehydes, alcohols and volatiledetoOther nonvolatile compounds are also
formed, such as nonvolatile aldehydes, oxidizextylglycerols and their polymers. [7]

2.1.3 Prooxidants

Lipid oxidation can be promoted lisansition metalsvith two or more valence states (Fe,
Cu, Mn, Cr, Ni, V, Zn, Al). Such metals can osd#lebetween their reduced and oxidized
states transferring electron (redox cycling), whadtalyzes peroxide breakdown (9 —11).
Three mechanisms of oxidation promotion by metalgehbeen proposed (further shown in
example with iron):

1) interaction with unsaturated fatty acids:
FE' + LH - Fe" + H + L 9)

2) interaction with hydroperoxides (so call€&nton-type reactions— two reaction
pathways are possible [2]:

Fe* + LOOH - Fé' + H + LOO (10)
Fé' + LOOH -~ F€* + OH + LO (11)
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3) activation of ground state molecular oxygen taeisited state, singlet oxygen [3]:

-€ 0, (12)
FE* +30, - F* + O <
. HO,™ (13)
+H

Because of thermodynamic constrains, spin barraard, an extremely low reaction rate,
the direct interaction of metals with lipid moleesl (9) is not considered to be the main
mechanism of metal catalysis. [5]

The main mechanism is believed to be the interastwith lipid hydroperoxides (10 — 11).
It has been generally accepted that a metal-hydogjukee complex is formed and
subsequently decomposed producing lipid radicalenEtrace amounts of these metals
promote electron transfer from lipid hydroperoxidescause the reaction (10) and (11) can
ran cyclically with regeneration of the lower oxida state of the metal. [5] Metals in their
lower oxidation states catalyze hydroperoxide deafian to a larger degree and faster than
metals in their higher oxidation states. The presesf a pre-existing lipid hydroperoxides has
been found to be an essential condition for theaetions. [59]

The mechanism of metal catalyzed lipid peroxidatsoshown in Figure 2—3.

LOOH

Fe2+ H* OH™ Fe**

LOOH

LOO’ 3 l—
LOOL

LH LOOH

Figure 2—3 Proposed mechanism of lipid peroxidation promditgdransition metal§4]

Hemoglobin(Hb) is an iron-containing oxygen-transport megaitbtein present in the red
blood cells of almost all vertebrates. The most wmm type of Hb in mammals consists of
four subunits of the globular protegtobin with an embeddetlemegroup. The heme group
consists of a porphyrin ring with a central ironrat and is responsible for reversible binding
of oxygen through ion-induced dipole forces (Figk+d). [5, 6, 95]

19



THEORY

HOOLC

COGH

Figure 2—4 Three-dimensional model of hemoglobin consistinfpwf globulin subunits, each with embedded
heme group (left), and a structure of heme groagperphyrin ring with iron (right]95]

Hemoglobin can exist in several different forms:

In its reduced statéFe?"), the Q molecule can be bound to the iron (red oxyhemadg)ob
which is stabilizedvia hydrogen bonding by the nearby distal histidineit @an be without
the oxygen (blue deoxyhemoglobin), which occuieatpH or at low oxygen tension.

Under the right conditions the iron can oxidizefdom the oxidized stateof hemoglobin
(F€*") (brown methemoglobin), which is not able to bidg [74]

In the presence of strong oxidizing agents, suchhgdrogen peroxide or lipid
hydroperoxides, hemoglobin oxidizes to ferrylhenobih (F€*). [51] Both the oxidized and
the reduced forms can be prooxidative. The relatignbetween the individual forms of Hb
is shown in Figure 2-5.

Several different mechanisms of the prooxidativievag of Hb have been proposed; they
are summarized in Figure 2—6.

il o Other
- % Py - " endogenous
? S — 2 2 sources
Autooxidaton / \
B e ,f";éh‘x
X o = & ™
o ™ .// \\\
/ : \
/ N/ \
HbO,kelil) HbFe(il) -Hbfe{iV)=0
Onyhermnioglobin Memermglnbin Perferrylhemoglobin
st ngluhln & Baitorsdlician /
HbFe{H] " HbFe[IV)=0
Demohermnoglobin Femylhemoglobin

Dz

Figure 2-5 Reaction mechanisms of hemoglobin autoxidation anoraduction92]
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Oxy-Hb (FE*-0,) canautoxidizeto met-Hb (F&) releasing oxygen as a superoxide anion
radical (Q). This radical can further transform to hydrogesrgxide (HO,), which can
activate met-Hb to form a hypervalent ferryl-Hb {E®©). Although this form is only
transient in nature and has a short half-lifes itapable of peroxidizing lipids and is thought
to be the main form responsible for Hb-catalyzedaton of lipids. [63]

The ferryl-Hb exists as a protein radical form askrts its action by abstracting an
electron from the lipid substrate leaving lipid icds, which can cause further oxidation. The
superoxide released on autoxidation can also eé#uetformation of other ROS (HOHO))
that are prooxidative.

The prooxidative activity of Hb is highly influengddoy pH. At acidic pH the conformation
of Hb is less stable. The lower the pH, the mortolded is the Hb structure and the more
exposed is the heme group, which leads to an iser@a the prooxidative activity. On
contrary, at alkaline pH the conformation of henafgh is much more stable, and the
prooxidative activity of hemoglobin is greatly suppsed compared to the activity of native
Hb at pH 7 or lower. [74]

The autoxidation reaction is enhanced by a low gtienit is reduced at an alkaline pH as
interactions with the distal histidine become sfgem Part of this enhancement of
autoxidation at low pH comes from the increasedalimtion of the tetramer to dimers for
mammalian hemoglobins and possibly full dissocratad fish hemoglobin to monomers.
Dissociation is also accomplished when the proieidiluted. The dissociated form is also
more prooxidative and has an increased tendendystothe heme group. The presence of
pre-formed lipid hydroperoxides and other oxidatiproducts may also increase the
autoxidation of hemoglobin. [74]

Iniiabion

Figure 2—-6 Mechanism of hemoglobin promoted lipid oxida{i@®]
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2.2 Antioxidants

An antioxidant is defined as any compound that pagvent biomolecules (proteins,
nucleic acids, polyunsaturated lipids, sugars) &tom undergoing oxidative damage through
free radical mediated reactions, when presentvatclancentrations compared to those of the
oxidizable substrates. [1] This definition encongessa wide array of mechanisms by which
antioxidants can act and subsequently a wide afayjompounds that can be classified as
antioxidants.

According to the mechanism of action antioxidards e broadly classified ggimary
antioxidants and secondary antioxidants Some antioxidants exhibit more than one
mechanism and are often referred to as multipletfan antioxidants. [2]

2.2.1 Primary antioxidants

Primary, or type |, antioxidants are free radicedvengers (FRS). [2] The ability of a
compound to scavenge free radicals that participatdipid peroxidation is commonly
associated with the termntioxidant Donation of antioxidant’s hydrogen atom to theefr
radicals is the reaction mechanism involved here.

Free radical scavengers can slow lipid oxidationiriiybiting the initiation phase of lipid
peroxidation (so callegreventive primary antioxidantdy scavenging free lipid radicals
(L"), or by inhibiting the propagation phase of lipidroxidation by scavenging lipid alkoxyl
(LO") (14) and/or lipid peroxyl radicals (LOY(so callecchain-breaking antioxidanyg15).

LOO' + AH — LOOH + A (14)
LO' + AH - LOH + A (15)

FRSs are considered to interact mainly with peroagicals. Low energy state of peroxyl
radicals makes them less reactive and extends lifetime, and thus they have a greater
chance of reacting with FRSs. This is in contraihwigh energy free radicals (e.g. QH
which are so reactive that they interact with tr@eoules closest to their sites of production.
Since antioxidants are generally found in subsdratdow concentrations, they would be less
likely to react with the high energy free radicdty.

Antioxidant efficiency is dependent on the abilitiythe compound to donate a hydrogen
atom to a free radical. This ability can be prestictvith the help of standard one-electron
reduction potentialsE’). Any compound that has a reduction potential dowhan the
reduction potential of a reactive oxygen specig®3Ris capable of donating its hydrogen to
that ROS (free radical) unless the reaction is ticaly unfeasible. [5] The standard one-
electron reduction potentials of reactive oxygeec#s and selected antioxidants are shown
in Table 2.2.

The efficiency is also dependent on the energyhefresulting antioxidant radical (A
The likelihood that this radical will abstract aratbm from an unsaturated fatty acid, thus
catalyze the oxidation, decreases with the deargasnergy of the antioxidant radical.
Effective FRSs form low energy radicals owing tsaeance delocalization of the unpaired
electron, and also produce radicals that do nottrespidly with oxygen ¥0,) to form
hydroperoxides that could undergo decompositionctimas producing additional free
radicals. A may participate in termination reactions with ot or lipid radicals to form
nonradical compounds (16 — 18). [5]
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LOO + A - LOOA (16)
LO" + A - LOA (17)
A+ A L AA (18)

Table 2.2 Standard reduction potentials (E°) of reactive axygpecie§d] and selected antioxidanf43]

Reactive oxygen specighalf-cell) E° (mV)
Oz, H"/ HO, — 460
0./ 0" - 330
H,O,, H" / H,0, HO 320
0,7, H / HO, 940
ROO, H" / ROOH 1000
HO,", H" / H,0; 1060 ~ 1500
RO, H" / ROH 1600
HO', H" / H,O 2310
PUFA (LOG, H" / LOOH) ~ 600

Antioxidants E° (mV) vs Ag/AgCI
ascorbic acid 167
caffeic acid 212
ferulic acid 430
p-coumaric acid 583

Effective FRSs arephenolic compounds[5] The mechanism of action of phenolic
antioxidants will be explained in section 2.2.4.2.

Carotenoidscan act as scavengers of lipid peroxyl radicalgh@ absence of singlet
oxygen or at low oxygen partial pressure. [2] Thajagated double bonds of carotenoids are
capable of reacting with peroxyl radicals to formresonance-stabilized radical due to
delocalization of electrons in the unsaturatedcstme. These radicals are unable to initiate
lipid peroxidation and can participate in termioatireactions with lipid radicals. [2, %}
carotenes are most active at a concentration>o1®> mol/L while at higher concentrations
the prooxidative effect is predominant. [6]

Ascorbic acid(Vitamin C) is active as a radical scavenger ineagis media, but only at
higher concentrations (~ T0mol/L). A prooxidative activity has been observedlower
levels (10° mol/L), especially in the presence of heavy mietas. [6]

2.2.1.1 Reaction mechanisms of hydrogen donation

Two distinct reaction mechanisms, by which the bgén atoms of antioxidants are
transferred to a free radical, are generally aetkpt2]; they are referred to as
* hydrogen-atom transfer (HAT), and
* single-electron transfer (SET) or proton-couplestebn transfer (PCET). [41, 42]

In the HAT mechanism, a whole hydrogen atoni)(id abstracted from an antioxidant
(ArOH) by the free radical using the same setsrbftals. The antioxidant itself becomes a
radical (19):
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R + ArOH = RH + ArO (19)

In the SET mechanism, the hydrogen atori) @4 an antioxidant is transferred as a proton
(H") and an electron to the free radical using difiergets of orbitals. This means that the
electron is transferred to the free radical turninigito an anion while the antioxidant turns
itself into a radical cation (Ar0) (20). In aqueous media, a rapid and reversible
deprotonation of the radical cation (21) and a radization of the anion (22) follow. [41]

R + AlOH = R + ArO* (20)
ArO" + O = ArO" + HO" (21)
R + HO' - RH + HO (22)

In the HAT mechanism, the bond dissociation enthdBRDE) of the O—H bonds is an
important parameter in evaluating the antioxidaethanism, because the weaker the O-H
bond, the easier will be the free radical inactorat In the SET mechanism the ionization
potential (IP) is the most important energetic dador evaluation of the scavenging ability.
The lower the ionization potential, the easiehis ¢lectron abstraction. [42]

Mechanistically, electron transfer and hydrogenmattransfer can be difficult to
distinguish, because the net result is the sarhe ®OH - RH + ArQO). [11] It is presumed
that both HAT and SET mechanism must always oacyrarallel, but at different rates. [42]
Wright et al. investigated the BDE and IP valuesdacumber of phenolics in the gas phase
and concluded that the HAT mechanism is predomif@mntnost of the phenolics. They also
assumed that the IP values in solutions will benlyigorrelated with the IP values in gas,
since solution-phase enthalpies of bond dissociatioelectron transfer appear to follow the
same trends as in the gas phase. [42]

However, in the solution-phase, several factord tan influence which mechanism
prevails must be taken into consideration, they are
* nature of solvent (polafr non-polar),
* pH of solvent,
» redox potentials of the antioxidants,
» presence of bulky groups near the OH group, or
* solubility of the antioxidant in medium. [42]

One of the important factors that influence théorbetween the HAT and SET mechanism
Is thehydrogen-bonding characteristics the solvent (S). [42]

It is expected that the SET mechanism prevailsalarpsolvents (e.g. alcohols) due to
solvent stabilization of the charged moleculesigadants) and therefore is strongly solvent
dependent, whereas HAT mechanism is predominanotrpolar solvents (e.g. hexane) and
therefore is only weakly solvent dependent. [27, 42

The observations that the polar solvents reducerdte of HAT reactions have been
explained by considering that most of the molecoleantioxidants are hydrogen-bonded to
the solvent (ArOH --- S), and these species ardlen@® react by HAT with free radicals.
Two parameters are important for the strength ef tiydrogen bond in the ArOH --- S
complex and for the stability of the complex: hygka-bond basicity of the solvent and
hydrogen-bond acidity of the antioxidant. [27]
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2.2.2 Secondary antioxidants

Secondary, preventive, or type Il antioxidants skt rate of lipid oxidation by several

different actions, but they do not convert freeigals to more stable products. They can

» chelate prooxidant metals and deactivate them,

» replenish hydrogen to primary antioxidants,

» decompose hydroperoxide to nonradical species,

» deactivate singlet oxygen,

» absorb ultraviolet radiation, or

* act as oxygen scavengers.

These antioxidants are often referred to as sysisrgiecause they promote the antioxidant
activity of primary antioxidants (e.g. ascorbicdaitric acid, lecithin, etc.). [2]

2.2.2.1 Metal chelators

Transition metals with two or more valence states, Cu, Mn, Cr, Ni, Al) are important
promoters of lipid oxidation (see section 2.1.3 foe mechanisms). [2] The prooxidative
activity of metals can be altered by chelatorsemugstering agents. Chelators can inhibit the
activity of these metals (the metal redox cyclingy one or more of the following
mechanisms:

» occupation of all metal coordination sites,

» formation of insoluble metal complexes, and

 steric hindrance of interaction between metals lgrids or oxidation intermediates
(e.g. hydroperoxides). [5]

Some metal chelators can increase oxidative raectiy increasing metal solubility or
altering the redox potential of the metal. The #may of chelators to inhibit or accelerate
prooxidative activity depends on metal-to-chelatatio. The typical example is EDTA
(ethylenediamine tetraacetic acid): EDTA is inefifee or prooxidative when EDTA :iron
ratio is< 1 and antioxidative when EDTA :iron ratioxsl. [5]

Chelators must be ionized to be active. Therefbmsr tactivity decreases at pH value
below the K, of their ionizable groups.

The main metal chelators found in foods containtiplel carboxylic acid groups (e.qg.
EDTA, citric acid) or phosphate groups (e.g. polygphates and phytates). Prooxidant metals
can also be controlled by metal binding proteingshsas transferrin, ferritin, phosvitin,
lactoferrin, albumin and casein. [5, 7] Phenolidgdaccontaining catechol and pyrogallol
moiety, and flavonoids containing 3'4'-dihydroxyogp in the B or C ring, and ketol
structures 4-keto, 3-hydroxy or 4-keto, 5-hydrorytlhe C ring, under favorable conditions
also exhibit chelating abilities (Figure 2—7). IB, 47, 46]

O/M(n—2)+
[ o) o)
3 O AN
/B\4'/ c | @C |
X i ? 7l
Oeme (1) o 0
M-1)+

Figure 2—7 Metallic ion complexation by flavonoids via the43'e-diphenolic group in the B ring (left) and
ketol structures 4-keto, 3-hydroxy in the C ringdghte) or 4-keto, 5-hydroxy in the C and A ringigfit).
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2.2.2.2 Oxygen scavengers and reducing agents

Oxygen scavengers and reducing agents functiondmatthg hydrogen atoms. Typical
examples are ascorbic acid, ascorbyl palmitatetherlgic acid, sodium erythorbate, and
sulfites. Oxygen scavenging is useful in produdth wissolved oxygen. [2]

Sulfites (SQ, N&SO; and metabissulfites) react with molecular oxygeriorm sulfates.
They also act as reducing agents by promotingdimadtion of phenols from quinines. [2]

2.2.2.3 Singlet oxygen quenchers

Carotenoid pigments, such as carotengscafotene, lycopene, lutein, etc.) and
xanthophylls (isozeaxanthin, astaxanthin, etc.jesgnt the most active singlet oxyge®.}
quenchers. [2] It is estimated that one carotenmitecule is able to quench around 1609
molecules. [7] In the presence of a carotent@, preferentially transfers its energy to the
carotenoid producing a triplet state carotenoid taiptet oxygen. (23) Triplet state carotenoid
dissipates the energy in the form of heat intogheironment returning itself to the ground
state. (24) [2]

'0, + carotenoid= >carotenoid +°0, (23)
3carotenoid= carotenoid + heat (24)

Carotenoids with nine or more conjugated doubledsoare more efficient a80,
guenchers than carotenoids with less unsaturatéxbgrbon structure or the ones with some
functional groups attached to the hydrocarbon airec [2] Beside quenchindO,,
carotenoids can act also as chain breaking antioxsdsee section 3.2.1 for more details). [7]

Tocopherols, some phenolics, urate and ascorbatalsa act a¥0, quenchers. [2, 7]

O
OH

NN

HO
O

Figure 2—-8 Chemical structure of a carotenoid antioxidantaasnthin[7]

2.2.2.4 Enzymatic antioxidants

Almost all living systems have their own defenssystem against ROS in the shape of
endogenous enzymatic antioxidants. One of the nmpbrtant enzymes isuperoxide
dismutase (SOD), a metalloenzyme that is omnipresent in Bukec organisms, and
catalyzes superoxide dismutation into hydrogenxdeoand molecular oxygen (25). [7]

SQC
20 +2H OO0 - HO, + O (25)
Another notable enzyme glutathion peroxidasd GSH-Px), a selenocystein-dependent

enzyme that has deactivation activity concerningdlreactive species — hydrogen peroxide,
lipid hydroperoxides and peroxylnitrite. [7]
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A third enzyme of great importance ¢atalase(CAT), a heminic enzyme that mainly
occurs in peroxisomes and erythrocytes, and caalyeduction of hydrogen peroxide to
water and molecular oxygen. (26). [7]

CAT
2H0, OO - 2HO0 + O (26)

It is assumed that a direct cooperation exists déetwdifferent enzymem vivo. For
example, SOD activity leads to the formation of fogen peroxide, which in turn is
detoxified by CAT and/or GSH-Px. [7]

2.2.3 Physical location of antioxidants

The effectiveness of antioxidants depends apam fother factors on the physical nature
of the lipid and the polarity of antioxidants. Hgghilic antioxidants are often less effective
in emulsions than lipophilic antioxidants, wheréipephilic antioxidants are less effective in
bulk oils than hydrophilic antioxidants. This phemon has been called “the polar
paradox”. [5] (Figure 2-9)

Differences in the effectiveness of the antioxidant bulk oils and emulsions are due to
their physical location in the two systems. Polaticxidants are more effective in bulk oils
because they can accumulate at the air-oil interéacin reverse micelles within the oil, the
location where lipid oxidation reaction would beegtest owing to high concentrations of
oxygen and prooxidants. Non-polar antioxidantsmaoee effective in emulsions because they
are retained in the oil droplets and and/or mayadate at the oil-water interface (created
by emulsifiers, e.g. lecithin), the location withet occurrence of interactions between
hydroperoxides at the droplet surface and prooxgdam the aqueous phase. On the other
hand, in emulsions, polar antioxidants would temgbartition into the aqueous phase where
they would be less able to protect the lipid. [5]

Bulk oil WI0 emulsion OMW emulsion
AlR
R E R R R E R
m "8 L ong
|
o g o
o
O o a
o OIL o o oIL o @ @ WATER e @

O Hydrophobic antioxidant @ Hydrophilic antioxidant

Figure 2—9 Effects of antioxidant polarity in bulk oil and ersioihs

2.2.4 Natural antioxidants

Antioxidants in foods may originate from componetitat occur naturally in the food
ingredients. Natural antioxidants are primarily rplaphenolics (flavonoid compounds,
cinnamic acid derivatives, coumarins, tocopherets,), than carotenoids or vitamin C, and
may occur in different parts of the plant.
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This thesis deals mainly with phenolic antioxidafatsncretely simple phenolics — caffeic,
ferulic, p-coumaric acid and propyl gallate), thus furtheemiew of antioxidants will be
focused mainly on these substances.

2.2.4.1 Phenolic compounds

Phenolic compoundéphenolics) are a group of approximately 8000 radiy occurring
compounds, all of which possess one common stricteature — a phenol (an aromatic ring
bearing at least one hydroxyl group). [3]

Current classification divides the broad categdrpltenolic compounds into three major
groups according to the number of phenol subunitee molecule:

a) simple phenols- phenolics consisting of one phenol unit (se¢é@eR.2.4.2),
b) flavonoids— phenolics consisting of two phenol subunits, and
c) tannins— phenolics consisting of at lest three phenolsitb.

Flavonoids and tannins are referred topat/phenols(PP). All the three groups can be
further sub-divided according to various structuiedtures. The main groups of flavonoid
antioxidants are shown in Figure 2-10.

Phenolic antioxidants are widely spread throughbeatplant kingdom as secondary plant
metabolites. They are present either in free formnwre typically, conjugated to various
molecules (quinic acid, sugars). [73]

Plants rich in phenolics are for example soybeatoftherols, isoflavones, phenolic acids),
peanuts and cottonseed (quercetin, rutin), mustacdrapeseed (phenolic acids, condensed
tannins — cyanidin, pelardonidin, kaempferol), rifisovitexin), sesame seed (sesamin,
sesamolin, sesamol, sesamolinol), tea leaves (tatc herbs and spices — rosemary and
sage (carnasol, rosmanol, rosmaridiphenol, rosmacid), oregano, mace, black pepper
(phenolic acid amides), turmeric (tetrahydrocuraumiolives (phenolic acids), onion
(quercetin), sweet potato (chlorogenic acids, @affacid), oats (dihydrocaffeic acid),
filamentous fungi (curvulic acid, tocatechuic acditrinin), berry fruits, coffee and cocoa
bean (caffeic acid), most fruits (apples, grapesy, pineapple, citrus and stone fruits, etc.)
and some green vegetables (spinach, broccoli £¢.J3, 81] Consequently, beverages made
of these plants, such as red wine, juices, teafbee, show high antioxidant potency. [82]

2.2.4.2 Phenolic acids

The term phenolic acidsdescribes phenols that possess one carboxylic g@dp.
However, when describing plant metabolites, itnefe a distinct group of organic acids.
These acids contain two distinguishing constituti@ebon frameworks:
 the hydroxycinnamic, and
* hydroxybenzoic structures.

Although the basic skeleton remains the same, timber and position of the hydroxyl
groups on the aromatic ring create a variety of maumnds (Figure 2-11). In many cases,
aldehyde analogues are also grouped in with, dedee to as, phenolic acids (e.g. vanillin).
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Figure 2—10 Main flavonoid antioxidants found in the plant kitogn[7]

Hydroxybenzoic acids Hydroxycinnamic acids

R, R, R, 0
o]
Rs 4 R, / OH
OH
Ry R3
Ri=R =Rs=Ry=H Benzoic acid (non phenolic) Ry =R, =Rg3=H Cinnamic acid
Ri=Ry=H,R=R;=0H  Protocatechic acid (non-phenolic)
Ri=H,R=R;=R,=OH  Gallic acid Ri=R;=H, R, =OH p-Coumaric acid
Ri=OH,R=Rs=R;=H Salicylic acid Ri=R,=0OH, R;=H Caffeic acid
Ri=Ry=0OH,R=R;=H Gentisic acid R;=0CHg3, R, =0H, R;=H Ferulic acid
Ri=R,=H, R=0H, R, = 0CH; Vanillic acid R; =R = OCH;, R, = OH Sinapic acid
Ri=H,R=0H,R=R,=0CH; Syringic acid

Hydroxycinnamates (Chlorogenic acids)

(0]

o = Ry

HOOC Ri=R,=0OH,R=H Caffeoy! quinic acid
(Chlorogenic acid)
R2 Ri=R;=H, R, = OH p-Coumaroyl quinic acid
R R; = OCH;, R, = OH, R =H Feruloyl quinic acid
HO OH 3 R;=R;= OCH;, R, = OH Sinapoyl quinic acid
OH

Figure 2—11 Main phenolic acids and esters found in the plang#om][7]
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Phenolic compounds (ArOH) donate hydrogen fromrthgdroxyl groups and the formed
phenolic radical (ArQ has low energy as the unpaired electron is déiechthroughout the
phenolic ring structure (Figure 2—-12). The effeetigss of phenolics is often increased by

substitution groups on the phenolic ring. ThesesBuents increase the ability of ArOH to
donate hydrogen and/or increase the stability ®&H0O'. [5]

o' 0 0 0
O—0— O — ®
Figure 2—12 Delocalization of unpaired electrons around theraatic ring of a phenoxy radic#B]

Phenol itself is inactive as an antioxidant. Substn of the hydrogen atoms in tbetho-
andpara-positions with alkyl groups (e.g. ethykbutyl; propenoic acid in thpara-position
in the case of hydroxycinnamic acids) increasesetbetron density of the OH moiety by an
inductive effect and thus enhances its reactivityard lipid radicals. The stability of the
phenoxy radical is increased by bulky groups atdttho-position since these substituents
increase the steric hindrance in the region ofrtdicals. They further reduce the rate of
possible propagation reactions mediated by Ahat may occur. [3]

The introduction of a second hydroxy group atdahdo- or para-position of the hydroxy
group of a phenol increases its antioxidant agtiviThe effectiveness of a 1,2-
dihydroxybenzene derivative (catechol, e.g. caftai) is increased by the stabilization of
the phenoxy radical through an intramolecular hgdrobond (Figure 2—-13). The increased
antioxidant activity of dihydroxybenzene derivasvis partly due to the fact that the initially
produced semiquinoid radical can be further oxidize a quinone by reaction with another
lipid radical or another ArO(Figure 2—14).

O-=H
Figure 2—13 Stabilization of the phenoxy radical through atramolecular hydrogen bond in 1,2-
dihydroxybenzene derivatives (catechols)

:

OH o* ¢ o)
OH

: ROO 00 : ’ :

OH o OH ROO ROOH (o]

Figure 2—14 Oxidation of a dihydroxybenzene derivative leadmthe formation of a quinone

OH

The antioxidant activity of 2-methoxyphenol (e.grdlic acid) is lower than that of

catechol, because 2-methoxyphenols are unablaldize the phenoxy radical by hydrogen
bonding. [3]
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Antioxidants are more effective when added to Bpidth a low degree of oxidation; they
are poorly effective in retarding oxidation in higloxidized lipids. [3]

2.2.4.3 Ascorbic acid

Ascorbic acid represents a multifunctional antiaxit it is capable of:
* quenching singlet oxygen,
» reduction of free radicals and primary antioxidaatticals, and
» removal of molecular triplet oxygen in the preseateetal ions as catalysts. [2]

In the latter, ascorbate and molecular oxygen farrternary complex with the metal
catalyst and twart electrons from ascorbate shift to oxygen through transition metal
yielding water and the oxidized more stable fornasdorbic acid (dehydroascorbic acid). [2]

Ascorbic acid and its salts (ascorbates) belong gyoup of
widely used food additives of natural origin, régied under the \Lgir
E numbers E 300 — E 303. They are used to progoeaus HO~ =
matrices. The fatty acids esters (ascorbyl palmitatstearate, E —
304) of ascorbic acid are synthesized and usegrfatection of
lipids. Vitamin C is an essential compound for hamahas rigyre 2-15 Ascorbic acid

remarkably low toxicity, and its use as a food &uddi is
considered to be beneficial for consumers. [85, 97]

HO OH

2.2.5 Synthetic antioxidants

Synthetic antioxidants are very effective inhibstaf lipid oxidation in a wide variety of
food products After the interaction of the antiaad with lipid radicals, the bulky
substituents (such dert-butyl or methoxy groups) iortho- andpara- positions relative to
OH group on a benzene ring provides the formaticam\eery low energy resonance-stabilized
phenolic radical. Due to its low energy, this radlidoes not rapidly catalyze the oxidation of
unsaturated fatty acids. In addition, syntheticaxndants do not react readily with oxygen to
form unstable antioxidant hydroperoxides, which nad®compose into high energy free
radicals that could promote oxidation. Instead tteangd to react in radical-radical termination
reactions. [5]

The main reason for using synthetic antioxidant®igxtend the shelf-life of foodstuffs
and to reduce wastage and nutritional losses higitig and delaying oxidation. [3]

Synthetic food antioxidants currently permitted éise in foods in the Czech Republic are
butylated hydroxytoluene (BHT; E 321), butylateddigxyanisole (BHA; E 320), propy!
gallate (PG; E 310), octyl gallate (OG; E 311), elod gallate (DG; E 312), tertiary-
butylhydroquinone (TBHQ); E 319) and 4-hexylresooti(E 586). [85] Each country has its
own restrictions and regulations given by law foe use of the synthetic antioxidants. The
major criterion for the acceptability of these campds is their potential toxicity, which has
been studied extensively and is still not clealr. [3

0

2.2.5.1 Propyl gallate HO
. : 07"
Propyl gallate, am-propyl ester of 3,4,5-trihydroxybenzoi ;@/M\

acid (Figure 2-16), is a synthetic phenolic commbapproved HO
for use as an antioxidant in food [1] and cosmaetitustry to
protect fats and oils against oxidation. Figure 2-16 Propyl gallate

OH
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As a food additive it is used under the number & 385] GSFA (Codex General Standard
for Food Additives) provisions for propyl gallatenge from 50 — 1000 mg/kg depending on a
food category; for instance lard, tallow, fish @hd other animal fats, emulsions containing
less than 80 % fat and products based on fat eomslshay contain max 200 mg/kg (fat or oil
basis). [90] Acceptable daily intake (ADI) of pramallate for man is estimated 1,4 mg/kg of
body weight (1993). [91] Commercially, propyl gadlais used in substantial quantity [1]
despite the efforts of recent years to replacengfitt antioxidants with natural ones.

Within the group of synthetic antioxidants, proggllate is the compound with the lowest
polarity [5] due to the esterification of the agbup with aliphatic chain. Propyl gallate is
available as a white crystalline powder and is isgéy soluble in water, fats, oils and
glyceryl monooleate, and soluble in alcohols, gtgt@nd propylene glycol. [2, 3] Propyl
gallate can chelate iron ions forming a blue-bleakplex. [3]

2.3 Evaluation of antioxidant activity

2.3.1 Introduction

By definition, the antioxidant activity (AOA) is the capability of a compound (or a
mixture) to inhibit oxidative deteriorations, eligpid peroxidation. [13] The termantioxidant
capacity(AOC) orantioxidant potentiais also frequently used in the literature.

Evaluation of AOC of various matrices, such as mkasbeverages, vegetables and fruits,
as well as of pure compounds (e.g. phenols, vitamhas received much attention during the
past two decades, for many studies have demortsteatenverse correlation between the
intake of natural antioxidants and the occurrerfcexalative stress related diseases, such as
inflammation, cardiovascular disease, cancer anidigaglated disorders. [11, 24] Pure
antioxidants of natural origin or some specificnplaaterials (e.g. grape pomace, rosemary or
berry extracts) are of great interest for food stdy as additives to foods for protection
against oxidative deterioration, thus evaluatiorthefir antioxidant capacity has also been an
important issue.

Even if there is a large demand for information wbantioxidant properties of various
substrates, the evaluation of these propertiestiam easy task, probably due to the fact that
the area of antioxidants is such a complex issine l[arge number of papers devoted to
assessment of antioxidant properties of variousx@dants is a clear proof of this.

Up to date, there are numerous published metha@isiclg to measure total antioxidant
capacityin vitro, however the lack of a validated assay that coelidbly measure the AOC
still remains a big problem. Several reviews hagerbpublished on this topic. [11, 12, 13,
18] The problems with reliability of AOC assays anore closely commented in this thesis.

2.3.2 Approaches to AOC evaluation

An increased interest in information about antiexidpotentials of phenolic rich matrices
has led to the development of a wide array of as&aydetermination of antioxidant capacity.

There are two main approaches to AOC evaluatioh dh@a generally applied in these
methods/assays: direct, and indirect. [13]

When theindirect approachs applied, the ability of antioxidants to scaverspme stable
coloured synthetic free-radicals is most often eatdd. This has little in common with real
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biological oxidative degradation mediated by higtdgctive radical oxygen species, or by the
effects of transition metals. The ability to donai® electron or a hydrogen proton under
conditions that are very different to thaeevivois usually measured. [13]

Direct methodsare based on studying the antioxidant effect ofioaitants on the
oxidative degradation of a system of biologicatwaince (individual lipids, lipid mixtures —
oils, lipid membranes, low density lipoprotein, DN#ood, plasma, etc.). [13]

The direct approach of evaluation that utilizesioas lipid model systems has been
suggested as being superior to the indirect approslcere the antioxidant activity is
evaluated more or less artificially by means otalbed one-dimensional AOC assays. [7, 18]
The type of oxidative substrate in the model systamd the overall system conditions play
an essential role. It is expected that the cldseicbnditions are to the real lipid systems, both
in vivo (such as cell biomembranes) amdvitro (lipid-containing foods) the more valid
information about antioxidant potentials is likétybe achieved.

Preferences should be given to the direct methoalsever these methods are often time
consuming, which does not fulfill the demand forickuand easy assessments important
mainly for food and nutraceutical industry.

The use of more than only one and combination ofoua analytical methods for
evaluation of antioxidant activity has been recomdssl to obtain more objective
information about antioxidant potentials of varimmnpounds. [7, 18, 33]

2.3.3 Indirect methods

The majority of the indirect methods is based oecspphotometric measurements since
such measurements are fast, easy to perform anatipneproducible data.

The spectrophotometric methods themselves (theithadelogy, chemistry, ways of
quantification and interpretation of results, anastimportantly biological relevance) as well
as the information about the antioxidant capacita tested material provided by them have
been constantly debated among researches. [113125, 18, 24]

Because the results of thesevitro assays often serve to extrapolate a potemti&ivo
activity, the biological relevance has been frediyeand strongly questioned. The following
aspects have been criticized: The assays ardystiesed on chemical reactiomsvitro that
bear no similarity to biological systems. Moreovle assays do not measure bioavailability,
in vivo stability, or retention of antioxidants by tissuasd reactivityin situ. [11] The recent
study of Serrano et al. suggests that determinaifoAOC in food extracts by the AOC
assays may even underestimate the real physiolagitiaxidant capacity. [89]

Principles, methodology and drawbacks of the megiufar AOC assays in current use
within the food research and industry are briefymmarized in section 2.3.8. Special
attention is paid to the Folin-Ciocaltau, FRAP, bP&hd ABTS assay as these were chosen
for evaluation of antioxidant capacity of compouimdhis study.

2.3.4 Comparison of AOC results

Although a large variety of assays are available AQC assessment, the information
provided is often rather conflicting. The resultstadned for a particular substrate vary
significantly with each method and even within atmoe itself evoking a lot of debates
among researchers. As a consequence of these eliveg interpretation and comparison of
the results from different assays is very diffic{d2, 13, 18, 24]
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According to the authors of the critical papers ADQC assays, following factors are
responsible for differences in results:

(1) Many assays hawariable end pointand different laboratories use different critdda
define the end point. This results in differenti@xitlant capacity values for identical foods
(or compounds) assessed by different laboratogegihe same method.

(2) In addition to variable endpointsariable concentration®f reagents andosesof
reactants are frequently used, which contributedifferent values within the same method
and the same substrate.

(3) Another issue that makes comparison betweeinxiadnt capacity measurements
difficult is the choice of standardor reference compound) used to calibrate theyaddas
affects the final value obtained for antioxidanpaeity, which again makes comparisons
between different substrates problematic, everhefytwere assayed by the same type of
method under identical assay conditions.

In many studies it was pointed out that withoutagisstandardization it is impossible to
compare antioxidant capacity values assessedfatatif laboratories. However, establishing
standardized procedures is a complicated tasktasdifficult to achieve this.

2.3.5 New trends in evaluation of antioxidant capacity

Besides conventional AOC assays (see section 2d3.&xamples), new methods to
evaluate AOC have been recently introduced — fetaimce, a method based on protein
structural change [83], on spectrophotometric messant of Ce(IV) reducing capacity [87],
or on bleaching of pyranine and pyrogallol red icetti by free radicals generated from an azo
initiator [93]. The creators of these assays havergthorough discussions on the use and the
merits and weaknesses of the methods, and ontdrpiietation of the information these new
assays provide.

Special attention has been also paid to the measmte of AOC of insoluble food
components. This aspect has often been forgotteenwheasuring the AOC of various
matrices. It was shown that the contribution ofoloble matter to total AOC was highly
relevant for cereal-based foods and for dietargfitich ingredients. [84]

So calledintegrated approacthas been proposed as a novel method for evaluafion
antioxidant capacity. This approach binds togettaues obtained by different AOC assays
by means of so called radar charts, as shown iwthr& of Terashima et al. [83], or by a
calculated value (e.g. relative antioxidant capga@itdex, antioxidant potency composite
index), as shown in the work of Sun et al. [86] &s&ram et al. [82].

2.3.6 Antioxidant activity in lipid systems

Although AOC assays provide some information alibatpotentials of an antioxidant to
protect matrices susceptible to oxidative damaley tmay not reflect this ability in real
systems. In fact, the antioxidants may behave qiifferently than they do in the AOC
assays. [11]

It has been shown in different studies that thatined effectiveness of antioxidants in lipid
systems is dependent on a number of factors [183®5], mainly:

 the type of lipid substrate (triacylglycerols, fifiagty acids, phospholipids, LDL, etc.),
» the nature of lipid system (bulk oils, minces, esmus, micelles, LDL, membrane
structures — liposomes, microsomes, fibroblasts),et
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 the structure of antioxidant (number of OH groupdgent of conjugated double bond
systems, substituents on aromatic rings, etc.),

» the concentration of antioxidant,

 the presence and the type of prooxidants (free Isjet@hotosensitizers,
metalloproteins, stable free radicals, etc.),

» the antioxidant-to-prooxidant ratio,

» the presence of other interfering substances (emng antioxidants, enzymes,
metals, sugars, proteins, etc.),

» other variables such as temperature, pH, time ofadon, light, etc.

In addition, the method used to measure the degfrdipid oxidation is very important.
Both rapid and time-consuming methods exist; methmaked on detecting different products
of lipid oxidation or methods utilizing changesdoncentration of oxidation reactants. These
methods have been recently summarized in the revidvaguerre et al. [7]

2.3.7 Evaluation of effectivity of antioxidants in different model systems

Many studies have shown that phenolic compoundse kiifferent antioxidant activity in
different lipid model systems. A wide choice ofitipnodel systems is available for studies of
lipid peroxidation, for instance:

* bulk oils or emulsions of triacylglyceroles, frext acids or their esters,
* low-density-lipoprotein (LDL),

» tissue homogenates, minces,

* liposomes, and

» other membrane structures (e.g. erythrocytes, sienes, fibroblasts). [1]

The variability of these systems is further enldrd®y the choice of the oxidizable
substrate. These systems can be eibldic oils for example bleached and deodorized olive
oil, purified sun flower oil, lard [37], odispersed systemsuch as oil-in-water and water-in-
oil emulsions [33, 34], micellar systems [31], L[87], liposomes [14], microsomes [35] etc.
Antioxidant behaviour is more complex when evaldatedispersed systems than in bulk oils
because more variables can influence lipid oxigatsoich as emulsifiers, pH, and buffers.

Linoleic acid is not considered to be a represemainodel system anymore, because
foods contain mainly triacylglycerols, which havebahaviour significantly different from
that of free linoleic acid both as a bulk and irceties. [33]

Early studies on evaluation of effectivity of andidants were focused on classical
antioxidants, such as-tocopherol, ascorbyl palmitate, methyl carnosoatepropyl gallate,
and their water-soluble analogs, Trolox, ascorbdid,agallic acid and carnosic acid,
respectively. Simple bulk oils and emulsions matipusified triglycerides, methyl linoleate
or linoleic acid were used as lipid model systeiie study of Frankel et al. [88] proposed
the so callednterfacial phenomenar polar paradoxof antioxidants (explained in section
2.2.3). Later studies proved the validity of thisepomenon for other compounds, namely
some phenolic acids [36], and pointed out also ithportance of emulsifiers for the
effectivity of antioxidants in dispersed systemsg). éhe works of Huang et al. [33] and
Schwarz et al. [34], because antioxidants partitiothe interface and may interact with the
emulsifiers. It has been presumed that emulsifremease the solubility of polar antioxidants
but may decrease the activity due to hydrogen lmond4, 36]
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The antioxidant activity of selected representatioeflavonoids, coumarins, and cinnamic
acids was examined by Foti et al. by measuring theatective action toward linoleic acid
peroxidation in micelles of sodium dodecyl sulfé®®S) in buffer solution, pH 7.4 and 50°C.
The best values were observed for flavonoids, ¥adld by coumarins and cinnamic acids.
Due to measurements with many structurally simdampounds and their water- or oil-
soluble analogues the structure-activity relatigmshvas deduced with relation to
hydrophilicity of the compounds. [31] Micellar sgats can be used for a rapid evaluation of
antioxidant activity; however, neither linoleic dsior SDS micelles represent physiologically
relevant or food-related conditions.

Tea catechins represent an important group of pizeantioxidants because of their high
proportions in green tea, which belongs to traddaloand broadly consumed beverages.
Antioxidant activity of selected tea catechins iffiedlent lipid model systems were studied by
Hunag et al. [30] The study demonstrated that wdretiba catechins, gallic acid and propyl
gallate act as antioxidants or prooxidants is dépeton the lipid system and the presence of
metal catalysts. Tea catechins, gallic acid, angydrgallate were all antioxidants in corn oil
triacylglycerols and in liposomes without added me&p ions, whereas in oil-in-water
emulsions and in liposomes with added copper csttathese compounds were all
prooxidants. The antioxidant concentration, thepterature of oxidation, the oxidation state
and the methods used to measure lipid oxidatioreieriting factors. [30] However, the
study lacks deeper explanation of the effectsvigie observed, mainly on a molecular basis.

Some commonly used antioxidants (BHA, BHT, TBHfQtocopherol and caffeic acid)
were studied in phosphatidylcholine liposomes w@hb-catalyzed oxidation and in o/w
emulsions at 37 °C and pH ~ 5.8 by Nenadis ef14]. Synthetic antioxidants were the most
effective compounds both in liposomes and emulsitovger levels of addition compared to
that ofa-tocopherol and caffeic acid were efficient to rdtaxidation during the monitoring
period.a-Tocopherol was less effective and the behaviowadfieic acid was concentration
dependent — at low levels of addition it was inelifee or promoted oxidation. Interestingly,
caffeic acid promoted the oxidation even in the ksions where no metal initiator was
present. A hypothesis that caffeic acid could irdtiee generation of hydrogen peroxide in
agueous solution, which then promotes the oxidatibthe emulsions have been suggested,
however no verification experiments were performed.

Microsomes represent a more complex lipid modelesys because the phospholipid
bilayers contain endogenous enzymes, tocopherots aarvariety of other lipids than
phospholipids. [1] Evaluation of antioxidant effecif a grape extract, grape procyanidins,
hydroxytyrosol obtained from olive-oil byproductsnd of propyl gallate on inhibition of
hemoglobin, enzymatic-NADH iron, and iron-ascorbgieomoted oxidation of fish
microsomes was done by Pazos et al. [35] All compsewlelayed lipid oxidation promoted
by the three prooxidants except for hydroxytyrasaton-ascorbate promoted oxidation.

The correlations between physicochemical propediethe phenolics, such as polarity,
reducing capacity, chelating properties, affinity being incorporated into the microsomal
membranes, and inhibitory activity against the hglmloin autoxidation, and their protective
effects were also investigated in the study. Thetrdecisive factor has been found to be the
affinity, which seems to be ruled by interactionvieen phenolics and the phospholipid
headgroups or membrane proteins rather than byifyodd the compounds. [35]
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Low-density-lipoprotein (LDL) represents one of thest complex lipid model systems of
natural origin owing to the content of various nuoikes (Figure 2—17). A key substance in the
LDL patrticle is endogenous-tocopherol, which can be regenerated by reduajemiz, such
as ascorbic acid, but also by many phenolics, amqtavide the protective action. [3]

Moon et al. evaluated the antioxidant activity affeic acid and dihydrocaffeic acid in
lard, as a representative of edible fat, and hupiasma LDL oxidized with copper ions at
37°C. Dihydrocaffeic acid was more effective in gigssing the induction period of lard at
60 °C, while caffeic acid was more effective in gesion of LDL. This phenomenon has
been attributed to the nature of oxidizable substrather than the 2,3-double bond that
differentiates the two compounds.

Monolayer shell of phospholipids
(~ 700 molecules #)
Apolipoprotein B
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Unesterified cholesterols .:g%b;;ﬂ__}l .
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(~ 1600 molecules #)

Triacylglycerols
(~ 170 molecules #)

+ Non enzymatic antioxidants
(~ 9 molecules #) including : «-tocopherol (~ 7 molecules),
fB-tocopheroal, 5 - and a-carotene, lycopene, cryptoxanthin and ubiquinol-10

Figure 2-17 A simplified structure of LDL particlg]

Inhibition of ferrylmyoglobin-induced LDL peroxidan by phenolic acids was studied in
the work of Laranjinha et al. [51] The effectivity the compounds turned out to be strongly
dependent on the substitution pattern on the pheémgil o-dihydroxy derivatives of cinnamic
and benzoic acids were more efficient than whenajrtbe OH groups was replaced with H
or methoxy group. The protection of LDL againstdation was assigned to the ability of the
compounds to reduce the oxoferryl moiety of theyleryoglobin (Fé") to the ferric form
(Fe") of metmyoglobin. The lipid-radical scavenging liieis and regeneration ofi-
tocopherol were considered to be minor contributotfie protective effects.

A less traditional model system is intact cells; éxample fibroblasts. The effects of
ferulic acid, a-tocopherol,>carotene, and ascorbic acid dosed at micromolacertdrations
alone or in combination on peroxidation of rat tiv@icrosomes and murine fibroblasts
induced bytert-BOOH and AAPH were studied by Trombiono et al.][68 these models,
ferulic acid acted as a potent antioxidant beingnemore active than the other compounds
which also had protective effects; synergistic @8ewere observed when ferulic acid was
used in combination with the other antioxidants.isThtudy highlights the antioxidant
potentials of ferulic acid; however, the authorsnadthat the choice of a prooxidant may
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influence the antioxidant properties of feruliccadUnfortunately, the prooxidants used in this
study are not biologically relevant because ofrtisgnthetic origin, also the mechanism of
oxidation promotion occursia different pathways compared to more biologicalyevant
promoters, such as metal ions or metalloproteins.

Real foods systems, such as tissue homogenatesmimes, mayonnaise and other dairy
products, represent natural model systems; yeth systems are highly complex. It is
therefore not convenient to use these systemguddyisg the influence of specific factors on
lipid oxidation of foodstuff. However, they are a@emodel systems for studying the
applicability of antioxidants.

Chilled minced fatty fish muscle was used for essibn of effectiveness of
hydroxycinnamic acids and catechins in the studiMetlina et al. [32] Caffeic acid, propyl
gallate and catechin supplemented at 10 ppm (0%)Ishowed a potent effectivity in
retarding the development of rancidity in fish mlasd@he inhibitory activity correlated with
the reducing capacity of the compounds rather thih their chelating abilities and their
distribution between oily and aqueous phase ofranlgon (O:W = 1:1, v/v); properties that
were also measured in the study.

It is clear that a universal lipid model system slo®t exist. Every system is somehow
specific, and the effectivity of antioxidants there differs in these systems. The choice of a
model lipid system should primarily be made witlspect to the purposes of the tested
antioxidants or with respect to the knowledge tiesds to be gained.

2.3.8 Antioxidant Capacity Assays

Many antioxidant capacity (AOC) assays have beeweldped and the merits and
disadvantages of them have been fully discussedvaral reviews. [11, 12, 13, 18, 24]
On the basis of the chemical reaction mechanismslviad (these mechanisms are
described in section 2.2.1.1) the assays can lghlpdivided into two categories:
* hydrogen atom transfer (HAT) reaction based assays,
 single electron transfer (SET) reaction based assay

In general, the SET-based assays measure an datisi reducing capacity, and the
HAT-based assays quantify hydrogen atom donatipgaity. [11]

2.3.8.1 HAT-based assays

HAT-based assays measure the ability of an an@mtido quench free-radicals by
hydrogen atom donation. HAT-based assays are dbnemmposed of a synthetic free-
radical generator, an oxidizable probe, and anomidi@nt. In most HAT-based methods,
antioxidants and a probe compete for thermally gted peroxyl radicals (ROPand the
quantification is derived from the kinetic curveitea monitoring the competitive reaction
Kinetics. [86]

The most biologically relevant HAT-based assayscaresidered:

» oxygen radical absorbance capacity (ORAC),
* total radical-trapping antioxidant parameter (TRA&)d
* inhibition of autoxidation of induced low-densiipdprotein (LDL) oxidation. [12]
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It has been assumed that the AOC from the HAT-bas&dro assays may more closely
reflect in vivo action, because hydrogen atom transfer is a kegtiomamechanism in the
radical chain reactions. [11, 12]

The ORAC assay was recommended as a standard niethepdoutine quality control and
measurement of food AOC because it is a methodubed a controllable source of peroxyl
radicals and can detect both hydrophobic and hydiio@ntioxidant. [12, 86]

2.3.8.2 SET-based assays

SET-based assays measure the ability of a comp@midxidant) to transfer one electron
to reduce radicals, metals or carbonyls (oxidahbe oxidant serves also as a probe for
monitoring the reaction and as an indicator ofrdaction endpoint. [86]

SET-based assays resemble the redox titrationassicial chemical analysis and can be
described by the following electron-transfer (redieaction:

oxidant (probe) + e (from antioxidanf) — reduced probe + oxidized antioxidant

The oxidant (probe) itself is a substance of aifipemlour which has the ability to absorb
light in the visible spectrum (VIS) with a specifiavelength. When abstracting an electron
from the antioxidant the colour characteristicalhanges. The degree of the colour change is
proportional to the antioxidant concentration. Tieaction endpoint is reached when the
colour change stops.

Typically, the change of absorban@&i] is plotted against the antioxidant concentration
to give a linear curve. The slope of the curveed the antioxidant's reducing capacity,
which is mostly expressed as equivalents of a echetndard compound (Trolox, gallic acid,
etc.).

Because there is not a competitive reaction invbbkued there is no oxygen radical in these
assays, it has often been argued how the residte te the radical scavenging capacity of a
sample. It has therefore been assumed that the &P@ssed by these assays is equal to the
reducing capacity. [11]

The most popular SET-based methods include:

» 2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic agqidBTS) assay,
» 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay,

« ferric reducing antioxidant power (FRAP) assay,

* Folin-Ciocaltau (FC) assay,

 cupric reducing antioxidant capacity (CUPRAC). [12]

2.3.8.3 Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was originally developed by Benzid &train in 1996 to measure
reducing power in plasma [10]. Subsequently, tlepadias been adapted and used for the
assessment of reducing capacity of a wide arragutsistrates [23, 24, 82] and of pure
compounds [15, 16, 28].

The FRAP assay measures the ability of a compoundretuce a ferric salt,
Fe(lIN(TPTZ)Cl; (TPTZ = 2,4,6-tripyridyls-triazine), to a ferrous coloured product
(Figure 2—18). The reaction mechanism is totalsctbn transfer rather than mixed SET and
HAT, thus thereducing capacityof the compound is evaluated. The FRAP assayriteda
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out under acidic conditions (pH 3.6) in order toimtein iron solubility, and detects only
compounds with redox potentials of < 0.7 V (theaegdotential of the ferric salt). [12, 24]
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Sy TN + e (antioxidant) ——— ~-
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- | N | -
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[Fe(I)(TPTZ) [Fe(I)(TPTZ) j*
yellow intense blue at 593 nm

Figure 2—18 Reaction for the FRAP assay

For the FRAP reagent preparation and the assagguoe see section 3.1.2.

The FRAP assay rely on the hypothesis that thexreglaction proceeds so rapidly that all
reactions are completed within 4 minutes, but & baen shown that this is not always true.
Fast-reacting phenols are best analyzed with steattion times, for example, 4 min.
However, some polyphenols react more slowly anduireqlonger reaction times for
detection, for example 30 min. This may cause shiftthe order of reactivity of a series of
antioxidants or matrices, and even the FRAP valokshe same substance can vary
significantly depending on the end-point of analy§l 2]

The FRAP assay cannot detect compounds that aetdigal quenching (H atom transfer),
particularly thiols (such as glutathione) and pirtge This may lead to underestimation of
antioxidant activity of some complex matrices. Tassay measures only the reducing
capability based upon the ferric ion in the envinemt of a polar solvent, which has poor
relationship to the radical quenching process medidy most antioxidantgia the HAT
mechanism in a lipid (non-polar) substrate. [12]

The advantage of the FRAP assay is that it is glsinnapid, inexpensive and robust assay,
and it does not require specialized equipment. ailh de performed using automated,
semiautomatic, or manual methods. [12]

2.3.8.4 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay

The DPPH assay was first introduced by Brand-Wilkaet al. [22] as a convenient free
radical method for evaluating antioxidant capaafypure compounds. Since then it has
become, most probably due to its simplicity, a papwand routine method for AOC
assessments of a wide array of food matrices.

The DPPH radical (DPPM (Figure 2—19) is a stable organic nitrogen-rdditaing a
deep purple colour with a UV-VIS absorption maxim@in 515 nm. It is commercially
available and does not have to be generated bferassay as for example the ABTS radical
monocation (see section 2.3.8.4). [12]
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Figure 2—19 Chemical structure of 2,2-diphenyl-1-picrylhydra@9PPH) radical

The DPPH assay is based on the measurement obskeof the radical’'s colour after
reaction with an antioxidant, while the radical d@ndeactivated either by the HAT reaction
mechanism or by the SET reaction mechanism. Tler let considered to be predominant in
strong hydrogen-bond-accepting solvents, such athamel and ethanol. The reaction
progress is monitored by a spectrophotometer amdetiction is pH-dependent. [11, 12, 24]

Two versions of the DPPH assay can be used: 1)ndignand 2) static. In the dynamic
version, the rate of DPPHlecolorization is measured after the addition gbhenolic-
containing sample; in the static version, the amhofibPPH scavenged by a defined amount
of sample is measured. [13] The way the resultseapressed differ in published works,
mainly depending on the version of the method wes used for analysis. The most frequent
expression in the static version is by calculathmgpercentage of the initial amount of DPPH
scavenged by a defined amount of sample/antioxiadartty means of E4 values, which is
the amount of antioxidant needed (efficient conagittn) to decrease the initial DPPH
concentration by 50 %. The time needed to reackstdealy state with Egis calculated from
the kinetic curve and is defined &scso [11]

For the reagent preparation and the assay procedarsection 3.1.3.

Although the DPPH assay is technically very simpled rapid and only a UV-VIS
spectrophotometer is needed to perform it, manylaaks of the assay have been found
which limits the application of the assay makintgéds valid for AOC measurements. [11, 25]

The assay is not a competitive reaction becauseHDRPboth radical probe and oxidant.
DPPH can be decolorized either by reducing agents (3 H-donation (HAT) as well as
by some unrelated reactions. Steric accessibgity major determinant of the reaction. Thus,
small molecules that have better access to theakbsiie have higher apparent AOC with this
test. [12]

DPPH is a stable nitrogen radical that bears no siitylao the highly reactive and
transient peroxyl radicals involved in lipid perdation. Many antioxidants that react quickly
with peroxyl radicals may react slowly or may evee inert to DPPH due to steric
inaccessibility. [12]

Interpretation is complicated when the test compsumave spectra that overlap DPRit
515 nm (e.g. carotenoids). [12]

2.3.8.5 2-Aznobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay

The ABTS assay, also known as TEAC (Trolox Equinal&ntioxidant Capacity) assay,
when calibrated relative to Trolox, measures thétyalof antioxidants to neutralize the pre-
formed strongly absorbing turquoise ABTS radicanmwation (ABTS") (Figure 2—20). The
radical reacts with electron/hydrogen donors tret b redox potential lower than 0.68 V
(redox potential of ABTS) to form a colourless puot The radical is generated by an
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oxidation reaction of ABTS with potassium perswéfagdrior the deactivation reaction. The
reaction is pH-independent and is not affecteddnyci strength. A decrease of the ABTS
concentration is linearly proportional to the ariitant concentration. [12, 20, 24]

CH3

Figure 2—20 Chemical structure of 2azinobis-(3-ethylbenzothiazoline-6-sulfonic ag@BTS)

For the reagent preparation and the assay procedarsection 3.1.4.

The advantage of the ABTS assay is that the ABTS soluble in both aqueous and
organic solvents, so it can be used to determitie iydrophilic and lipophilic antioxidants in
various matrices (food extracts, body fluids, etcChangeable mechanism of ABTS
deactivation (HAT or SET) has been considered tor of the most important weaknesses
of the assay — the mechanism may shift with pH raagt change during reactions of slowly
reacting antioxidants. [12] Poor selectivity of ABT to H-atom donors is another limitation
of the assay. It has been found that ABTi®acts with OH-groups of hydroxylated aromatics
which do not contribute to the antioxidation. [¥8khort incubation time (usually 4 — 6 min)
has been the most criticized aspect in methodotdghe assay because it may not provide
long enough period for the reaction to be compldtezl 13]

However, the ABTS assay is operationally very samplhich makes it a popular and
routine test for AOC assessment. [12]

2.3.8.6 Thetotal phenol assay by Folin-Ciocaltau reagent

The total phenol(ics) assay by Folin-Ciocaltau sxagfurther referred to as FC assay)
belongs to the oldest and commonly accepted assdged research laboratories. The basic
mechanism of the assay is an oxidation-reducticactien between the Folin-Ciocaltau
reagent (FCR) containing molybdenum (Mo), and anphe compound (27), thuseducing
capacity of a sample is measured. Dissociation of a phermioton leads to a phenolate
anion, which is capable of reducing FCR. Basic @k (pH ~ 10) are required for the
proton dissociation; this is facilitated by the a$@ sodium carbonate solution. [11, 12]

Mo"' (yellow) + € O - Mo" (blue) (27)

The method has been altered several times sinaeuslopment in 1927. Originally, it
was developed for determination of proteins, talddgantage of the reagent’s activity toward
tyrosine (an amino acid containing phenol groupl}ek, Singleton at el. improved the method
by changes in composition of the FCR and extendedssay to the analysis of total phenols
in wine. [11] The improved method reduces phenotgenspecifically and provides also
mandatory steps and conditions to obtain reliabta.dSince then, the assay found many other
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applications; one of them is a measure of totahphes in natural products (e.g. teas, juices).
In literature, the alternative terRCR reducing capacitis sometimes used for this method.

For the reagent preparation and the assay procedarsection 3.1.1.

The total phenols assay by FCR is carried out iteM@queous phase), thus for lipophilic
antioxidants this assay is not applicable. A sigaiit weakness of this method is that the
FCR is nonspecific to phenolic compounds and it banreduced by many nonphenolic
compounds (e.g. vitamin C, ¥eCu"). [11, 12]
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3 EXPERIMENTAL

3.1 Antioxidant capacity assays

For the AOC assays, a 10 mM methanolic stock soutif each tested compound was
prepared and stored in dark at 4°C for a maximunidéfdays. Working solutions were
prepared daily by dilution of suitable aliquotsao$tock solution with 99 % methanol.

3.1.1 Folin-Ciocaltau Assay

A series of 0 — 3 mM working methanolic solutions PG, CaA and AsA, and 0 — 5 mM
for FeA and CoA was prepared. Deionized water (10, rmantioxidant solution (1 mL) and
2.0 M Folin-Ciocaltau phenol reagent (1 mL) wer@nsferred to a 20-mL volumetric flask,
the reaction mixture was mixed by shaking, andr&tenin exactly 2 mL of 25 % N&O;
solution (75 g/L) was added. The volume was brougptwith deionized water. The
absorption at 725 nm was read after 1 h incubationom temperature against water.

Graphs of antioxidant concentratios absorbance were then constructed. The FC value
was considered the slope of the linear curve dérir@m the constructed graphs. [15, 19, 29]

3.1.2 FRAP assay

The FRAP reagent was prepared freshly before asabysmixing 2,5 mL of a 10 mM
TPTZ (2,4,6-tris(2-pyridyl)s-triazine) solution in 40 mM HCI, 2,5 mL of 20 mMeEL.6H,O
and 25 mL of 0,3 M acetate buffer, pH 3.6 (prepaganixing 3,1 g of sodium acetate with
16 mL of glacial acetic acid per liter). The FRAEagent was then pre-warmed at 37°C in
water bath.

A series of 0 — 15QuM working methanolic solutions for PG and CaA, @20 uM for
AsA, 0 — 200uM for FeA, and 0 — 270QM for CoA was prepared.

1680 L of pre-warmed FRAP reagent was mixed with 120of a sample or methanol
(control) and the absorption at 593 nm was recoatginst water after 4 min incubation at
37°C. The final concentration of the tested compisun the reaction mixture was 0 — [1®I
for PG and CaA, 0 — M for AsA, 0 — 13,3uM for FeA, and 0 — 18QM for CoA (final
dilution 1/15).

Graphs of final concentration of antioxidants AA (AA = Aan — Acon) Were then
constructed. The FRAP value was considered theesbbpghe linear curve derived from the
constructed graphs. [15]

3.1.3 DPPH assay

The day before analysis, 0,1 mM methanolic DPRIdrking solution was prepared and
kept on a magnetic stirrer overnight at 4°C. A eerof 0 — 75QuM methanolic working
solutions for PG, 0 — 120GM for CaA and AsA, and 0 — 24Q0M for FeA was prepared
fresh from stock solutions.

An aliquot of 0,1 mM methanolic DPPHolution (2,9 mL) was mixed with 0,1 mL of an
antioxidant solution or methanol (blank) and voe@xvell. The final concentration of the
tested compounds in the reaction mixture was 0 4M5or PG, 0 — 40uM for CaA and
AsA, and 0 — 8QuM for FeA (final dilution 1/30).

After 20 minutes of incubation at room temperatuhe absorbance at 515 nm of was
recorded against water.
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Graphs of inhibition (%) of initial absorbance betDPPH solutionvs antioxidant final
concentration were then constructed andoB@lues were calculated from the linear curves
derived from the constructed graphs.

The inhibition of initial absorbance of the DPP$tlution was calculated according to the
following equation:

I (%) :(1—AL’“"'9]><100

blank

where Aample and Ayank are absorbance values of the reaction mixture amt without
sample, respectively. [15, 24, 69]
Each measurement was performed in duplicate.

3.1.4 ABTS assay

The ABTS™ solution was prepared by reaction of 25 mL of 7 mieous ABTS solution
and 440uL of 140 mM K:S,0g solution, and the mixture was stored in the dadkl@oratory
temperature for 16 hours. After that the radicadiorasolution was further diluted with
methanol until the initial absorbance value readh@® + 0,05 AU at 734 nm (against water).

A series of 0 — 55.M methanolic working solutions for PG, and 0 — 31 for AsA,
CaA, FeA and CoA was prepared fresh from stocktswls.

An aliquot of the ABTS' solution (2,0 mL) was mixed with 200L of an antioxidant
solution or methanol (blank) and vortexed well. Tfieal concentration of the tested
compounds in the reaction mixture was 0 g\b for PG, and 0 — 1QM for AsA, CaA, FeA
and CoA (final dilution 1/11).

After 6 minutes of incubation at room temperatute absorbance at 734 nm of the
samples was recorded against water.

Graphs of inhibition (%) of initial absorbance bEtABTS" solutionvs antioxidant final
concentration were then constructed andgoB@lues were calculated from the linear curves
derived from the constructed graphs. [15]

The inhibition of initial absorbance of the ABTSolution was calculated according to the
following equation:

| (%) :(1—AL"“p'ejxloo

blank

where Aample @and Ayjank are absorbance values of the reaction mixture amt without
sample, respectively. [15, 20, 21]
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3.2 Isolation of phospholipids

The liposomes were prepared from marine phosphisliphat were isolated from cod
(Gadus macrocephalygoe. Before isolation, the cod roe was kept &81°&4 The whole
isolation procedure consisting of extraction oatdipids and isolation of phospholipids from
the total lipids was done as described by Mozuteiy al. [4]

The extraction ofotal lipids from cod roe was performed according to the metifdgligh
and Dyer [75]. A portion of cod roe (ca. 150 g) wasmogenized using an Ultra Turrax
homogenizer in 100 mL of distilled water, 400 mLnoéthanol and 200 mL of chloroform for
2 min. After that, 200 mL of chloroform was addewahe mixture was homogenized for
another 1 min. Finally, 100 mL of distilled waterasv added and the suspension was
homogenized for another 1 min. The mixture wasrdeged (9000 rpm, 15 min), and the
chloroform (bottom) phase containing lipids wasepied and collected. All the procedure
was carried out on ice. Total lipids in chlorofonvere concentrated by evaporation of
chloroform with rotor evaporator and stored in cbform at —20°C.

Phospholipidsvere isolated from the total lipids using the aoetprecipitation method as
described by Kates [76], and modified by Mozuraitgt al. [55]. The method is based on the
insolubility of phospholipids in cold acetone. Ahqaot of total lipids, 4 g in 10 mL of
chloroform, was mixed with 200 mL of acetone amutext at —20°C overnight. The acetone
phase was decanted and the precipitated phospi®lipere dissolved in chloroform and
collected. The collected phospholipids were themceatrated by means of rotary evaporator
and the isolation procedure was repeated once midwe.final phospholipids dissolved in
chloroform (0,4 g of phospholipids in 1 mL) werergld at —20°C until needed.

Five products were obtained during the extractiod isolation, named OIL (total lipids),
OIL1, PL1, OIL2, PL2 (final phospholipids) (FiguBe-1) and these were further subjected to
analysis of purity and degree of oxidation (TLC, RMPV, TBARS).

Oil extracted

| « by B&D
i

|
Mixed with acetone and stored in freezer over night

L

%
Acstone solube phase  Precipitate
(B54+7%) (4B£7%)

&

Mixed with acetone and stored in freezer over
night !

Acetone solube phase Precipitate
(26+6%) (T4£6%)

- - Phospholipids

i
L €

Figure 3—1 Isolation of phospholipids from total lipid4]
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3.3 Preparation of liposomes

The liposome solution was prepared according to Wkityte et al. [4, 55]. The solvent
(chloroform) was removed from an aliquot of phodjgio solution with a stream of nitrogen
gas (99,99 %). After solvent removal the phosphddipvere kept in a vacuum exsiccator for
2 h to evaporate the residual solvent. The drieslsnod phospholipids was then dissolved in a
5 mM MES buffer (pH 5.5) to a concentration of 3@/mL (3 % (w/v)). MES buffer was
used, since this buffer does not bind iron, hasrg low solubility in non-polar solvents and
the effective pH is given as 5.5 — 6.&K(p= 6.1). [4] The solution was then sonicated with
50 % amplitude 25 times for 6 s (total sonicationet 2,5 min) with Vibra Cell (Sonics &
Materials Inc., USA). During and after the soniocatthe phospholipids were kept in an ice-
bath to avoid temperature increase and preventabaitd Fresh liposome solution was
prepared daily before measurements (Figure 3-2jor8ecach experiment the liposome
solution was diluted with a MES buffer to a conecetibn of 15 mg/mL (1,5 % (w/v)).

m'.......l.
5 2 0 4 5 % 5 0 @

i--;"........

Figure 3-2 Liposome solution prepared by sonication of phospius dispersed in MES buff§®2]

3.4 Oxygen uptake measurements

If a promoter of lipid oxidation is added into @il system the early stage of lipid
oxidation proceeds very quickly and can be conwvehjiemonitored by recording oxygen
consumption. Simultaneously, if an antioxidantriesent in the system, the effect of its action
can be observed practically instantly, as the orygensumption is altered — inhibited or
accelerated — or unchanged. The consumption ofolde$ oxygen by liposomes was
therefore used as a measure of lipid oxidation.

The concentration of dissolved oxygen in the reacthixture was measured continuously
by a polarographic oxygen electrode that is a pivpart of the Oxygraph system (Hansatech
Instruments Ltd., Norfolk, UK).

The Oxygraph syster{Figure 3-3) consists of an electrode unit (a) med on a control
unit (b). The electrode disk (c) forms the floortloé reaction cell (d), into which liposomes or
other reaction mixtures can be added. A magnein{e¢s the reaction mixture to maintain
equally distributed oxygen throughout the wholeunot. A plunger (f) prevents oxygen
diffusion from the atmosphere. The capillary haolghie plunger enables injection of reactants
during measurements. The reaction cell is watekejd; the outlets of a water jacket are
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connected to a circulating water bath, so thatabdes oxidation experiments to be performed
at different temperatures.

Figure 3—3 Oxygraf[4]

The oxygen electrodéself (Figure 3—-4) consists of a platinum cathadd a silver anode.
An electrolyte bridge between the electrodes isldished by placing a small amount of
electrolyte solution (3 M KCI) on the dome aredlw# electrode disk which is held by a paper
spacer and a polytetrafluorethylene membrane. Aaftin of a stable polarizing voltage
across the electrodes from the electrode contnolrésults in ionization of the electrolyte and
a flow of current through the electrolyte. The miaigghe of this current flow is proportional to
the concentration of oxygen dissolved in the etégte which in turn is proportional to the
concentration of oxygen in the surrounding medidugion in the reaction cell). [4]

©

Figure 3—4 Electrode disk96]

The conditions in the reaction cells used in atl @periments were:
» concentration of phospholipids: 1,5 mg/mL or 1,3Wv),
» volume of reaction mixture (liposomes dispersed 515 mM MES buffer): 1 mL,
e pH 5.5 (this pH was chosen because a maximum OWURddnduced oxidation was
observed at this pH [55]),
* temperature: 30°C.

Stock solutions of propyl gallate, caffeic, ferudad p-coumaric were prepared in 96 %
ethanol and stored at 4°C for a maximum of 14 dsysrking solutions (10 mM) of these
compounds were prepared daily by diluting an appatg aliquot of the stock solution with
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50 % ethanol in MES buffer (pH 5.5). Working sobuti of ascorbic acid (10 mM) was
prepared in 5 mM MES buffer (pH 5.5) freshly befesgeriments.

Stock solutions of P& (FeSQ-7H,0) and F&" (FeCk) in 0,5 M HCI were prepared
monthly. Working solutions (0,5 mM) were preparedyby diluting an appropriate aliquot
of the stock solution with 5 mM MES buffer. Workirgplution of bovine hemoglobin
(0,001 g/mL) was prepared freshly before experisdayt dissolving an appropriate amount
of Hb in 5 mM MES buffer (pH 5.5). The concentrasoof prooxidants used in all our
experiments were (calculated as a final conceptrati the reaction mixture):

« C(F€") =10pM,
« C(F€™") =10uM,
e C(Hb) = 20ug/mL, corresponding to an amount of iron of C(HY-E€.,24uM.

When measuring concentration of dissolved oxygebaekground oxygen uptake rate
(OUR) was observed for 2 — 4 minutes before addiogban antioxidant or ethanol (blank)
into the system. After the addition of an antioxiigor ethanol), a background OUR was
observed again until it became constant for att|2asinutes. When a constant background
OUR (r,) was reached a prooxidant tFeFe”* or Hb) was added into the system. After this a
fast decrease in concentration of dissolved oxygas observed. This faster decrease differed
and was characteristic for each of the prooxidantsis discussed in section 4.3.1. The OUR
of total oxidation ;) was measured after addition of a prooxidant.hie ¢ases where the
oxygen consumption was not constant after additiba prooxidant, the initial OURs was
measured, i.e. the oxygen consumption during st 4 minutes after addition of a
prooxidant. The rate of oxidation)(was found by subtracting the background OUR fthen
total OUR (28). An example of an OUR measuremesh@vn in Figure 3-5. The duration of
experiments for oxygen uptake ranged 20 — 40 min.

The OURs were measured using Oxygraph softwareg@&¥y To evaluate the antioxidant
effect, the rate of inhibited oxidation was compghvéth the rate of non-inhibited oxidation

(appropriate blank). Two or three parallel measenes were run for each concentration of
each antioxidant.

r=r,-r (28)
350 1 constant background
/ OWR (r1)

300 - total OUR (r)
s
2 250 -
g
E 200 addition of an add;g;.”d;;a
g antioxidant or pr
g 107 ethanol (blank)
5 0.
g

ED -
0 T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 2
time (min)

Figure 3-5 A model example of an oxygen uptake rate measurdpgmtiarographic oxygen electrode
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This part of the thesis is connected to the wofkglazuraityte et al. who studied free iron
catalyzed oxidation of cod roe phospholipids by nseaf the oxygen uptake method [4, 55]
and established working conditions for this systemd method, and Carvajal et al. who
similarly investigated hemoglobin catalyzed oxidatof liposomes and evaluated antioxidant
effect of astaxanthin in the same system. [92]

3.5 Analysis of cod roe oil and phospholipids

3.5.1 Peroxide value

Peroxide value (PV) of extracted cod roe oil aradated and purified phospholipids was
analyzed by the ferric thiocyanate method as desdrby the International Dairy Federation
[78], and modified by Ueda et al. [79] and Undelahal. [80]. Each material was analyzed in
triplicate.

3.5.2 Thiobarbituric acid reactive substances

Thiobarbituric acid reactive substances (TBARStad roe oil and isolated and purified
phospholipids were determined by the spectrophaiicnmethod as described by Ke et al.
[77] All the reaction amounts were reduced to oaH-felative to the original amounts. The
absorbance values of samples were compared tondasth curve prepared with 1,1,3,3-
tetraethoxypropane for the calculation of TBARS @ntrations |{M/g fat). The analysis was
performed at least with five samples for each niater

3.5.3 Classes of isolated phospholipids

Classes of isolated phospholipids were analyze®41 NMR. 50 mg of phospholipids
was dissolved in 0.6 mL solution of chloroform—detiranol-d (2:1, v/v) containing the
internal standard (triethylphosphate) in 5 mm NMiRes. NMR spectra were recorded on a
Bruker Avance DPX 300 spectrometer with QNP prolperating at P-31 frequency of
121.49 MHz at ambient temperature (25. The acquisition parameters used were: spectral
width of 30 ppm, 20k time-domain data points, zgifed to 64k, acquisition time 2.8 s,
relaxation delay 50 s, 8@cquisition pulse. Chemical shifts were refertriethylphosphate
(3 =0 ppm).

The analysis was performed as described above ly. Revilija Mozuraityte, in SINTEF
Fisheries and Aquaculture in Trondheim, Norway.

3.5.4 Composition of cod roe lipids and purity of isolateél phospholipids

The composition of total lipids (OIL), intermediaproducts of phospholipid isolation
(OIL1, OIL2, PL1), and final isolated phospholipi(RL2) was analyzed by latroscan TH10
MK-4 Thin Layer Chromatography — Flame lonizatioat€ctor (TLC-FID) analyzer (latron,
Japan).

Briefly, the standards or lipid samples dissolvadchloroform were spoted by 1L
Hamilton syringe on the starting points of cleaaed dried chromarods SllI, the solvent was
removed by a stream of;Ngas. The chromarods in their holder were placed the
development tank for separation of the substangethé solvent mixture consisting of
hexane—diethylether—formic acid (85:15:0.04, v/vi&fter exactly 28 min the rods were
taken out of the chamber and allowed to dry fori® imthe air. The holder with the rods was
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brought into the latroscan and scanned for analydter the analysis the chromarods were
reactivated by blank scanning. Each sample wayzelin triplicate. The components of the
sample were identified by comparison of the retantimes with those of the reference
solution, and the quantitative results were ex@eds area (%) as the mean vatugD.

Microsof Excel was used for data processing anikttal analysis.
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3.6 List of chemicals
The following chemicals were purchased at Merck K@aarmstadt, Germany):

Methanol

Chloroform, p.a.

Acetone

Hydrochloric acid (37 %), p.a.
Acetic acid, glacial

KCI, p.a.

Formic acid (98 — 100 %), p.a.
Diethylether, p.a.

EXPERIMENTAL

FeCk - 410, p.a.

n-Hexane, p.a.

Ethanol, 96 %

Ammonium thiokyanate
(NH4SCN), p.a.

Titrisol [(NH4)2Fe(SQ),] — iron
standard 1000 mg Fe

FeSQ - 7H0, 99,5 %

The following chemicals were purchased at RieddHdén (Seelze, Germany):

L(+)-Ascorbic acid, puriss

Iron(111) chloride anhydrous (Feg)l = 98 %

The following chemicals were purchased at Sigmadétd Chemie GmbH (Steinheim,
Germany):

Propyl gallate, 97 %

Caffeic acid> 98 %

Ferulic acid, 99 %

p-Coumaric acidz 98 %,
predominantly trans isomer

2.0 M Folin-Ciocaltau phenol
reagent, suitable for determination
of total protein by Lowry method
MES (2-(N-
Morpholino)ethanesulfonic acid)
2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ),=298 %
2,2-Diphenyl-1-picrylhydrazyl
(DPPH)

2-thiobarbituric acid (TBA), 98 %

2-methylpentane, +99 %
2,2-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid
(ABTS), ~ 98%

Sodium carbonate, anhydrous
Sodium acetates 99 %, anhydrous
Hemoglobin from bovine blood,
powder

Sodium sulfite 98 %
trichloroacetic acid (TCA)X 99 %
1,1,3,3—tetraethoxypropan (TEP),
~97 %

Sodium dithionite (Nagb),, = 85 %
Potassium perulfate ¢&,0g),

> 99 %

The following chemicals were purchased at FlukariegBuchs, Germany):

NaOH

Iron(Il) chloride tetrahydrate (Fe{! 4H0), puriss. p.az 99 %

N2 gas (99,999 %) was purchased at AGA AS, Oslo.
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3.7 List of instrumental equipment
The following instrumental devices were used:

54

Ultrospec 2000 spectrophotometer (Amersham Phaantziotech Inc., Sweden)
Vibra Cell (Sonics & Materials Inc., USA)

Oxygraph System (Hanstech Instruments Ltd., Norfok)

latroscan TH-10 model MK4 TLC-FID analyser (latrdaboratories Inc., Tokyo,
Japan)

Ultra-Turrax homogenizer (IKA Works Inc., Germany)

Digital Thermometer, Model 52 Series Il (Fluke Cangition, USA)

MP220 Basic pH/mV/°C Meter (Mettler — Toledo Intational Inc., USA)

Analytical balances AB-S (Mettler — Toledo Inteinatl Inc., USA)

Mettler AE200 Electronic Balance (Mettler — Tolelaternational Inc., USA)

Bruker Avance DPX spectrometer (BRUKER BioSpin A@&llanden, Switzerland)
Boeco Vortex Mixer V 1 Plus (Boeco, Germany)

Single channel adjustable/fixed-volume pipettes mnpipette (Thermo Fisher
Scientific Inc., Waltham, MA, USA), Calibra digitébocorex Isba S.A., Switzerland),
Eppendorf research (Eppendorf, Germany)

Mini MR standard IKAMAG magnetic stirrer (IKA Workisic., Germany)

Sorvall RC-5C Superspeed centrifuge (Thermo FiSwentific Inc., Waltham, MA,
USA)

Thermostatic Bath Comfort CB 8-30 (Heto, Alleroceribnark)

Biichi Rotavapor R-210 evaporator (BUCHI Labortekh®G, Switzerland)
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4 RESULTS AND DISCUSSION
4.1 Characterization of cod roe lipids

4.1.1 Composition of total cod roe lipids and purity of solated phospholipids

Marine phospholipids used for preparation of lipnss were isolated from cod roe lipids
(total lipids) that were extracted from fresh caee.rThe aim of the isolation was to obtain
marine phospholipids containing a minimum of otlmMmpounds, such as cholesterol,
triacylglycerols or free fatty acids, naturally aceng in oils. The composition of total lipids
(OIL) and purity of the final isolated phospholipidPL2) as well as of the intermediate
products of the isolation (OIL1, OIL2, PL1) was bzad by latroscan TLC-FID.

The compositions of the different products are give Table 4.1. The extracted oil
contained 85,9 * 0,8 % phospholipids.

However, a substantial part of the total phosplddipvas lost during the isolation and
purification of phospholipids by the acetone préaipn method, since the amount of
phospholipids in OIL1 and OIL2 was relatively higB4,5+1,9% and 83,0 £ 1,3 %,
respectively. Phospholipids were not further isadafrom these products. From ca. 12 kg of
fresh cod roe, ca. 85 g of phospholipids was isdlat

The final phospholipids contained 97,9 + 1,2 % bbgpholipids, and traces of free fatty
acids, cholesterol and monoacylglycerols (< 1 %neo compounds such, as cholesterols
esters, di- and triacylglycerols were not deteatelL2. The data are in good agreement with
analysis of cod roe phospholipids isolated by Maityte et al. [55]

Table 4.1 Analysis of composition of the different produatitained during the isolation of phospholipids

. % | Cholesterol Triacyl- Free_fatty Cholesterol Monoacyl- Phospholipids
ipids esters glycerols acids glycerols

OIL (total lipids) | 0,39 + 0,02 53+0,5 16+04 6,9+0,3 0,49650; 85,9+0,8
OIL1 0,9+0,0 40+04 4,0+0,9 72+0,1 nd 845% 1
PL1 nd" nd 08+0,1 2,0+£0,3 0,8+0,1 97,0+0,4
OIL2 nd 0,8+0,1 39405 12,0+0,5 1,3+0,0 8303
PL2 (final PL) nd nd 04+0,1 1,0£05 1,0£0,7 97,9+ 1,2

! not detected; Results are means + standard davigD).

4.1.2 Classes of phospholipids

The classes of isolated phospholipids were analymedP-31 NMR spectroscopy. The
quantitative NMR analysis revealed that the isalafghospholipids consist of mainly
phosphatidylcholine (PC) (69 mol %) and phosphétadiganolamine (PE) (23 mol %). Small
amounts of lyso PC (5 mol %) and lyso PE (3 molviéje present. Trace amounts of other
substances, presumably cardiolipin, were detected.
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4.1.3 Peroxide value and TBARS

In order to estimate the degree of lipid autoxmain the extracted oil (OIL) and the final
phospholipids (PL2), and to see whether the ismiatif phospholipids and storage conditions
influenced the degree of lipid oxidation, PV andARSS in OIL and PL2 were determined.
The obtained values are given in Table 4.2.

Table 4.2 Peroxide value (PV) and thiobarbituric acid reaetisubstances (TBARS) of extracted oil and
isolated phospholipids

Lipids PV (meq HO; / kg fat) TBARS [1mol / g fat)
OIL (total lipids) 6,8 +0,6 24+05
PL2 (final phospholipids) 6,6 1,3 2,4+0,2

Results are means * standard deviation (SD) ofdihasix determinations for PV and TBARS, respetyiv

The PVs, characterizing formation of primary oxidatproducts, determined in OIL and
PL2 were not significantly different. This was aldte case for TBARS, characterizing
formation of secondary oxidation products. Thisvghdhat the oxidation of phospholipids
did not proceed to any larger degree during treotation and storage. Thus, keeping the
isolated phospholipids dissolved in chloroform &astdrage at low temperatures does not
provide conditions for development of oxidation.eTRV for PL2 is consistent with the
values reported by Mozuraityte et al. [55]
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4.2 Antioxidant capacity assays

The antioxidant capacity (AOC) of the five diffetesompounds (propyl gallate, caffeic,
ferulic, p-coumaric and L-ascorbic acid) that were studiethis work was evaluated by the
following one-dimensional antioxidant capacity assa

a) Folin-Ciocaltau Assay (FC assay)

b) Ferric Reducing/Antioxidant Power Assay (FRAP a¥say

c) 2,2-Diphenyl-1-picrylhydrazyl Radical Scavengingsag (DPPH assay)
d) 2,2’-Azinobis-3-ethylbenzotiazoline-6-sulfonic adddsay (ABTS assay)

To perform the assays, the range of working (effegtconcentration for each compound
and each assay, with respect to conditions undatwéach assay was performed, needed to
be established. The order of AOC of the studiedpmmds was established in each assay and
the orders that were found were compared with eorather and with data of other studies.
The measured data are expressed both in absollitesvand indirectly with regard to a
reference substance for purposes of comparisompyPgallate was chosen as a reference
substance due to its highest efficiency in allabsessments.

As described in section 2.2.1.1, antioxidants deaiet free radicals involved in lipid
peroxidation by donation of a hydrogen atom. Twact®n mechanisms can participate in
this reaction, so calleldydrogen-atom transfHAT) andsingle-electron transfe{SET).

The first two assays represent purely a SET basadtion mechanism. Because an
electron transfer is a basis of redox reactions &8 reducing capacity of antioxidants is
determined by these assays. It is important to esiph that these assays do not characterize
the tested compounds as free radical scavengers.

In the latter two assays the SET mechanism is preduo be dominant, because the HAT
mechanism occurs as well, but only as a margiradtien pathway. The reason for this will
be explained in discussions to the respective assayhese assays, the ability of antioxidants
to act as free-radical scavengers is evaluated.eMery the radical compounds that are
scavenged are not biologically relevant, becausdr thhysicochemical properties differ
substantially from the properties of free lipid ids found bothin vivo andin vitro lipid
systems.

A large number of factors can influence the antlaxit activity assessed by these methods.
Some of them are connected to the nature and catoposf testing matrices. Since our
tested compounds are pure and of standard quatitgrferences caused by e.g. other
substances present in the sample, as in the cdsedEextracts, are reduced to a minimum.
This increases the reliability of measured datati@nother hand, under- or overestimation of
the results can be caused by the chemistry andochelttgy of the assays themselves. Special
attention is paid to these aspects in the discnssmthe assays.
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4.2.1 Folin-Ciocaltau Assay

The Folin-Ciocaltau (FC) assay measures the electomating ability of a compound, in
other words itseducing capacityr relativeredox potential[29].

The results obtained by FC analysis of the compsunahis study are summarized in
Table 4.3. The reducing capacity is expressed e@sltpe value of a linear curve describing
the dependence of absorbance as a function ofxaddi@t concentration (As = f(Cao)). On
the basis of the obtained values, the followingeordf antioxidant (reducing) capacity was
established:

Propyl gallate> Caffeic acid> Ascorbic acid> Ferulic acid>> p-Coumaric acid

Propyl gallate and caffeic acid gave the highektes thus the highest ability to donate an
electron. Ferulic acid exhibited lower reducing ety andp-coumaric acid was by far the
least active compound. Its reactivity with the F&agent was very low. Ascorbic acid was
found to have a reducing capacity higher than dfaterulic acid and lower than that of
caffeic acid.

Expressing results indirectly with regard to a refice compound is also possible and is
commonly used. When assessing total phenolicsad gamples, it is even necessary. In the
improved method by Singleton et al., gallic acidreeommended as a suitable reference
compound. [12] Some other studies suggest caffeit. §15, 24] Our results support this
suggestion, for caffeic acid exhibited good reattiwith the FC reagent and relatively low
absorbance values. A number of papers replacetetdmenmended gallic acid with catechin,
tannic acid, chlorogenic acid, vanillic acid or uke acid. [12] The reference compound
should be chosen with care. If the reference comgasi highly reactive with the FC reagent
giving high absorbance values, then the measuree@vaf the samples might seem to be low
unless the sample is highly reactive with the reageo. On contrary, if the reference
compound gives low absorbance values, then thecieglicapacity of the samples might
seem to be too high. Therefore the reference congpanfluences the extent of the total
values.

Transformation of absolute values into equivalenitsa reference compound has been
proposed as a part of a standardized protocol [A8tause it allows easier comparison
between different substances. However, a univéypal of a reference compound has not yet
been agreed upon by researchers. In our study,ecsiom of absolute values into propyl
gallate equivalents was done to make a compari$@ntioxidant activities determined by
different antioxidant capacity assays easier.
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Table 4.3 Overview of the results obtained by the Folin-Cltaa assay: The reducing capacity is

expressed as the slope value + SD of a linear cderived from the dependence AU = f(C), and in
propyl gallate (PG) equivalents; the effective cemication range represents a range of

concentrations in the samples that under the assaglitions gives a linear response in range up to
0,9 AU.

antioxidant slope £ SD PG equivalents effective concentration
range (mM)
Propyl gallate 0,34 + 0,02 1,00 0-3,0
Caffeic acid 0,33+0,02 0,96 0-3,0
Ferulic acid 0,1C 0,30 0-5,0
p-Coumaric acid 0,04 0,11 0-5,0
Ascorbic acid 0,22 + 0,01 0,64 0-3,0

! Each value is the mean of two determinations +dstathdeviation (SD)
2 Each value is the absolute value of a single détetion

The obtained values for the phenolic compoundsyirtipt the FC results might correlate
with the structure-antioxidant relationship (SAR)npiples. A higher number of available
hydroxyl groups in the aromatic ring increased ooy capacity as well as did the presence
of other substituents attached to the ring, suca amthoxy group. [17] A similar trend was
found also by other studies [15, 24] when testiagephenolic compounds (Table 4.4).

This might be the explanation for a very weak neacbf p-coumaric acid with the FC
reagent. The compound has a single hydroxyl group lacks other types of substituents,
such as a methoxy group, that could further enh#imeeeducing ability. Indeed, ferulic acid,
a mono-phenol having one methoxy substituent, ptedehigher reducing capacity.

Table 4.4 AOC of the tested compounds as analyzed with tAi&ABsay in different studies

antioxidant slope’ slope?
caffeic acid 0,0201 0,84 + 0,06
ferulic acid 0,0145 X
ascorbic acid 0,0128 0,83+0,01

! Stratil et al. (2005) [24F Nenadis et al. (2007) [15]
Antioxidant capacity is expressed as the slopeevafia calibration equation A =aC + b (A — absorbance, C —
antioxidant concentration).

If the single electron transfer or red-ox reactianene of the antioxidant mechanisms, on
the basis of the results obtained by the FC metiRia,and CaA seem to give a good
protection. However, the conditions of the assayeha@othing in common with quenching of
lipid radicals by phenolic antioxidants — a pro¢esgisere the hydrogen atom is transferred by
the HAT mechanism. [3] A positive reducing capactgo signals possible redox reactions
with transition metals (Fe, Cu) and their reduciittio a more prooxidative valence status. On
the other hand, the chemical structure of PG arfl i€davorable also for chelation of metal
ions, which is one of the indirect antioxidant maaisms. [5]

Although explicit conditions and procedure for periing the FC assay are given in the
improved FC assay by Singleton et al., it is ndbfeed in the majority of recently published
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papers where this method has been used. Procedusesonsiderably with regard to reagent
concentrations and ratios, timing of additions dmagth of incubation. [15, 19, 24] The
proposed improved procedure was not followed insiudy either, and some modifications
were made. In the proposed procedure, a saturaag solution is used in order to create
basic conditions in the reaction mixture. In oupexments, 25 % N&O; solution was used;
this was also used in the work of Miliauskas efH)] where the FC assay was applied for
determination of total phenolics in some plant &otis. Using saturated solution caused
precipitation in the reaction mixture that madempossible to measure absorbance due to
dispersed particles. The incubation time was redluoel hour from the proposed 2 hours.
1 hour reaction time has been reported to be seffidor the completion of the reaction.
Moreover, longer reaction time may cause instabdftthe reaction products. [24, 29]

The FC method has been standardized for analysistalf phenolics in wine [2] and in
wine viniculture it is an approved test for assagdiotal phenolics. Standardization of the
method for analyzing other food extracts or purerltics is still needed and this has recently
been a matter of discussion. Some suggestionstdadardized protocol have already been
proposed. [12, 18]

The FC reagent is non-specific to phenolic compsufidl] A large number of interfering
substances (particularly sugars, aromatic aminesursdioxide, enediols and reductons,
organic acids and ferrous @ ions; also many non-phenolic and inorganic sufzsts)
reacts with the FC reagent. [12]

Laboratories frequently either modify the procedwed conditions, neglect some
important interfering species present in testedrices (e.g. ascorbic acid and proteins), or
use different reference compounds. These factdmeaor in combination, make it
problematic to compare data published in litergtarereover this has lead to providing rather
controversial information. For example, reporteduga for total phenolics in blueberries
ranged from 22 — 4180 mg/100 g of fresh weight ddp® mostly on assay conditions [12].

The FC method, as an assay for assessing totabldseand as a rough estimate of
antioxidant activity of food matrices, is simpledarapid, and therefore a popular method
among researchers. Repeatability of the data isidered to be quite acceptable. [13]
However, it is distinct from the published datattbeer- or underestimation of results can be
easily achieved without properly controlled stepd Amitations of the method, which should
be know to analysts.

The effective concentration range for each compoue@resenting a range of
concentrations in the samples that gives a lineaegesponse dependence under the assay
conditions in range up to 0,9 AU is summarized @bl€ 4.3. A linear dependence was
observed for concentrations of samples up to 5,0 foMall the tested compounds. The
graphs of dose-response dependence with equatiohsear regression can be found in
Attachments (Al).

The reaction ofp-coumaric acid with the FC reagent was very wedksokbance values
within the concentration range of 0 — 5,0 mM reachemaximum at ca. 0,250 AU. Above
this concentration range, the absorbance slowlyuatidiearly increased up to values of ca.
0,450 AU and it did not further increase, moreoaefiormation of some precipitates in the
reaction mixture was observed (Figure 4-1) thaterthé spectrophotometric measurements
impossible due to unstable absorbance values. Aasitrend was also observed with ferulic
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acid. The low solubility of ferulic angi-coumaric acid in aqueous solutions is probably
responsible for this phenomenon since the majmeswlin the FC assay is water.
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Figure 4-1 Reaction of p-coumaric acid with the Folin-Ciocaltaagent illustrating non-linear dose-response
dependence at concentrations above 5 mM.
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4.2.2 FRAP Assay

The FRAP assay measures the ability of a compoaneéduce a ferric salt to a ferrous
coloured product, thus theeducing capacityof the compound is evaluated. The reaction
mechanism is the same as in the Folin-Ciocaltaayaésingle electron transfer); the main
difference between the two assays resides in theqguiditions; the FRAP assay is carried out
under acidic conditions (pH 3.6) in order to mamt&on solubility, while the FC assay is
performed under alkaline conditions (pH ~ 10). [24]

The results obtained for all the tested compounds sammarized in Table 4.5. The
reducing capacity is expressed as the slope vdladioear curve describing the dependence
of absorbance as a function of antioxidant conediotn in the reaction mixture ¢fg =
f(Cao)). To make evaluation and comparison of antioxidgapacities easier transformation of
absolute values into propyl gallate equivalents masle as well. On the basis of the obtained
values, the following order of antioxidant (redugircapacity was established:

Propyl gallate> Caffeic acid> Ascorbic acid ~ Ferulic acig¢ p-Coumaric acid

The assay showed that all the compounds possedsoal@onating ability under acidic
conditions (pH 3.6). However, the degree of thigitglvaried considerably. Propyl gallate,
bearing a pyrogallol moiety (3 hydroxyl groups eltad to a benzene ring), was by far the
most powerful compound. Caffeic acid having a dadémoiety (2 hydroxyl groups attached
to a benzene ring) followed in activity, but therie reducing power was significantly lower
than that of propyl gallate. Ferulic acid having@vailable hydroxyl and one methoxy group
was found to be less active than caffeic acid. [€hst active compound of all wascoumaric
acid with one hydroxyl group. The presence of tvdalisgonal hydroxyl groups in propyl
gallate as well as one hydroxyl group in caffeicdagr a methoxy group in ferulic acid
increased the reducing ability. Ascorbic acid, anpound well known for its reducing
properties, presented the FRAP value slightly lotiran that of caffeic acid; however the
values for caffeic and ferulic acid were not sigrahtly different at 5 % level. The obtained
order is in fair agreement with data reported mliterature (Table 4.6).

Table 4.5 Overview of the results obtained by the FRAP as§hg.reducing capacity is expressed as
the slope value + SD of a linear curve derived fribra dependence AU = f(C), and in propyl gallate
(PG) equivalents; the effective concentration ramgeresents a range of concentrations in the
reaction mixture that under the assay conditionggia linear response in range up to 0,9 AU.

antioxidant slope + SD PG equivalents effective concentration
range (UM)
Propyl gallate 0,119 + 0,005 1,00 0-10
Caffeic acid 0,078 + 0,003 0,65 0-10
Ferulic acid 0,065 + 0,004 0,54 0-15
p-Coumaric acid | 0,0051 + 0,000% 0,04 0-100
Ascorbic acid 0,068 + 0,002 0,57 0-10

! The value is the mean of tree determinations #dstahdeviation (SD)
% The value is the mean of two determinations + SD
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The results for the phenolics correlate with theucttire-activity relationship (SAR)
principles. A good correlation between SAR prinegobnd FRAP values of simple phenolics
(i.e. hydroxybenzoic and hydroxycinnamic acids) weorted. [28] However, in the case of
some polyphenols SAR principles cannot be appliedmevaluating the FRAP values due to
some subsequent dimerization or polymerizationti@as. These reactions yield additional
electrons which contribute to the reduction of iesrd increase the FRAP values. [12, 15]

The obtained reducing capacity order is identic#hwhe one established in the FC assay,
which is not unexpected as both the methods uttlee same reaction mechanism (single
electron transfer). Thus some similar conclusioas be made as in the FC assay: propyl
gallate with caffeic acid seem to be the best @atds for prevention of lipid peroxidation.
However, the ability to reduce iron bears no sirties to the radical quenching by
antioxidants in lipids, nor the assay conditiormsv(pH, polar nature of solvents, and absence
of lipid substrate) resemble lipid environment [18)Jost antioxidants quench lipid free
radicals by hydrogen donation (HAT mechanism) [A8% lipid environment is in principle
non-polar and of neutral pH. Thus such conclusemat supported enough. On the other
hand, high FRAP values show plainly that thesesamidy act as potent metal reductants, or
possibly metal chelators. Medina et al. [32] repdrstrong chelating capacity of these two
compounds toward ferrous iron.

Even if the orders of antioxidant activity detergtnby the FC assay and the FRAP assay
are the same, indirect expression by means of pggiiate equivalents reveals differences in
the degree of activity. While in the FC assay daffecid and propyl gallate showed similar
activity (the ratio between them is 0,96), in tHRAP assay propyl gallate turned out to be
more efficient in reduction of ferric salt (the samatio is 0,65).

A large number of electrons involved in redox reatt of some phenolic compounds is
attributed to subsequent chemical reactions (daa@adn, polymerization). [15] Such
chemical reactions may explain the relatively higbAP value of propyl gallate compared to
the rest of the phenolics and ascorbic acid.

Table 4.6 AOC of the tested compounds as analyzed with tAdPRRsay in different studies

FRAP values uM e/ mg AO" | EC (umol/L)” slope™” slopex 10° ™"
propyl gallate 18,9 X X X

caffeic acid 12,2 196 0,0715 1,43 + 0,06
ferulic acid 9,8 390 0,0471 X
coumaric acid 0,6 X X X
ascorbic acid X 392 0,0282 1,37 £ 0,06

* Medina et al. (2007) [32]; reducing capacity igpeessed agmol of donated electrons per mg of antioxidant
** Pylido et al. (2000) [28]; E€means a concentration of antioxidant having adeeducing ability equivalent
to that of 1 mmol/L FeS©7H,O

*** Stratil et al. (2006) [24], **** Nenadis et al(2007) [15]; in both studies, the reducing capaisitexpressed
as the slope value of a calibration equation A€ & b (A — absorbance, C — antioxidant concentnatio

The FRAP assay was introduced in 1996 by Benzie $tng@in as a novel method for
determination of reducing capacity in plasma [10]ater years, the method has been adapted
for various food extracts and several studies haemted out some weaknesses in the
method. [16, 24, 28] The most important of thesense to be the end-point for
spectrophotometric measurements. Pulido et al. [@8drted that some phenolics still react
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after 4 min incubation time; caffeic, ferulic ansicarbic acids were among them. The 4 min
incubation time was applied also in our measuremérttis may lead to a certain degree of
underestimation in our results. In the same stuwgnplics dissolved in methanol (also our
solvent) provided lower values than the same comgsulissolved in water. Composition of
the sample solvent, as another factor significaaffecting measured data, was studied by
Pérez-Jiménez et al. [16]. A shift in the reducgapacity order can occur when applying
different solvents. The shift may occur also du¢h® 4 min end-point time [16, 28]. In the
study of Pérez-Jiménez, the effect of the solventhe results of AOC assays was lowest in
the FRAP assay, compared to the ABTS and DPPH a&sayher important factor that must
be taken into account when testing food matricethéspresence of interfering substances,
such as sugars and amino acids. [16]

As in the case of many antioxidant capacity assaysdandardized protocol for the FRAP
assay is needed. Alterations in the original methi@frequently done in recently published
papers and the ways of expressing the resultsasmyell (shown in Table 4.6). Thus, direct
comparison of measured data with data reportediiows works is problematic.

Dose-response dependence for individual compouiadsregported to be linear over a wide
range of concentrations [10, 28]. The effectivegemf concentration for each compound
(expressed as a final concentration in the reaanotiure), with respect to the conditions
under which the assay was performed, is presemtélchble 4.5. These concentrations are
chosen to reach absorbance up to 0.9 AU. In the @gscoumaric acid, a non-linear trend in
the absorbance range was observed when higher rdoaibens (approximately above
100uM) were used (Figure 4-2). The graphs of dose-mespdependence with equations of
linear regression can be found in Attachments (A.2)

The FRAP assay is a fast, easy-to-handle and imsxgme spectrophotometric method.
Because of purely SET reaction mechanism, the rdetha be useful, when combined with
other antioxidant activity assays, in distinguighimhich protective mechanism is dominant
with different antioxidants. [12]
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Figure 4-2 Reaction of p-coumaric acid with the FRAP reagenistfiating non-linear dose-response
dependence at concentrations above ABD
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4.2.3 DPPH Assay

The DPPH method is based on the capability of aioxdant to donate a hydrogen
radical or an electron to DPPHwvhich has a deep purple colour [11]. The radscablour
fades upon the reaction. The loss of the colounéssured by a spectrophotometer and is
proportional the antioxidant concentration. [11] 12 this study, the static version of the
assay was applied, and the results are expressadebys of E€ (for more details see
section 2.3.8.4).

The results obtained for all the tested compoumdssammarized in Table 4.7. The &C
values were calculated from the linear curves daisgy the dependence of the inhibition (%)
of the initial absorbance of the DPP#blution as a function of antioxidant concentnatio
the reaction mixture. On the basis of the obtawedes, the following order of antioxidant
capacity was established:

Propyl gallate> Caffeic acid> Ascorbic acid> Ferulic acid>> p-Coumaric acid

Among the tested compoungscoumaric acid was the only one that exhibited weeak
reaction with DPPH It was reported previously [13] that DPPidoes not react with
flavonoids containing no OH-groups in the B-ring moth monophenols containing only one
OH-group attached to the benzene ring. The mostiveacompounds were propyl gallate
followed by caffeic acid and ascorbic acid. Theieebd order is in fair agreement with
published data (Table 4.8).

The reaction mechanism of hydrogen-atom abstradiionhe DPPH cannot be strictly
classified. Studies devoted to elucidate this matigreed that both HAT and SET
mechanisms are involved at the same time. [27] Weweone of the mechanisms is usually
marginal while the other prevails. One of the kagtdrs influencing the ratio between the two
mechanisms is the hydrogen-bonding characteristitise sample solvent (see section 2.2.1.1
for explanation). Kinetic analysis of reaction dfgmolics (ArOH) with DPPHin alcohols
done by Foti et al. [27] has suggested that theticais actually driven by the trace presence
of phenoxide anions and a subsequent cascade ofr&€tions (29 — 31). The hydrogen-
atom abstraction from neutral ArOH by DPPbécomes a marginal reaction path because in
strong hydrogen-bond-accepting solvents it occoth ko a minimal extent and very slowly.
The authors also found that the presence of agidmses (even in trace amounts, such as
impurities of the solvent) may dramatically infleenthe ionization equilibrium of phenols
and cause a reduction or an enhancement of theareaate.

ArOH = ArO™ + H' (29)
ArO” + DPPH = ArO" + DPPH (30)
DPPH + H" = H-DPPH (31)

All our substances were dissolved in 99 % methanal protic polar solvent. Thus, an
evaluation of antioxidant activity based predomihaon SET mechanism (reduction) was
carried out in our study. Some unrelated reducteactions can occur as well. [12] For
instance, products of the reaction can further tredth DPPH leading to its additional
qguenching. [13] Phenols usually react with highdgative and transient radicals involved in
lipid peroxidation by the HAT mechanism. [1] Thicf along with the fact that DPPIi$ a
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synthesized stable nitrogen radical, are the mijigctions in several critical appraisals on the
DPPH assay. [11, 12, 13]

A direct comparison of the data from other studgeproblematic, since the results are
based on different interpretation given by the yssasion and assay conditions, the latter
being frequently altered (different reagent ratsdyents, incubation time etc.). Even within
the same version the comparison is not possiblee Several ways of expressing the results
are possible. Even results expressed in the samecaavary. For example, comparison of
ECso cannot be done, as this value is dependent omitied concentration of DPPHn the
reaction mixture, and on the ratio between the arnaf DPPH and the amount of
antioxidant.

Table 4.7 Overview of the results obtained by the DPPH as3&y antioxidant capacity is expressed
as EGo values + SD, and in propyl gallate (PG) equivakenthe effective concentration range
represents a range of concentrations in the reactioxture that under the assay conditions gives a
linear response in range up to 0,9 AU.

antioxidant ECso (MM)* PG equivalents effectlr\;iggr(ls&r)]tratlon
Caffeic acid 22,7+1,1 0,47 0-40
Ascorbic acid 27,311 0,39 0-40
Propyl gallate 10,6 £ 0,3 1,00 0-25
Ferulic acid 48,0+1,9 0,22 0-80
p-Coumaric acid nof nd nd

! The efficient antioxidant concentration for scavieggs0 % of DPPFHconcentration (10AM). Each value is a
mean of duplicate determinations + standard dengisD)
% Not determined

The correlation between the ability of simple pHasoto decolorize DPPHand the
number and position of hydroxyl groups on the beezeng (SAR) was reported to be very
good [8, 21, 24]; the level of the activity was mouto be highly variable within this group of
compounds as well, which was also shown in our exm@ats. Propyl gallate with 3 OH-
groups exhibited a very high activity comparedte hardly detectable activity found fpr
coumaric acid with 1 OH-group. The addition of thethoxy group in ferulic acid increased
the activity.

Apart from the apparent non-relevance to the poaddipid peroxidation, the method
suffers from a number of other weaknesses. Mangxdants that react quickly with peroxyl
radicals may react slowly or may even be inert BPH due to steric inaccessibility. This
results in seemingly better antioxidant activitysofialler molecules than of larger molecules
(phenolic acidysflavonoids). [12]

The chosen end-point for the reaction is anothécized aspect of the DPPH assay. Many
substances react very slowly with DPPfér instance in range up to 1 hour. [8] Therefare
short incubation period can lead to low values amdlerestimated results. A 20-min
incubation time was applied in our measurementaelver this might still not be enough in
the case of caffeic acid, reaction of which withADP has been reported to be very slow.
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Reaction kinetics between DPPHind most antioxidants is not linear. Expressing
antioxidant capacity using the EfLor AE (antiradical efficiency) value is therefore
inadequate; however this is the most common wagxpiressing the antioxidant capacity.
[11]

The influence of the solvent used to dissolve tam@e on antioxidant activity was
examined by Pérez-Jiménez et al. [16]. They fourat the influence of the solvent was
relatively low in the DPPH assay compared to theTEBFRAP and ORAC assay; the
greatest difference was found between water antanet (ca. 20 %). They also reported that
the acidity greatly influenced the kinetics of tteaction which is in accordance with data
published by Foti et al.

Finally, it was reported that the reaction of DPR¥th eugenol was reversible. [11] This
might result in false antioxidant capacity of saesptontaining antioxidants bearing a similar
structure ¢-methoxyphenol). Ferulic acid is such kind of sabsk.

The effective range of concentration for each caumglo(expressed as a final concentration
in the reaction mixture) with respect to the coiotis under which the assay was performed is
presented in Table 4.7. When the inhibition reaateed80 %, non-linearity in dose-response
dependence was observed for all the compounds.gidphs of dose-response dependence
with equations of linear regression can be foundttachments (A.3).

Easy and rapid performance of the DPPH assay makegopular method for evaluating
antioxidant effects of single compounds as welbf®od extracts and physiological fluids.
However, its many weaknesses should be considdned applying this method.

Table 4.8 AOC of the tested compounds as analyzed with tH&-Ddé&say in different studies

0, 0,
DPPH values E‘;jﬁ slope? inhibi/?ion 3 inhibi/;)ion 4| slope® ECso° RSA (%)’
propyl gallate x X X 87,1+2,3 x X x
caffeic acid 76,6 | -449+0,24 515+244 49,66 (0 -0,0279| 0,20+0,01 30,5+0,31
ferulic acid 309| -134+0,05 248+1,06 27,3&Q0 -0,0244 X 15,7 + 0,62
p-coumaric acid 3,6 -0,33 £ 0,06 X 7,0+£0,8 x x x
ascorbic acid X -1,83 £0,07 X x -0,0147| 0,20+£0,01 X

! Nenadis et al. (2004) [21]; RSA (Radical Scavegdiativity) = [(Ao — A )x100]/A (A, — absorbance at start,
A — absorbance after 20 min reaction time)

2 Fukumoto et al. (2000) [8]; mean value + SD ofpsl@oefficients of the dependence A(€) calculated by
linear regression

% Chen et al. (1997) [26]; % inhibition of 1M/ ethanolic DPPHsolution by a 2M solution of antioxidant

* Kikuzaki et al. (2002) [69]; values are expressethe same way ds

® Stratil et al. (2006) [24]; the slope value ofadilaration equation A =xC + b (A — absorbance, C — antioxidant
concentration)

® Nenadis et al. (2007) [15]; Eg= efficient antioxidant concentration for scavengb0 % of the initial DPPH
concentration

" Pekkarinen et al. (1999) [36]; the percentage x08DPPH scavenged in 0,3 mM ethanolic DPPtlution
by antioxidants (13,8M in the reaction mixture) after 10 min incubatiime
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4.2.4 ABTS Assay

The ABTS assay measures the ability of an antiotitianeutralize a synthetic pre-formed
radical, ABTS radical monocation (ABTS. [12] A decrease of the ABTSconcentration is
linearly proportional to the antioxidant conceritrat [24]

The results obtained for all the tested compoundssammarized in Table 4.9. The
antioxidant activity (ABTS value) is expressed las slope value of the dependencef(G)
calculated by linear regression; | is inhibition)(%f the initial absorbance of the ABTS
solution, and Ci(M) is antioxidant concentration in the reaction tare. The results are also
expressed by means of gGralues, and the relative value to that of propsllaje was
calculated for purposes of comparison. On the hEdise obtained values the following order
of antioxidant capacity was established:

Propyl gallate> p-Coumaric acid ~ Ferulic acig Caffeic acid> Ascorbic acid

All the tested compounds were able to scavenge AB@Sneutral pH. The most potent
one was propyl gallatg-Coumaric and ferulic acids exhibited similar ariitant activities
(the values are not significantly different at p0:05), but considerably lower than that of
propyl gallate. Caffeic acid was the least actismpound of all the phenolics. Ascorbic acid
was the least active compound of all. The achieweer is in fair agreement with published
data (Table 4.10).

Table 4.9 Overview of the results obtained by the ABTS asBlag:antioxidant capacity is expressed
as the slope value + SD of a linear curve derivemnf the dependence AU = f(C), in propyl gallate
(PG) equivalents, and as EfLvalues; the effective concentration range repré&sem range of
concentrations in the reaction mixture that under assay conditions gives a linear response ineang
up to 0,9 AU.

. . effective concentration
antioxidant slopée PG equivalents | ECso (UM)? range (uM)
Caffeic acid 6,4+0,1 0,32 7,86 0-10

Ascorbic acid 48+0,1 0,24 10,43 0-10
Propyl gallate 20,0+£0,4 1,00 2,51 0-5
Ferulic acid 8,5+0,2 0,43 5,87 0-10
p-Coumaric acid| 8,7 +0,4 0,44 5,74 0-10

! Each value is a mean of duplicate determinatiostaedard deviation (SD)
% The efficient antioxidant concentration for scaviegds0 % of ABTS' (100uM)

Originally, only hydrogen atom donation (HAT reactimechanism) by antioxidants was
thought to be responsible for quenching ABTJ20] Subsequent studies reported also
electron donation (reduction) to be involved. Aeégent, a combination of both mechanisms is
believed to be the overall reaction leading to soging ABTS'. As explained for the DPPH
assay (section 4.2.3), hydrogen-bond charactegisticthe solvent play an important role in
influencing the ratio between the HAT and SET meddras; briefly, polar solvents, such as
methanol, favor the SET mechanism. The mechanisaysatso switch with pH; for instance,
electron transfer is preferential at acidic pH.][RRBenols usually react with radicals involved
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in lipid peroxidation by the HAT mechanism [1]. Rncthis point of view, the ability of a
compound to scavenge ABTSloes not clearly reflect the compound’s antioxtdagtivity as
a scavenger of lipid radicals.

The achieved order does not correlate with SARcplas. Propyl gallate bearing three
OH-groups was the most active compound, ggabumaric acid and ferulic acid with only
one OH-group each were more active than caffeid adth two OH-groups. The results of
several studies have shown that TEAC values of giemnoften do not correlate with SAR.
[13, 21] Our results support these reports. Formgte, compounds, such as coumaric acids
or isoferulic acid were even more reactive with ABTthan certain diphenolic counterparts,
e.g. rosmarinic acid. [21] Since monophenols arewkn to be less active as radical
scavengers than polyphenols, such findings weheraionfusing. The phenomenon has been
attributed to the reaction mechanisms of antioxislanith ABTS™, which are still unclear and
seem to be different for each group of phenol2§] [

Up to date, a large amount of information on TEA&ues for individual phenolics has
been collected. Often, the reported data diffeisgutiially; in some cases they even provide
conflicting information. Thus there have been matydies where the limitations of the
ABTS method have been evaluated.

One of the most criticized limitations is that tABTS (or TEAC) values actually
characterize the capability of the tested substanaeact with ABTS than to inhibit the
oxidative process. [13] This feature is common witie DPPH assay. ABTS is
nonphysiological radical that has nothing in commatt the highly reactive peroxyl radicals
involved in lipid oxidation.

It has been reported that with many phenolics #setion occurs rather slowly. Caffeic
acid belongs to such compounds. The results areeftne dependent on the time of
incubation as well as on the ratio of sample qiamti ABTS™ concentration. In the present
study a 4 min incubation time was used. This pen@y not be efficient for substances that
react with ABTS" slowly, which may lead to underestimated finalnes.

Another limitation is the poor selectivity of ABTSin the reaction with H-atom donors. It
has been reported that ABTSeacts with any hydroxylated aromatics indepenaénheir
real antioxidative potential. In this view, the ABTassay is reduced to titration of aromatic
OH-groups including OH-groups which do not conttéto the antioxidative action. [13]

The study of Pulido et al. has shown that the ARalies are strongly dependent also on
the solvent used. [28] Instability of the ABTSolution has been reported by Stratil et al. The
ABTS " was slowly spontaneously degraded and continueaedse of the initial absorbance
of pure ABTS" solution was observed during time. [24] This mdfeat the absorbance
values of samples and lead to overestimated results

The ABTS assay undoubtedly has some limitationsnessseem to be random and
uncontrollable, while others could be difficult teduce or control. The order of antioxidant
activity obtained by this assay in this study d#fesubstantially differs from the orders
obtained by the other assays, especially from teC Aorder obtained by the DPPH assay
which is conceptually similar to the ABTS assaye&ssumption therefore could be that the
antioxidant capacity is not fairly measured by &&TS assay and the use of this assay for
the purposes of AOC assessment should be reaphraise
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Table 4.10 AOC of the tested compounds as analyzed with ti&AfBsay in different studies

1 Molar TAC 3 4 s
ABTS values TEAC (mM) (umol/umol) 2 slope TEAC,yt slope
propyl gallate x x x x x
caffeic acid 0,98 + 0,06 1,18 -0,0179 1,15+ 0,09 2,26 + 0,06
ferulic acid 1,90 £ 0,05 3,51 -0,0624 1,97 + 0,02 X
p-coumaric acid 2,00 £ 0,07 x X 2,39 + 0,09 x
ascorbic acid 1,05+ 0,02 x -0,0172 x 2,00 £ 0,05

! Re et al. (1999) [20]; TEAC — Trolox Equivalent Antidant Capacity values

% Nilsson et al. (2005) [23]; TAC — Total Antioxida@apacity values

3 Stratil et al. (2006) [24]; slope value of a cadition equation A = & C [umol/L] + b (A — absorbance, C —
antioxidant concentration)

* Nenadis et al. (2004) [21]; TEAG— Trolox Equivalent Antioxidant Capacity valuestdnol was used as a
sample solvent

® Nenadis et al. (2007) [15]; slope value of a Imealibration curve A #(C)

4.2.5 Comparison of the AOC results

The orders of AOC obtained by the FC, FRAP and DRBshy have a very similar trend
(PG> CaA > AsA > FeA > CoA). However, comparison of PG equivalents reveal
differences in the degree of the capacities for same compound in the different assays
(Figure 4.3). For instance, while in the FC assay Ghows activity almost equal to that of
PG, in the DPPH assay, the activity of CaA is aee balf of the activity determined by the
FC or the DPPH assays.

Different reaction mechanisms and some specifierattions that may occur between the
assay reagents and the studied compounds inclusbnge unrelated reactions, such as
dimerization of the antioxidants, in the reactioixtore might most likely be the reason for
these inconsistencies. Another factor determiniregeixtent of the capacity is the chosen end-
point for the reactions. It should be noted thaheassay is carried out at different pH (FRAP
— acidic, FCR - basic, ABTS, DPPH — neural). The y@tues also have influence on the
reducing capacity of antioxidants. [11] The mechkars, reactions and important limiting
factors are more closely described and discussetienrespective sections to each assay
(section 2.3.8 and subsections, section 4.2 argestibns).

107 oFc
09- O FRAP
08- 0 DPPH
07- 0 ABTS
'é — _
3 o6 _
3 051 ]
g ]
O 04
03
02-
01-
00 ‘ ‘
can FeA CoA ASA

Figure 4-3 Comparison of the antioxidant capacities of thegg@sompounds determined by the different AOC
assays. The values are expressed as propyl géR&e equivalents (PG having a value equal to 1).
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4.3 Study of antioxidant effects in a liposome system

To obtain more reliable information on the anti@tl potentials of various compounds, it
is recommended to use more than one analytical adetind also to use different model
systems. A direct approach of evaluation thatagdilipid model systems has been suggested
as being superior to the indirect approach utigjzantificial AOC assays. [7, 18, 30]

The reasons for choosing a liposomal model systamaming high amounts of PUFAs as
a lipid model system, and the use of iron and hdotag as lipid oxidation catalysts are
briefly given in the Introduction to the thesis.

It was observed that many studies that assess ritiexidant activity of phenolics in
various systems have focused on one or two fixeeatrations of the antioxidant in the
system [30, 33, 34, 35, 69]. In our study, varicoacentrations were tested in order to see
whether different proportions of antioxidants ihaten to the given amount of lipids have
any influence on lipid oxidation catalyzed by aefixamount of prooxidant.

4.3.1 Oxidation of liposomes

Transition metals and some metalloproteins, sudieasoglobin or myoglobin, are known
as potent promoters of lipid oxidation even in ér@mounts. [5] Iron ions (Fe F€") and
bovine hemoglobin (Hb) were used as initiators @¢gidants) of lipid oxidation in the
liposome system.

Oxygen consumption by liposomes before and afteitiad of prooxidants is shown in
Figure 4—4. Before the addition of prooxidantsloavsand linear decrease in concentration of
dissolved oxygen was observed. This consumptiondiefolved oxygen by liposomes
themselves is further referred tolg®some initial activityand the oxygen uptake rate (OUR)
measured in pure liposomes is referred tdaskground OURThe liposome activity could
be attributed to the presence of pre-formed (endmg® peroxides and/or to the presence of
endogenous transition metals (Pt, Fe, Cr)). Tradehese metals can be released into the
liposome solution for example during sonication gifospholipids, or can be found as
contaminants in chemicals. The phospholipids hdowacontent of endogenous peroxides
(see determination of peroxide values, Table 4.2).

When Fé" was added to the liposomes an initial drop in eatr@tion of dissolved oxygen
was observed, which was followed by a slower lindeerease in concentration of dissolved
oxygen. When F& was added, only the slow linear decrease in caratén of dissolved
oxygen was observed. According to Mozuraityte ef4] this fast drop is due to oxidation of
Fe* to FE*. This process is accompanied by generation ofxglkmdicals that trigger a
chain of branching reactions leading to productibseveral peroxides, which results in rapid
oxygen consumption. When equilibrium betweeri"Fend F&" is achieved after the initial
fast oxygen uptake, a constant rate of oxygen aopsan is observed.

When Hb was added to the liposomes, no initial dwgs observed. This could be
attributed to the met-hemoglobin form of Hb thahds ferric (F&) iron, and which is
predominant in aqueous solutions. The mechanishtbeihduced oxidation is more complex
compared to the free iron induced oxidation (sestiae 2.1.3). Probably due to this, the
consumption of dissolved oxygen after the additbiib was not constant. The fastest and
more or less constant OUR was observed immediafedy the addition of Hb; after that the
oxygen consumption slowed down non-linearly. Thestant initial OUR was measured and
used as a reference rate for further experimeritsamtioxidants (Figure 4-8).
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Hb gave a higher OUR value than iron even though @mount of iron donatedia
hemoglobin was ca. one eight of the amount of it@e used. This clearly demonstrates very
strong prooxidative properties of Hb.

— Fe2+
225 — Fe3+
200 ~ —Hb

oxygen concentration (UM)
5

0 T T T T T T T T 1

o 2 4 6 8 10 12 14 16 18
time (min)

Figure 4-4 The kinetics of oxidation of 1.5 % liposomes indubg Fé* (10 tM), F€"* (10 1M) and bovine
hemoglobin (Hb) (1,24M).

4.3.2 Influence of solvents on OUR

The solubility of phenolics in water is limited ardepends on the polarity of each
compound. The stability of phenolics in aqueousitsmhs is also limited; the stability of
phenolics is much higher in organic solvents, sashmethanol or ethanol, than in aqueous
solutions. Thus, stock solutions of all the pherwlivere prepared in 96 % ethanol to ensure
both that the compounds were properly dissolvedraaohly to maintain their stability; the
stability in organic solvents is also strongly emted by keeping the solutions at low
temperatures (< 4°C).

The influence of ethanol, as a solvent of the phesioon the consumption of oxygen by
liposomes themselves (liposome initial activity) wsll as on the OUR after addition of
prooxidants was therefore first investigated.

Figure 4-5 shows liposome activity before and atfter addition of 5, 10 and 20L of
96 % ethanol into the system (0.5, 1.0 and 2.0 %etb&nol in a total reaction volume,
respectively). After addition of ethanol, a rapictiease in dissolved oxygen was observed.
This increase was proportional to the amount ofeddethanol. The OUR after the increase
remained approximately the same and was constabéfase the increase, which indicates
that ethanol added in small amounts does not affextliposomes in a way that would
enhance their initial activity. Higher amounts #fanol (or any other organic solvents) might
lead to destabilization of the liposomes.
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Figure 4-5 Influence of ethanol (0.5, 1 and 2% in the reactioirture) on the initial activity of liposomes

Investigation of the influence of ethanol (2 %) e OUR of F& and F&" induced
oxidation is shown in Figure 4-6 and Figure 4—&pestively. No significant deviations
between the OUR in liposomes without ethanol (neels) and with added ethanol (blue lines)
were observed.

Ethanol added into the liposome solution (2 %)rgliginhibited the OUR of Hb-promoted
oxidation in trial measurements. Assakura et a@7{) reported that solvents, such as
alcohols and ketones, at low concentrations (ub &b (v/v)) stabilize the tertiary and
guaternary structure of proteins while high conggmins of the same solvents lead to
denaturation of proteins. [61] A stabilized (lesefalded) hemoglobin exhibits lower
prooxidative effects, since the heme group contginion is less exposed to the oxidative
substrate. [74] This might explain the inhibitioh@UR that was observed in several of our
experiments. In order not to overestimate the amant effects of the phenolic compounds, a
blank with added ethanol was always used as aemferin Hb-induced oxidation for
measurements with compounds dissolved in ethanol.

The average OUR: standard deviation of Fe- and Hb-catalyzed oxwtatf a pure
liposome solution and a solution containing 2 %ettianol (further referred to ddank
sample} are presented in Table 4.11. The standard dewmi@ncompasses many factors that
may influence consumption of oxygen by liposomeghsas preparation of liposome and
prooxidant working solutions, pH and freshnesshef $olutions; high deviations can be also
caused by the state of electrodes, oxidation oEwHecreases their sensitivity.
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Table 4.11 Average oxygen uptake rates of oxidation catalygeidon ions and hemoglobin in the absence and
presence of ethanol (2 %) in the liposome soluf@dRs of blanks samples)

Prooxidant r (UM/min) SD n

Fef* (10 uM) 6,98 2,94 17
Fe?* (10puM) + EtOH 7,20 1,22 8
Fe* (10 uM) 6,05 2,24 25
Fe’* (10pM) + EtOH 6,97 1,81 9
Hb (1,24uM) 20,77 5,65 21
Hb (1,24uM) + EtOH 19,40 3,62 22

r — oxygen uptake rate, SD — standard deviatiennamber of experiments

225 - —Fe2+
— Fe2+ + EtOH

oxygen concentration (uM)

time (min)

Figure 4—6 Influence of ethanol (2 % in the reaction mixtuce) OAR when Fé (10 M) was added as an
initiator of liposome oxidation
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Figure 4—7 Influence of ethanol (2 % in the reaction mixtuog) OUR when F& (10 zM) was added as an

initiator of liposome oxidation
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Figure 4-8 Kinetics of oxygen consumption during the oxidatédiposomes (1,5 %, pH 5.5) initiated by Hb
(1,24 1tVM) in the absence (red lines) and presence (bloes)i of ethanol (2 %). The green marks depict the
constant initial oxygen uptake rate observed imatetl after the addition of Hb into the system.
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4.3.3 Propyl gallate

Propyl gallate (PG) was the only synthetic antiaxidevaluated in this study. The tested
concentration range was 1 — 2(QM. In the liposome system PG turned out to be g ver
effective inhibitor of oxidation, but its antioxida activity seems to be limited by the
prooxidant-to-PG ratio and also by the type ofitfiator.

In oxidation promoted by hemoglobin (1,@2¥), all the concentrations of PG were
efficient in inhibiting oxidation. The inhibitoryffect increased with increasing concentration
and showed a linear dependence above a concentrati®O0 uM. The highest tested
concentration (20@M) inhibited the initial OUR by 77 %. Discussion arhibition of Hb-
induced oxidation by phenolic antioxidants is givesection 4.3.7.

In oxidation promoted by ferrous and ferric iror® (IM), only the concentrations above
10uM (ratio PG/Fe= 1) were efficient in inhibiting oxidation. The amantration of 20QUM
inhibited lipid peroxidation initiated by free irooompletely (Figure 4-10). Interestingly,
when 1uM PG concentration was tested (ratio PG#FB an increase in oxygen consumption
was observed (ca. 20 %). All the obtained resutisshown in Figure 4-9.

Different antioxidant properties of PG are reporiedhe literature: PG was efficient in
inhibition of iron-ascorbate and Hb-promoted oxidatof fish microsomes [35], it was able
to strongly inhibit rancidity of bulk oil, but hadither no activity or strong prooxidative
activity in various emulsions [34], a prooxidatig&ect of PG at 0,1 — gM was observed in
Cu-promoted (5uM) oxidation of palmitoyllinoleoylphosphatidylchake liposomes by Gal
et al. [65]

The location of antioxidants in multi-phase systdmas been found to be an important
factor that influences the antioxidant activity0[34, 36, 62, 88] In systems consisting of
phospholipid bilayers the affinity of antioxidarttsward the phospholipid bilayers is a key
parameter. [35]. Nakayama et al. has found the amoftiPG incorporated into liposome
membranes to be 10 %. [72] A different number wgsorted by Pazos et al. who measured
the affinity of PG for incorporation into microsomghospholipid membranes; the
incorporation percentage was found to be 52,1 %. [3

The polarity of a molecule determines its lipogtili or hydrophilicity. [5] Among the
tested antioxidants, PG is the least polar compogadtitioning of PG in the oil phase of
emulsions is reported to be relatively high; foramwple, Jacobsen et al. reported that
partitioning of PG in the oil phase of mayonnaisthwhe egg lecithin used as emulsifier was
44,9 % and 7 % in the interface (represented byspinalipids). [38]. Partitioning of PG in
biphasic systems is reported to be very high: gmitppn coefficient of PG was found to be
0,895 for an oil-water (1:10) system [34] and Oi@&5an octanol/PBS (1:1) system. [69]

From the examples given above it could be assuhdatsubstantial part of PG would be
located within the phospholipid bilayer while a $ieapart would be retained in the water
phase. When PG was added into the liposomes, himdiidition of the initial liposome
activity was observed, which can also serve asnalicator that PG was active in the
phospholipid bilayer.

A number of studies reported on the chelating ptogee of phenolic compounds [15, 35,
46, 47] as another pathway by which antioxidants cantribute to inhibition of lipid
oxidation. According to these studies, only pharwlearing catechol or pyrogallol moiety
are capable of metal chelation. PG belongs totytpie of compounds. Pazos et al. found that
10uM PG was able to chelate 56,6 % of 2@ Fe?* iron. [35] Presumably, only the fraction
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of PG present in the aqueous phase would partecipahe chelation. PG-to-iron ratio and pH
of solution are important factors. [5]

However, to distinguish between the two mechanismradical scavenging and chelation —
is often problematic. Therefore, an experiment wgtllic acid, a precursor of PG, was
performed. Gallic acid, as a polar compound, dasspartition in the oil phase and remains
predominantly in the aqueous phase of emulsions §9# When 10QuM of gallic acid in
MES buffer (5,5 mM, pH 5.5) was tested in’Fenduced oxidation (GA : Fe = 10: 1) no
significant decrease in OUR was observed, whiclcatds that chelation does not occur, or
only to a very small degree. Low chelating abiitigf gallic acid at physiological pH (7.4)
was reported when metal was used in excess. [4@ 4&latively low gallic acid-Fe binding
constant (4.78 M) was determined at physiological pH. [46]

Due to this experiment, iron chelating ability o6 Remaining in the aqueous phase
probably does not contribute to the overall inhdniteffect of PG, and only scavenging of
free radicals takes place.

A prooxidative effect was observed at PG conceomadf 1 uM (PG : Fe = 1:10). As
described above, scavenging free radicals is prallynthe main reaction mechanism. The
capacity of PG to scavenge free radicals seems iodufficient when iron is in abundance.
Moreover, PG possess a strong metal reducing pasgrreviously verified by the FRAP
assay in this study and by other researchers T3tg.proportion of PG that is active as a free
radical scavenger may be rapidly depleted andeas#ime time, the proportion remaining in
the aqueous phase may reduce ferric iron which nr@syits in an overall acceleration of lipid
oxidation.

120,

110 | == el @1uM

100 | @ 10 uM
o | % % 050 UM
80 .

70 | I @100 UM
60 - 1 e @ 150 uM
m,

o 200 uM

Inhibition (%0)

40 -

30 1

20,

i
0 \ \

-10 -
-20

Figure 4-9 Inhibition (%) of oxygen uptake rate of ¥#¢10 tM), F€* (10 M) and Hb (1,24M) initiated
oxidation of liposomes (1,5 %, pH 5.5) by differenhcentrations of propyl gallate. The negativeihition
values represent an increase of the oxygen upfatiee thus a prooxidative effect.

Fe2+ Fe3+ Hb
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Figure 4-10 Behaviour of propyl gallate (10gM and 200tM) in Fe#*-induced oxidation of liposomes (1,5 %,
pH 5.5). 20QuM concentration of propyl gallate totally suppredshe oxidative process.

4.3.4 Caffeic acid

The effectivity of CaA in the liposome system waset rthe same when different
prooxidants were applied (Fe and Hb) and also sakigh the CaA-to-prooxidant ratio. The
tested concentration range was 0,1 — J00I0 CaA was efficient in inhibiting Hb-induced
oxidation at all levels of addition except for ¥, while in the free iron induced oxidation,
a prooxidative behaviour was observed.

In the latter, concentrations above 30 promoted the rate of oxidation more strongly
(concentration of 5QM increased the OUR more than 10 times) than cdretéom of 1uM;
0,1uM CaA did not have any significant effect on theeraf oxidation. This phenomenon is
discussed later. The quantification (measuring OQUiRghese “rapid” reactions was rather
problematic due to fast oxygen consumption as shimwRigure 4—14. Especially in Fe
induced oxidation the initial drop was often ditficto distinguish from the slower OUR that
follows after the drop.

It should be noted that such strong prooxidativieav@ur was not observed with any of
the other tested phenolic compounds. The resulieofind Hb-induced oxidation are shown
in Figure 4-11 and Figure 4-15, respectively.

78



RESULTS AND DISCUSSION

1050 4

1000 H

%),

oy T 0o0,1uM

a0 | I E1uM

800 | 50 uM

750 [ 0 100 UM
650 | [ @ 300uM
g ew] | @400 UM
S 5501 l [ @ 1000 UM
g I
3 |
8 w0 | [
< a0l

300 1 l T

250 1 T T

2(1),

150 - x

100 -

a),

ol . mm

50 -

Fe2+ Fe3+

Figure 4-11 Prooxidant effects of caffeic acid — accelerat{®) of oxygen uptake rate of 10 1M)- and
Fe**(10 zM)-initiated oxidation of liposomes (1,5 %, pH 5I8) different concentrations of caffeic acid. The
values are means SD of two to seven parallel experiments.

The ability of CaA to retard lipid oxidation hasdmeexamined in a number of studies. In
these studies, various lipid model systems and odstlor screening the degree of lipid
oxidation were used and the behaviour of CaA vafieth a potent antioxidant to a strong
prooxidant. For example, CaA strongly inhibited flieemation of hydroperoxides in bulk
methyl linoleate after 7 day oxidation, but slighdromoted or did not show any inhibiting
effect in methyl linoleate emulsions after 4 day®xidation; in both cases, the effectiveness
of CaA was system- and concentration-dependent.§aé showed a very low activity as a
protector of linoleic acid in agueous micelles oflisim dodecyl sulfate (SDS) [31], but on the
other hand delayed the induction period (autoxwtgtiof lard as well as of LDL oxidized
with copper ion. [37]. In another study, CaA acésdan anti- or a prooxidant, depending on a
level of addition, in copper induced oxidation ¢dfogphatidylcholine liposomes and acted as
a prooxidant in a 10 % O/W emulsion [16]. The exBamiven above show that the type of
system is an important parameter that determinesetfectiveness of CaA to act as an
antioxidant, and the “polar paradox” (see sectich3for explanation) seems to be fully
applicable in the case of CaA. Other important pextgrs determining the action of CaA that
can be deduced from the examples are the presémoetals as prooxidants, and the amount
of CaA in the system.

To explain the prooxidative behaviour of CaA in aystem, several factors must be
considered. First, the distribution of CaA betwdabe water phase and the phospholipid
bilayer (interface) of liposomes. CaA, as a polampound, is expected to be present
predominantly in the aqueous phase and when camggdeiphasic systems, partitioning of
CaA in the oil phase was reported to be generadlgy \poor [31, 36]; for example, its
partitioning in W/O emulsion (9 : 1) was only 1,2iftthe oil phase. [36] Several studies also
attempted to estimate the proportion of antioxidaghstributed in the different phases of
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emulsified systems. [38, 39] In the study by Jaeobst al. [38], CaA partitioned in
mayonnaise fortified with egg lecithin by 19,0 %l oil phase and by 5,7 % in the interface
(the data were achieved by application of variolmse separation techniques). [38]
Pekarinnen et al. [36] found a high proportion GfAC(48,8 %) dissolved in micelles of
surfactant Tween 20. It should be noted that Twaers, compared to phospholipids, a non-
charged and differently structured emulsifier, thaimilarity with our system could be
questioned.

The assumption therefore is that the proportioCaA retained in the oil phase and more
importantly in the interface of emulsions, as thege closely resembling a phospholipid
bilayers in liposomes, would be low.

It should be mentioned here that all the studiegiibgidants were added to the liposome
solution after preparation of liposomes. This magd to even lower distribution of the
compounds within the phospholipid bilayer. A di#fat distribution profile could be achieved
by addition of the compounds to phospholipids piioformation of liposomes by sonication.

The charge of the liposome surface is another itaporfactor that must be taken into
account. Phospholipids are polar compounds [5].0ftiog to Mozuraityte et al. the zeta
potential of cod roe phospholipid liposomes at pbliS negative (~ =20 mV). [56] Although
the zeta potential is not a direct measure of sarfaharge, it can provide tentative
information on the net charge of the particles] [&6pH 5.5 CaA acid is present largely as
anion (fK,1 = 4.36 [50]) owing to the ionized acidic group. éto this, the accessibility of
negatively charged molecules of CaA to the insitiehe liposome bilayer may be lowered
since they might be repulsed into the aqueous pbyaske negatively charged outer surface
of liposomes.

CaA consists of a catechol moiety — two OH grougpesched to the benzene ringartho
position (see Figure 2—-11). Such substances arer whé right conditions (pH, CaA/Fe ratio,
type of buffer in the solution) capable of formingmplexes with transition metals [43, 45,
46, 47, 48], which inactivates the redox cycling pvboxidant metals. [5] We observed a
strong prooxidative behaviour of CaA at the ratidaA/Fe > 5 (excess of CaA) and
significantly lower prooxidative effect at the @mtCaA/Fe< 0,1 (excess of Fe). This indicates
that chelating (forming stable metal complexes)bptdy does not occur. A weak complex
formation between Fé and CaA at acidic pH and excess of CaA in aqusoligions has
been reported. [45, 48]

Yet, the strong prooxidative effect observed mayatigbuted to the presence of catechol
moiety [43, 49] when reducing properties of caffamd are taken into consideration. The
ability of CaA to reduce Fé was previously verified by the FRAP assay (se¢iced.2.2)
and is also well documented in the literature. A%, 32] The oxidative potential of CaA was
reported to be relatively low, 0,212 VSAg/AgCI). [43]

As shown in the work of Zheng et al. [49], CaA &able of reducing cupric ions (€
into cuprous ions (Ci). The so calledhtramolecular electron transfelET) was proposed to
be the mechanism leading to the reduction of copfie® same mechanism was reported to be
predominantly involved also in reduction of ferrolamis (F€") by CaA as examined by
Hynes et al. [45] The process is based on formadiotemporary monodentate complexes
between CaA and Fe(32), which subsequently decays by means of irdlacular electron
transfer releasing Ee

FE'+ HL - Fe(LHY + H' (32)
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It was reported that fully protonated catechol&arids are the reactant species involved.
[45] The K42 value of CaA is 8,48 [60]. Despite this, in theggnce of metal ions, the proton
(H") is dissociated at much lower pH values, e.g-2800. [45, 49] Interactions of protonated
phenolic ligands can also be viewed as metal cagdlgleprotonation reactions. [45]

Therefore, CaA can dissociate to form artho-hydroxyphenoxide anion capable of
binding FE€" into a temporary monodentate complex. This init@hplex can rapidly undergo
intramolecular electron transfer to forrartho-hydroxyphenoxyl radical. The acidity
dissociation constant of this radical is much lo{,s = 4.1) than that of CaA Kz = 11.17
[50]). Thus, ortho-hydroxyphenoxyl radical dissociates to fomntho-semiquinone anion
binding Fé*. Theortho-semiquinone radical anion is further oxidized bpther F&" to yield
the final productsprtho-quinone or possibly some products of dimerizatieactions [43]
releasing reduced iron [49] that can further ciexhel enhance lipid oxidation. [5] The process
is depicted in Figure 4-12.

Hotta et al. reported that polymerizationastho-semiquinone radicals releases additional
electrons and in some polymeric products oxidizabtechol moieties are reproduced (Figure
4-13). [50] The released electrons may contribateetuction of ferrous iron as well as the
newly restored catechol moieties by further polyizaion.

Moreover, superoxide anion {0 is generated from triplet oxygen during the psscthat
can reduce ferric iron (Be+ O~ - Fe&* + O,) or form hydrogen peroxide that can
participate in Fenton type reactions. [9]

The oxygen consumption after the addition of irensi into the liposomes with added CaA
was not constant — the fastest consumption of axygas observed immediately after the
addition of prooxidants, thereafter it slowed domwmn-linearly. This observation indicates
that during the prooxidative process the concentraif CaA in the reaction mixture changes
— it is depleted by conversion of CaA into differ@noducts as described above. [43, 49] To
quantify the prooxidative effect, the OUR of thesfi 2 minutes after the addition of
prooxidants was measured.

The rapid formation and subsequent decompositio@aA-Fe monodentate complexes
due to the intramolecular electron transfer, whatilitates the reduction of ferric iron, is
characteristic for systems where CaA is preseut l@rge excess relative to iron. [45] In the
systems with a ratio CaA/Fe 1 (excess of iron), the reaction pathways of Ca&Acbmplex
formation and decomposition may differ [45]. A totareakdown of CaA rather than
formation of quinones and subsequent dimers wasrtexp to follow after the monodendate
complex formation when iron was used in great ahond. [45] This could explain the
markedly lower prooxidative activity at M CaA concentration and possibly no effect at
0,1uM CaA concentration.

Interestingly, the acceleration of Fe-induced ota@awas significantly lowered also at
1000puM CaA concentration. This could be attributed te thdical scavenging abilities of the
proportion of CaA that was located in the interfageswitch between a pro- and antioxidant
behaviour is possible when the antioxidant is addeal huge excess (1000 times) relative to
prooxidant; ascorbic acid is a typical examplewfisbehaviour. [6]
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Figure 4-14 Prooxidative effect of caffeic acid (50 and 10@®) in Fe**-induced oxidation — rapid
acceleration of OUR after addition of £€10 1M).
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Contrary to Fe-induced oxidation of liposomes, inriHduced oxidation CaA inhibited the
rate of oxidation at concentrations ranging fromo 1000uM. The inhibition ranged from 30
to 57 % at different concentrations as shown inufFégd—15. No distinct dependence was
observed between the degree of inhibition and thesll of addition. However, higher
concentrations of CaA exhibited better antioxidaffiects than the lower concentrations.

Inhibition of Hb-induced oxidation by phenolic cooynds is discussed in section 4.3.7.
The kinetics of oxygen consumption in Hb-promoteddation in the presence of CaA
(50uM) is shown in Figure 4-16. Exponentially decregsiconcentration of dissolved
oxygen after addition of Hb was observed and \edifby performing linearization of the
kinetic curve (In(Gy) =f(t)) (Figure 4-16). Kinetic characterization of algzed oxidation
inhibited by antioxidants is a matter that stileds to be elucidated.
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Figure 4-15 Inhibition (%) of Hb-initiated oxidation of liposas (1,5 %, pH 5.5) by different concentrations of
caffeic acid. The values are meanSD of two to five parallel experiments.
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Figure 4-16 Kinetics of oxygen consumption of Hb (1/24)-induced oxidation of liposomes in the preserfce o

caffeic acid (50uM) (blue line; y-axis on the left side of the gramnd linearization of the kinetic curve
(InCo; = f(time)) (pink line; y-axis on the right side of the graph).
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4.3.5 Ferulic acid

Ferulic acid (FeA) was tested in the concentratiange 50 — 40QuM, thus only in
abundance relative to promoters of oxidation. Assthlevels of addition, FeA was capable of
inhibiting both free iron and Hb promoted oxidatiohliposomes. The results are shown in
Figure 4-17. However, in free iron induced oxidatidhe degree of inhibition did not
markedly increase with increasing concentrationrwas observed previously with propyl
gallate (section 4.3.3), but on the other handprmxidative behaviour was observed as in
the case of caffeic acid (section 4.3.4) and asca@tid (section 4.3.8). Also in Hb-induced
oxidation the degree of inhibition did not markedigrease with increasing concentration and
the inhibitory effect was approximately equal tattlof caffeic acid. FeA turned out to be a
better antioxidant thap-coumaric acid (section 4.3.6). Among the testeshpaounds, FeA
cold be characterized as a less potent antioxidant.

At the highest level of addition (4Q€M), the degree of inhibition of oxidation promoted
by Hb (1,24uM) reached 47,0 = 2,9 %, and of oxidation promdigderrous and ferric iron
(10uM) 35,7 £ 2,9 % and 32,7 + 4,6 %, respectively.

Similarly to caffeic acid, the OUR was not constaffier addition of free iron to the
liposomes containing FeA. The initial (fastest) OUWRSs therefore measured and used to
quantify the inhibitory effect of FeA. When the &tic curve of oxygen consumption after
adding iron (G2 = f(t)) was linearized by calculating the dependem¢€d,) = f(t), a linear
dependence was obtained. This revealed an expahéetrease in oxygen consumption in
the presence of FeA (Figure 4-18).
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Figure 4-17 Inhibition (%) of oxygen uptake rate of ¥¢10 £M), Fe** (10 M) and Hb (1,24uM) initiated
oxidation of liposomes (1,5 %, pH 5.5) by differemmcentrations of ferulic acid. The values areneans +SD
of two to seven parallel experiments.
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Figure 4—-18 Kinetics of oxygen consumption during the oxidatibliposomes (1,5 %, pH 5.5) induced by'Fe
(10 M) in the presence of ferulic acid (3pM) (blue line; y-axis on the left side of the grapind linearization
of the kinetic curve (pink line; y-axis on the tigide of the graph).

FeA is well soluble in organic solvents, such aghaweol or ethanol, and insoluble in
agueous solutions; needle-like crystals formedhi@ agueous solution consisting of FeA
(10 mM) and MES buffer (5 mM, pH 5.5) after 2 dayk storage in dark and at low
temperature.

A small number of studies on the antioxidant attiaf FeA in different lipid systems has
been published. For example, a low protective actibFeA toward linoleic acid in a SDS
micellar system was reported [31]; on the contr&eg/A strongly inhibited lipid peroxidation
in microsomal membranes and intact cells (fibraglamduced bytert-BOOH and AAPH.
[68] FeA was also an effective antioxidant in baikthyl linoleate, ethanol-buffered solution
of linoleic acid and liposomes with oxidation inedcby AAPH. [69]

The overall lower antioxidant effect than the oreserved with propyl gallate could be
attributed to several factors: Firstly, to the lkima of FeA in the liposome system.
Partitioning of polar compounds in the oil phaséoth biphasic systems and emulsions has
been reported to be generally low. [31, 36, 38]nTbmo et al. measured the affinity of FeA
for incorporation into microsomal membranes andoregul that the percentage of FeA
associated with the membranes was about 5 %, Wieleemaining percentage was found in
the aqueous phase. [68]

Similarly to CaA, at pH 5.5 FeA bears a negativargk due to the ionized acidic group
(pKa ~ 4). The accessibility of FeA molecules te fphospholipid bilayer might be more
difficult due to repulsion of FeA molecules by nggely charged outer surface of liposomes.
Thus, a larger proportion of FeA is likely to becabed outside the phospholipid bilayer
whereas a minor part is likely to be found inside phospholipid interface, which decreases
its activity as a radical scavenger.

It is commonly accepted that the antioxidant attiwf phenolic acids and their esters
depends on the number of hydroxy groups in the coddeand other electron donating or
withdrawing substituents. [3] FeA possesses onby loydroxy group and one methoxy group
(see Figure 2-11), which makes FeA a weaker awmfaoki compared to more substituted
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molecules, such as CaA or PG, but a stronger addokthanp-coumaric acid bearing only a
single OH group.

The capability of compounds bearing 3-methoxy-4rbyg groups on the benzene ring to
interact with transition metal ions — either touee/oxidize them or chelate — was reported in
several studies. [45, 46, 47, 49] All these studigeed on very weak or no chelating abilities
of such compounds. A relatively high redox potdrdfaFeA (0,430 Ws Ag/AgCl) [43] does
not favor redox reactions with free metals.

So called interfacial phenomena (or polar parag®r)ost often attributed to low activities
of polar antioxidants in emulsified systems. [33] Z&nother theory explaining the low
activity of phenolics in emulsions was proposedPekkarinen et al. According to this study,
some specific interactions, such as hydrogen bgndih antioxidant with emulsifiers can
have a marked effect on the activity of individgdldenolics in emulsions. Hydrogen bonds
between the ether oxygen of an emulsifier and Qdtigs of an antioxidant may enhance the
solubility of the antioxidant in the interface, bat the same time these relatively strong
hydrogen bonds may weaken the ability of the amdamt to donate hydrogen. The donation
of hydrogen depends among other factors on thagitieof the hydrogen bonds between the
antioxidant and the solvent. The latter is repraserby the phospholipids in our case.
Phenolic acids in W/O emulsion fortified with emities Tween 20 showed a high proportion
in the emulsifier interface (micelles of Tween 28)t a low antioxidant activity in the
emulsion. It has therefore been concluded thaptbportion of the antioxidant solubilized in
the lipid phase and in the interface does not rsacéyg mirror the antioxidant activity of the
compound. [36] Also some other works do not excladeh interactions. [30] However, it
should be noted that Tween 20 has much more etbepg compared to phospholipids and
does not have a charged head that could infludrearttioxidants by repulsing or attracting
them. Thus, in our case, this aspect might nobbelsvant.

4.3.6 p-Coumaric acid

In the liposome system, CoA turned out to be tlastlactive compound of all the tested
compounds. Over the tested concentration range-(300 uM) CoA did not exhibit any
significant anti- nor prooxidative effect in botle+and Hb-induced oxidation of liposomes
(Figure 4-19).

However, this finding is not surprising when prdpes, such as molecule structure,
polarity, and reduction potential of CoA are comesetl. Analogical features concerning
polarity and location of CoA in the liposome systeam be made as in the case of caffeic and
ferulic acids (see section 4.3.4 and section 4r8dpectively). As was the case of ferulic acid,
CoA (10 mM) was insoluble in 5 mM MES buffer — fiakke clumps of precipitated
particles appeared in the aqueous solution.

Absence of substituents, such as methoxy groughermphenolic ring ranks CoA among
the less potent radical scavengers. [3] Chelatigpgrties of CoA acid are fully excluded
since the compound does not possess any sitedhlat lsind metals.

The use of CoA as a protector of different lipidsteyns has been rather scarce. For
example, CoA did not exhibit any activity as a pator of linoleic acid in aqueous micelles
of SDS. [31]
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Figure 4-19 Inhibition (%) of F&" (10 M), Fe** (10 M) and Hb (1,24.M) induced oxidation of liposomes
(1,5 %, pH 5.5) by different concentrations of pHo@ric acid. The values are the means + SD of wvéive
parallel experiments.

4.3.7 Hb-induced oxidation inhibited by phenolic antioxidants

Except forp-coumaric acid, all the tested phenolics were igfficin inhibiting Hb-induced
oxidation of liposomes. The relative order of axid@ative activity of the phenolics tested at
the same molar concentration (20d) was:

Propyl gallate > Caffeic acid ~ Ferulic aci¢ p-Coumaric acid

The inhibitory effect of phenolic compounds ondixidation promoted by Hb has not so
far been fully clarified and different explanatiooan be found in literature. It is presumed
that the inhibitory effect of phenolics is a conselce of scavenging lipid free radicals and
interactions of phenolics with Hb. [36, 51]

As shown in Figure 2—6, Hb-promoted oxidation isceplex process involving at least
two different mechanisms and several differentestaif Hb [63]. Hemoproteins (Hb, Mb)
containing oxoferyll complex (F&0) are considered to be the main driving forcéeme-
iron-induced oxidation [63]. Moreover, heme pignse@ire capable of generating singlet
oxygen that reacts directly with the double bonéisatty acids causing induction of lipid
oxidation. [7, 9]

Phenolic compounds are capable of noncovalent tognidi various proteins, including Hb.
[66] Carlsen et al. reported that binding of chigmoate (a derivative of chlorogenic acid) to
the highly reactive ferrylmyoglobin (MB=0) lead to the reduction of the oxoferryl moiety t
ferric iron (F€"), thus to the less reactive metmyoglobin [67]. dmdinha et al. studied
metmyoglobin/HO, dependent oxidation of LDL and also reported rédac of
ferrylmyoglobin to metmyoglobin by phenolic acids. the same study, the efficiency of
phenolics was dependent on the chemical naturallstisuents on the phenolic ring — the
most effective compounds were catechol derivatafesinnamic acid, namely chlorogenic,
caffeic and protocatechuic acids — and the effmyenf these compounds also increased with
increasing concentration. [51] Similarly, bindingghenolics to ferrylhemoglobin (HB=0)
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and subsequent reduction of the oxoferryl moietyld@xplain the inhibition of Hb-induced
oxidation observed in the liposome system. It sthdnd said that compared to myoglobin the
chemical structure of hemoglobin is more complidai® subunits) and also the interactions
of phenolics with Hb can slightly differ.

Pazos et al. reported that the mechanism of plendbr inhibiting lipid oxidation
promoted by Hb does not seem to be related toegtdéffect of phenolics on Hb autoxidation
(Hb-F&* < Hb-F€"). However, they did not strictly exclude this pb#iy if the
experiments were performed under different reactionditions. Unfortunately, alternative
conditions were not suggested. [35]

The relative effectivity of phenolic compounds iarcstudy correlates with the proposed
theory of inhibiting Hb-induced oxidation by rediact of ferrylhemoglobin. Phenolics with a
higher reduction potential (which is ruled by comgion of substituents on a benzene ring —
by an electron donating and withdrawing groups)bitad the rate of oxidation more strongly
that those with a lower reduction potential. Theeiactions of phenolics with Hb itself seem
to be more important in our liposome system thanrtdical scavenging abilities for, apart
from propyl gallate, all the studied compounds kkely to be predominantly located in
agueous phase of emulsions, which is also theitotaite of Hb.

Propyl gallate turned out to be the most effectteenpound in protection against Hb-
promoted lipid oxidation. Low polarity of PG andatively high affinity for incorporation
into phospholipid membranes [35] leads to its thstion very near or inside the
phospholipid bilayer of liposomes. Here, it prolyahinctions both as an efficient scavenger
of free lipid radicals and as a powerful reductahterryl-Hb, which results in the overall
strong inhibiting effect. This may also explain thereasing inhibitory effect observed with
increasing concentration of PG. Chelating as onthefantioxidant protective mechanisms
was excluded in free iron induced oxidation ant itinlikely also in Hb induced oxidation
because the iron is bound to the hem structurebof H

As explained in section 4.3.4, the ability of caffacid to donate an electron to ferric iron
(FE") and reduce it to the more prooxidative ferric {Festate, caused acceleration of
liposome oxidation. In Hb-induced oxidation the samducing abilities probably brought out
exactly the opposite effect, inhibition of liposomeadation.

This shows that when evaluating antioxidant effedtdifferent compounds the presence
and the type of a promoter (e.g. metals, metalainimg proteins, or synthetic stable free
radicals) of lipid oxidation must also be takeroiatcount as factors influencing the action of
antioxidants. Scavenging free radicals by CaA mag aontribute to the overall inhibitory
effect. However, low partitioning of CaA in the @pholipid interface is expected (see
section 4.3.4 for explanation), thus such contrdsutmay be low.

The inhibitory effect on Hb promoted oxidation eftlic acid was very similar to that of
caffeic acid although reduction potential of Fe/s liseen reported to be one half of that of
caffeic acid. [43] This implies that the ability phenolics to reduce ferryl iron of heme is not
the only factor that rules the inhibitory effect gifienolics. The accessibility of antioxidant
molecules to the heme group or strength of nonemtabonds between proteins and
phenolics may also play an important role. Howeadrigh dependence between the structure
of phenolic acids (the nature of substituents ammatic ring) and the ability to reduce
oxoferryl moiety to the ferric form in myoglobin $ibeen reported. [52]
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p-Coumaric was completely inactive towards Hb-indlcexidation at all tested
concentrations as well as being inactive toward@® firon induced oxidation. Standard
reduction potential of CoA has been reported tadiatively high, 0,583 V\s Ag/AgCl).
[43] Weak reducing abilities toward iron were ajz@viously verified by the FRAP assay
(section 4.2.2). When this feature is consideraxh@lwith the low capability of CoA to
scavenge free radicals (section 4.2.3, sectior6y.3he inability of CoA to reduce the
oxoferryl moiety and thus to inhibit Hb-induced dation is not surprising.

4.3.8 Ascorbic acid

L(+)-Ascorbic acid (AsA), Vitamin C, was the onlpm-phenolic and totally water soluble
compound [6] tested in our study. AsA belongs tpamant components of living systems
and is a natural component of a wide array of famut$ food products including fish meat, so
it was attractive to test its properties also & liposome model system.

Unlike the phenolic compounds, AsA itself promotéé oxidation of liposomes. When
AsA was added to the liposomes, an increase indvaakd OUR was observed. This
increase was proportional to the amount of AsA ddd&cept for a concentration ofuM. At
this concentration, no significant change in thekgaound OUR was observed. Up to the
concentration of 10QM, the increase in the background OUR was congliaeiar), at higher
concentrations non-linear increase in consumptfatissolved oxygen was observed. Kinetic
curves of oxygen consumption by liposomes afterteaidof different concentrations of AsA
can be seen in Figure 4-20, Figure 4-21 and Figp28.

It is likely that the oxidation of liposomes proradtby AsA continues, at least partially,
also after the addition of prooxidants (Fe or Hfpithe liposomes. Moreover, AsA also
interacts with the added prooxidants. The oveed# of oxidation therefore characterizes the
sum of all reactions simultaneously occurring ie tleaction mixture. When evaluating the
effect of AsA on free iron- or Hb-promoted oxidatiof liposomes, the prooxidative effect of
AsA itself cannot be anyhow excluded and is inctudethe overall effect. Thus, the rate of
oxidation was found by subtracting the overall O@8m the background OUR that was
measured before addition of AsA, not after the gamldiof AsA, as it was done with all the
phenolic compounds.

The concentrations of AsA tested in free iron irethoxidation were 3M and 50uM
(molar ratio AsA/Fe = 3:1 and 5:1, respectively}.tAese concentrations AsA behaved as a
strong prooxidant after the addition of iron io@siantification (measuring the OUR) of#-e
and Fé&'-induced oxidation was rather problematic. Consimnpbf dissolved oxygen by
liposomes was very rapid immediately after the &aldiof iron and then decreased non-
linearly as amount of AsA was depleted due to Kslation. Moreover, the initial drop in
dissolved oxygen that is characteristic fof ‘Fieduced oxidation was difficult to distinguish
from the slower oxygen consumption rate that uguédllows after the trop. Thus, to
demonstrate the prooxidative effect of AsA, direatmparison of the kitetic curves with AsA
with the kinetics curves of the respective blanksswdone, see Figure 4-20 for*Feand
Figure 4—21 for F&-induced oxidation.
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Figure 4—20 Kinetics of oxygen consumption during the oxidatibliposomes (1,5 %, pH 5.5) initiated by*Fe
(10 1M) in the presence of 3@M and 50uM ascorbic acid. An increase in background OUR waseoved after
addition of ascorbic acid.
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Figure 4—21 Kinetics of oxygen consumption during the oxidatbliposomes (1,5 %, pH 5.5) initiated by*Fe
(10 tM) in the presence of 30M and 504M ascorbic acid. Increase in background OUR waseoled after
addition of ascorbic acid.
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In Fe-induced oxidation the effect of AsSA was stlynprooxidative at the tested
concentrations. In Hb-induced oxidation the effecAsA at the same concentrations could
not be so plainly categorized. The tested concekmtrarange was 1 — 30QM. At
concentration of UM, AsA did not exhibit any significant effects, @ncentration of 3(xM
AsA slightly inhibited the rate of oxidation, andbave the concentration of 30M AsA
accelerated the rate of oxidation (Figure 4-22).

It should be pointed out again that the resultifigoé consists possibly of simultaneous
interactions of AsA with both phospholipids and Hinus, the direct effect of AsA on Hb
itself, which is likely to occur because both sabses are in close contact in the aqueous
phase, is not clear from the measured data. Igaggin of interactions of AsA with Hb itself
is not the objection of this study. However, elatidn of such reactions might be useful to
better understand the effects of AsA in Hb-inducridiation of liposomes.

100 +

80 + oluM

60 | 0 30 uM
B 100 uM

40 - 0 200 uM

20 - I @ 300 uM

Inhibition (%)
o
H

HH

HH

Figure 4-22 Inhibition (%) of Hb-induced oxidation of liposomieg different concentrations of ascorbic acid.
The values are the meas<SD of two to three parallel experiments.

Numerous investigations have been carried out ercéimbination of AsA and metal ions
(Fe, Cu). AsA was found to act either as a proaxida an antioxidant, mostly depending on
the experimental conditions (pH, nature of lipidbswate, incubation time) and most
importantly on the molar ratio between AsA and aahd53, 57, 70, 71] A switch between
pro- and antioxidant actions of AsA was observedeatain critical concentrations of AsA.
[70] The prooxidative behaviour arises from thdigbof AsA to reduce ferric ions to ferrous
ions and so maintaining the “iron redox cycle”. hsually occurs at low AsA/Fe ratios and
the process proceeds as long as AsA is availablidnéoreduction reaction. Above the critical
concentration (at higher AsA/Fe ratios) AsA actsdaminantly as a radical scavenger and so
the antioxidative effect is observed.

Apart from reduction of metal ions, prooxidativéeets of AsA are also dependent on the
level of pre-formed lipid hydroperoxides, which Astan break down. [70, 71h vitro
induction of lipid oxidation by ascorbate-iron ®sis is a standard test for inducing oxidative
stress and testing antioxidant activity of othefaidants. [54]

92



RESULTS AND DISCUSSION

l addition of AsA

| addition of Hb (1,24 1V

oxygen concertration (UM)

0 2 4 6 8 10 1 14 16 18 20 2 24 26
time (min)
Figure 4-23 Kinetic curves of oxygen consumption during tkidation of liposomes (1,5 %, pH 5.5) initiated
by Hb (1,24uM) in the presence of different concentrationssufaabic acid (AsA).

A strong prooxidative effect of AsA in free irondinced oxidation that was observed in
our study seems to meet the observations repoytédikuzawa et al.

According to Fukuzawa et al., a low level of endumes (pre-formed) lipid
hydroperoxides (L-OOH) is necessary for initiatifgid oxidation by AsA/Fé&". Addition of
AsA/F€* did not induce lipid peroxidation in liposomes kwithemically removed L-OOH.
Moreover, AsA was oxidized only slightly by #én such liposomes. [53] The same study
also reported that the cleavage of L-OOH by Fellitanreactions was catalyzed by the
weakly charged F&AsA complex. The formation of a Fe-AsA complex wasind to be
essential for the initiation of lipid oxidation aldy other studies. [57, 71] However, some
studies bring evidence that AsA¥eomplex can initiate lipid peroxidation irrespeetiof
the existence of pre-formed lipid peroxides. [7heTstudy of Jacobsen et al. on oxidation of
fish oil enriched mayonnaise by ascorbic acid irprasence of iron also support the
importance of pre-formed lipid hydroperoxides. TiA¢ decreased upon addition of AsA,
which was accompanied by an increase in total Nea57]

A site-specific mechanism of lipid peroxidation liposomes induced by the addition of
AsA and Fé" was proposed (see Figure 4—24). [53] The OOH-gmup-OOH may be
cleaved near the membrane surface by ti&/&sA complex (reactior®), and the resulting
alkoxyl radical (L-O) may penetrate into the hydrophobic region of thembranes
(reaction®) and react with the unsaturated fatty acids (reac®) resulting in a chain
reaction (reactior®). Due to many double bonds in n-3 PUFAs, the inedgt polar OOH-
group of a new L-OOH then moves towards the surfeeaction®) and reacts with the Fe
AsA complex (reaction®). The resulting F&-AsA complex is then reduced by a new
molecule of AsA to regenerate ¥&omplex (reactio®) resulting in further degradation of
AsA. AsA may also scavenge L-Qeaction®). [53]
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Figure 4-24 Proposed mechanism of lipid peroxidation inducedabgorbic acid (AsA)/Fé in liposomal
membranes. Adapted from [53].

AsA is a di-acid (Ka1 = 4,1; ,Ka2 = 11,8). Under the conditions in our study (pH)ASA
is present as monoanion (ascorbate). The dissdcfaten of AsA has a stronger electron
donating ability than the undissociated form. [QriDg the process described above AsA
(ascorbate) is oxidized. The resulting producthef teaction is dehydroascorbic acid (DHA).
Dehydroascorbic acid is unstable and may break deywmlly to produce oxalic acid and L-
threonic acid [9] (Figure 4-25) or convert into pisncarbohydrates (L-xylose). [6]

§OOH
HO & HO 0=C
HO 0O HO O  iho |
— _ _—> ICH—OH
0"=*"o T€ g 0 HO-CH
H2C_OH
ascorbyl radical dehydroascorbic acid (DHA) 2,3-diketo-L-gulonic acid
(AsA)
(IZOOH
COOH HC—OH
COOH * HO-CH
Hzc_OH
oxalic acid L-threonic acid

Figure 4-25 Degradation of ascorbic acid after the ascorbylicd formation
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Different behaviour of AsA has been reported alsesystems with Hb-promoted lipid
oxidation. Antioxidant action of AsA is attributetb the ability of AsA to reduce
ferrylnemoglobin by one-electron transfer into lepsooxidative methemoglobin and
scavenging free radicals, while the prooxidativieefinclude reduction of ferrylnemoglobin
by two-electron transfer to more prooxidative felgdemoglobin and breaking down of lipid
peroxides. [58] Also here, the action of AsA is centration dependent. More research on
interactions of AsA with Hb is needed to elucidat@ch action is predominant in our study.
However, an undoubtedly prooxidative effect waseobsd at the highest tested concentration
of AsA (300uM).
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5 CONCLUSION

Four conventional AOC assays have been performexvatuate antioxidant capacity of
five different compounds that could be of intefflestmarine food industry as antioxidants for
fatty products. The orders of AOC of the tested pounds obtained by the FC, FRAP and
DPPH assays had a similar trend: PGaA> AsA > FeA> CoA. However, the degree of the
antioxidant activity differed for the same compoundhe different assays. The AOC order
obtained by the ABTS assay differed substantiathynf the other orders: PG > CoA ~ FeA >
CaA > AsA. The inconsistencies in the orders amgtekes could be most likely attributed to
specific reactions between the different assay emi@gand the antioxidants, and to some
unrelated reactions, such as polymerization, thathgbly occur in the reaction mixtures. The
ABTS assay seems to be the least reliable AOC ad&atyonly due to the dissimilar AOC
order, but also due to variable chemistry of treagigdhat have been reported in a number of
papers. Propyl gallate gave the best results ithalassays and its high antioxidant capacity is
therefore beyond question. However, on the basithisf comparative study, the use and
reliability of these commonly used AOC assays cdddjuestioned.

All the assays used in this study measured maldyréducing abilities (ability to donate
en electron) of the compounds. This property is artgnt for some water soluble
antioxidants, such as ascorbic acid, or metal ttwdaHowever, the assays did not provide
any sufficient information on the ability of therapounds to retard lipid oxidation mediated
by either lipid radicals or prooxidant agents.

Many drawbacks and limitations in chemistry and hndblogy of the AOC assays that
have been reported in the literature suggest tigaAOC assessment by means of these assays
and the interpretation of the results must be dwaiid care taking into account these
drawbacks and limitations; the nature of the testuiples must be considered as well. On
the example of the ABTS assay, this study demaestriat the use of a single AOC assay to
evaluate antioxidant capacity may give misleadirigrimation.

It could be concluded that AOC determined by thessays should serve as a tentative or
preliminary estimation of antioxidant capacity. Angequivocal conclusions on protection of
in vitro lipid systems (foods) by the studied antioxiddvdsed on the results of the four AOC
assays would be unreasonable. This suggestiorpgosied by the comparison of the results
obtained by the assays and by the study of theadént effects in the liposome model
system with catalyzed oxidation. The AOC of the poomds was reflected only partially in
the liposome model system. Other factors than ieduabilities determined the effectiveness
of the studied compounds in the liposome system.

The type of oxidation promoter (prooxidant), freeni vs metalloprotein Hb, and the
antioxidant-to-prooxidant ratio were found to betfas of great importance. In Fe-promoted
oxidation, scavenging lipid free-radicals by thetéel phenolics seems to be predominant
antioxidant mechanism unless the compounds intelieettly with iron as was observed in
the case of CaA, while in Hb-mediated oxidationuatn of ferryl-Hb by phenolics appears
to be the most decisive antioxidant mechanism.

In the latter, the inhibitory effect of phenoliosrelated with their reduction potentials. PG
gave the best results; moreover, the efficiencyeased with increasing concentration. CaA
and FeA were found to be equally potent and CoAndidexhibit any protective actions at the
tested concentrations. The contribution of radscalvenging could be significant only for PG,
as the least polar of the studied compounds, #uditipn in the phospholipid bilayer.
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The effectivity of the phenolics in Fe-mediateddation was found to be dependent on the
occurrence of direct interactions of the testednphes with iron; red-ox reactions appear to
be more significant than iron chelation which iadile for PG and CaA. A strong ability of
PG to inhibit Fe-mediated oxidation was observethalar prooxidant-to-antioxidant ratios
> 1. PG showed the tendency to promote oxidationnwthe ratio was 0,1 (excess of Fe).
CaA, on contrary, was found to be a potent prooxi@a the ratiog 0,1. When the ratio vas
0,01 (relatively great excess of Fe), CaA did rmtenany effect on oxidation. Reduction of
Fe" to Fé" by CaA via so called intra-molecular electron transfer is thechanism
responsible for acceleration of oxidation. FeA nted Fe-mediated oxidation when tested at
the ratios> 5; however, the effectivity was significantly lowthan that of PG. CoA was
found to be completely inactive at all tested gtwhich were> 5. The study showed that a
turning point between antioxidative and prooxidatbehaviour of phenolics that are capable
of ferric iron reduction exist at a molar ratio £oto the value 1.

Ascorbic acid itself promoted oxidation of liposa@n@resumablyia breaking down pre-
formed lipid hydroperoxides and reduction of endumges transition metals. After addition of
Fe the prooxidative effect was further intensifiedng to reduction of Fé to F&* facilitated
by AsA due to its strong reducing abilities. Théeefs of AsA on Hb-induced oxidation
varied in a concentration range 1 — 100. Above a concentration of 1M a prooxidative
effect was observed and the effect increased witeasing concentration.

With the exception of CaA, the polar phenolics (Fe20A) showed lower relative
protective effects on Fe-catalyzed oxidation thess Ipolar PG. The effectivity decreased with
decreasing number of OH groups on aromatic ringe €bnclusion therefore is that the
structure of the compounds and their location ia fystem are other important factors
determining their antioxidant effectivity.

The raised interest in natural substances as fobdxédant additives calls for studies on
antioxidant properties of these compounds in Igydtems. Phenolic acids and ascorbic acid,
compounds of natural origin that were used in gtgly, did not perform any exceptional
inhibitory effects on catalyzed oxidation of maripbospholipids in liposomes, at least not
under the conditions of the performed experimer@m contrary, propyl gallate, a
representative of a synthetic food antioxidant] ptiovided the best results. However, the
outcomes of this work contributed to better undgerding some basic pro- and antioxidant
mechanisms and factors influencing the phenometiadcépid oxidation that could be
applicable on cell membranes, liposome solution8pml oil-in-water emulsions.

Evaluation of antioxidants effects is a very complield, even when simplified model
systems are used, and deeper investigations dreesded to clarify the mechanisms and
factors determining the antioxidant efficacy. Foomsfood-related conditions should be put
forefront.
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7 LIST OF ABBREVIATIONS

A’, ArO’
AAPH
ABTS
AsA
BDE
CaA
CoA
DPPH
EDTA
FeA
FC
FCR
FRAP
FRS
HAT
Hb

IET

IP

L

LDL
LO’
LOO
LOOH
MES
NMR
Oo/W
OUR
PG

PP
PUFA
PV
ROS
SDS
SET
TBARS
ter-BOOH
TLC-FID
W/O

antioxidant radical
2,2'-azobis(2-amidinopropan)
2,2’-Azinobis-3-ethylbenzotiazoline-6-sulforacid
Ascorbic Acid

Bond Dissociation Energy

Caffeic Acid

p-Coumaric Acid
2,2-Diphenyl-1-picrylhydrazyl
Ethylenediamine tetraacetic acid
Ferulic Acid

Folin-Ciocaltau

Folin-Ciocaltau Reagent

Ferric Reducing/Antioxidant Power
Free Radical Scavenger

Hydrogen Atom Transfer
Hemoglobin

Intramolecular Electron Transfer
lonization Potential

lipid radical

Low Density Lipoprotein

lipid alkoxyl radical

lipid peroxyl radical

lipid hydroperoxide
2-(N-Morpholino)ethanesulfonic acid
Nuclear Magnetic Resonance
oil-in-water (type of emulsion)
Oxygen Uptake Rate

Propyl Gallate

Polyphenol

Poly Unsaturated Fatty Acid
Peroxide Value

Reactive Oxygen Species

Sodium Dodecyl Sulfate

Single Electron Transfer
Thiobarbituric Acid Reactive Substances
tert-butyl hydroperoxide

Thin Layer Chromatography — Flame lonizatiDetection

water-in-oil (type of emulsion)
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