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The effect of various concentrations (0.1 – 10.0 mM) of DL-α-toocopherol (TOH) and
L(+)-ascorbic acid (AscAH)/ascorbyl-palmitate (AscPH) on their antioxidant activity as individual components during bulk lipid autoxidation is presented in this study. AscAH and
AscPH didn’t manifest any inhibitory effect in all the studied concentrations, i.e. they are
not able to ensure oxidation stability of lipid substrate. An increase of the inhibitory effect of
TOH was obtained by increasing its concentration from 0.1 up to 1.0 mM.
The strongest antioxidant activity was observed for TOH in the range 1.0 mM - 2.5 mM.
However, further increasing of TOH concentration (from 2.5 to 10.0 mM) reduces its antioxidant activity. Consequently, it can be determined 2.5 mM as critical concentration of TOH
during TGSO autoxidation from the results obtained.
Synergism for all antioxidant compositions of TOH + AscPH in different ratios (1:1, 1:5 and
1:10) at concentration 1.0 mM of TOH was obtained. The highest synergism for the ratio
1:10 (55.4%) was observed followed by the ratio 1:5 (47.6%) and 1:1 (42.4%). For the
lower (0.1 mM) concentration of TOH only equimolar (1:1) antioxidant composition showed
synergism (38.1%). Reaction mechanisms, which can explain the effects observed, were
presented.
The results obtained are of importance for the practice and proved the significant role of
TOH regeneration.
Keywords: Antioxidant potential, binary mixtures, α-tocopherol, ascorbic acid, ascorbyl
palmitate, synergism.
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DL-a-tocopherol (TOH) and L(+)-ascorbic acid (AscAH) are considered to
be one of the most important lipid- and water-soluble antioxidants respectively [1-5]. Their antioxidant mechanisms of action against free radicals
have been widely studied [6-21] not only because of their potential as individual compounds but also in mixtures [22-30]. Both could be used as
a strong base for further development of multi-component antioxidant and
bio-antioxidant compositions [31-36] with plausible applications (as food
additives and in cosmetics). Commonly used combinations of antioxidants
include preventive antioxidants (metal chelators, singlet oxygen quenchers,
or ROS-detoxicators) and chain-breaking antioxidants [37]. Despite numerous studies in this area there are many contradictions in the literature especially concerning the chain-breaking activity of ascorbic acid [25, 26, 3840] due to the different conditions being used.
A characteristic feature of ТОН is that increasing the concentration leads to
inversion in its action. According to Niki et al. [41] ТОН can act as a prooxidant when the rate of chain initiation is quite low and the concentration of
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TOH is quite high at the same time. Many studies, in
which the prooxidant effect of TOH is reported, are
described by Denisov & Afanasév [42]. Terao and
Matsushita [43] have shown that TOH enhanced
autoxidation of linoleic acid. Stocker and coworkers [44] studied in detail the prooxidant effect of
TOH on LDL oxidation. It was suggested that α-tocopheroxyl radical TO• is able to abstract a hydrogen atom from unsaturated fatty acids and initiate
lipid peroxidation. The mechanism of prooxidant
effect of α-tocopherol in aqueous lipid dispersions
such as LDLs has also been studied by Ingold et al.
[45]. It has been found by Weinberg et al. [46] that
TOH enhanced in vivo lipid peroxidation in cigarette
smokers consuming a high polyunsaturated fat diet.
Similar to TOH, both antioxidant and prooxidant activities have been found for its model compound
Trolox [47]. This water-soluble analog of vitamin E
stimulated or inhibited copper-initiated LDL oxidation depending on the time of Trolox addition, but its
effect was always antioxidative when oxidation was
initiated by peroxyl radicals.
The antioxidant and prooxidant potential of AscAH
depends on the conditions and particularly on the
presence of transition metal ions. An interesting fact
is that the effectiveness of AscAH in the treatment of
scurvy is due to its prooxidant effect. The synergistic role of ascorbate with TOH is no less important.
As early as 1941 it was found by Columbic & Mattil
[22] that the presence of AscAH increased the inhibiting capacity and the induction period of TOH.
Tappel [23] proposed the hypothesis for synergism
between both components and described conjectural mechanism according to which TOH is the
main antioxidant in the system and tocopheryl radical TO• can be regenerated from the molecule of
AscAH. Packer proved this hypothesis eleven years
later [24], he applied the pulse radiolysis technique.
In recent years, the aspirations of manufacturers of
cosmetics are directed to improvement of the stability and efficacy of formulations containing low concentrations of several antioxidants instead of higher
concentrations of one ingredient, which may cause
unwanted prooxidant effects [48]. Development of
synergistic antioxidant compositions enables a reduction in the concentration of the antioxidants [49].
On the other hand, it was found that the presence
of co-antioxidant, i.e. synergist inverted the prooxidant effect into antioxidant [50, 51]. DL-α-tocopherol (TOH) and L(+)-ascorbic acid (AscAH) are most
intensively studied “tandem” and the synergistic
effect between them has been proven in different
model systems. Nevertheless, how the concentration influences the synergistic effect between the
antioxidant and the synergist (TOH and AscAH),
respectively, is not well understood. Our previous
studies [52] proved synergism between TOH and
AscPH in equimolar binary mixtures and 1.0 mM

concentrations. However, it is important to study
which ratios and concentrations of both components in the binary mixture will ensure the maximal
synergistic effect.
The aim of this study is to establish the critical
concentration of TOH after which its efficiency decreased, and also to get information which is/are
the most effective binary mixture/mixtures of TOH
and AscAH/AscPH by studying different ratios between the individual components at various concentrations.

2. EXPERIMENTAL PART
2.1. CHEMICALS
DL-α-tocopherol and ascorbyl palmitate were purchased from Sigma-Aldrich and used without further purification. All solvents were of HPLC grade
purity.

2.2. CHAIN-BREAKING ANTIOXIDANT ACTIVITY
2.2.1. Lipid samples
Triacylglycerols of commercially available sunflower
oil (TGSO) were cleaned from pro- and antioxidants
by adsorption chromatography [53] and stored under nitrogen at -20°C. Fatty acid composition of the
lipid substrate was determined according to Christy
[54] by GC analysis of the methyl esters of the total
fatty acids obtained with a GC-FID Hewlett-Packard
5890 equipment (Hewlett-Packard GmbH, Austria)
and a capillary column HP INNOWAX (polyethylene
glycol mobile phase, Agilent Technologies, USA) 30
m × 0.25 mm × 0.25 mm. The temperature gradient
started from 165°C increased to 230°C with 4°C/
min and held at this temperature for 15 min; injection volume was 1 µl. Injector and detector temperatures were 260 and 280°C, respectively. Nitrogen
was the carrier gas at a flow rate 0.8 ml/min. The
analyses were performed in triplicate. Different fatty acids were present in TGSO: 10:0 - 0.2%; 14:0
- 0.2%; 16:0 - 7.4%; 16:1 - 0.3%; 18:0 - 2.6%; 18:1
- 29.1%; 18:2 - 59.1%; 18:3 - 0.7%; 20:0 - 0.3%. Solvents were removed under a nitrogen flow.

2.2.2. Lipid autoxidation
The process was carried out at 80°C (± 0.2°C) by
blowing air (2.0 ml, at a rate of 100 ml min-1) through
the samples in special vessels. The process was
monitored by withdrawing samples at measured
time intervals and subjecting them to iodometric
determination of the primary products (hydroxyperoxides, LOOH) concentration, i.e. the peroxide value (PV) [55]. All kinetic data are expressed as the
average of two independent measurements which
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were processed using the computer programs Origin 8.1 and Microsoft Excel-2010.

ponents, i.e IPA1+A2 > IPA1 + IPA2. We applied the
equation of Frankel [56] for determination of the
synergism and calculation of % of it:

2.3. DETERMINATION OF THE MAIN KINETIC PARAMETERS OF THE STUDIED COMPOUNDS [20]

% Synergism = 100 {[IPA1+A2 - (IPA1 + IPA2)]/(IPA1 + IPA2)}.

2.3.1. Antioxidant efficiency
refers to the increase in the oxidation stability of the
lipid sample by blocking the radical chain process
and can be expressed by the following kinetic parameters:
Induction period (IP) i.e.: the time, in which the concentration of antioxidant is fully consumed, and can
be determined as a cross point for the tangents to
the two parts of the kinetic curves of lipid autoxidation; IPA - in the presence of antioxidant and IPC for
the control lipid sample without antioxidant.
Protection Factor (PF): means as to how many times
the antioxidant increases the oxidation stability of
the lipid sample and can be determined as a ratio
between the induction periods in the presence (IPA)
and in the absence (IPC) of the antioxidant, i.e., PF
= IPA / IPC.

2.3.2. Antioxidant reactivity
expresses the possibility of an antioxidant to take a
part in side reactions of the oxidation process, i.e.,
to change the initial oxidation rate and can be represented by the following kinetic parameters.
Initial rate of lipid autoxidation (RC in the absence and
RA in the presence of antioxidant): it can be found
from the tangent at the initial phase of the kinetic
curves of hydroperoxides accumulation.
Inhibition degree: (ID) is a measure of the antioxidant
reactivity, i.e., as to how many times the antioxidant
shortens the oxidation chain length (ID = RC/RA).

2.3.3. Antioxidant capacity
can be presented with the following kinetic parameters.
Main rate of antioxidant consumption (Rm) means the
rate of inhibitor consumption during the induction
period:
Rm = [AOH]/IPA
Relative main rate of antioxidant consumption (RRm)
shows how many times Rm differs from RA:
RRm = Rm/R A
Synergism, additivism or antagonism. If two or more
antioxidants are added to oxidizing substrates, their
combined inhibitory effect can be synergistic, additive or antagonistic [14].
Synergism (positive effect) occurs when the combined inhibiting effect of the mixture is higher than
the sum of inhibiting effects of the individual com-

Additivism (summary effect) exists when the antioxidant mixture ensures the same inhibiting effect
as the sum of the inhibiting effects of the individual
components, i.e.
IPA1+A2 = IPA1 + IPA2
Antagonism (negative effect) takes place when the
combined inhibiting effect of the antioxidant mixtures is weaker than the sum of those of the individual components, i.e.
IPA1+A2 < IPA1 + IPA2

2.3.4. Statistical analysis
Ten independent experiments were carried out in
association with previous results on inhibited oxidation and the standard deviations (SD) at different
values of the induction periods (IP) and of peroxide
values (PV) are obtained [57]. The RA and RC were
quite constant varying by less than 2%.

3. RESULTS AND DISCUSSION
3.1. CHAIN-BREAKING ANTIOXIDANT ACTIVITY OF
INDIVIDUAL COMPOUNDS
Chain-breaking antioxidant activity of DL-a-tocopherol (TOH) and ascorbic acid (AscAH) or ascorbyl-palmitate (AscPH) as individual components at
various concentrations (0.1 - 10 mM) is presented
on Figure 1 (A and B). Table I summarizes the main
kinetic parameters obtained.
It is seen (Fig. 1, Tab. I) that oxidation stability of
lipid substrate increases when the concentration of
TOH grows up to 1.0 mM (416.7 ppm). The antioxidant efficiency (PF) is 2- and 3-fold higher in 0.5
mM and 1.0 mM concentration of TOH respectively,
compared to those obtained for 0.1 mM. Increasing the TOH concentration from 1.0 mM to 2.5 mM
(416.7 ppm ÷ 1041.6 ppm) ensures the best (maximal) oxidative stability of lipid substrate. Besides,
the antioxidant efficiency of TOH is similar within
this concentration range (Fig. 1B). It can be concluded that 2.5 mM is the critical concentration of
TOH as far as further increasing leads to a significant decrease of its antioxidant activity. However,
TOH doesn’t act as a prooxidant even in the highest
concentration used 10 mM (4166.7 ppm). These results agree with those reported in other studies [17,
58] in which triacylglycerols (TG), not methyl esters,
are used as oxidizable substrates.
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Figure 1 - Kinetic curves of lipid hydroperoxides accumulation during TGSO autoxidation at 80°C in absence (control sample C)
0
and in presence
of5studied
range 0.1 mM - 1.00 mM
0
10 compounds
15
20 in concentration
25
30
0 (A)5 and 1.0
10 mM15- 10 mM
20 (B).
25
30

Time, h

Time, h

Figure 1 - Kinetic curves of lipid hydroperoxides accumulation during TGSO autoxidation at 80°C in absence (control sample C)
and in presence of studied compounds in concentration range 0.1 mM - 1.0 mM (A) and 1.0 mM - 10 mM (B).
Table I - Main kinetic parameters, characterizing TGSO autoxidation at 80°C in presence of individual compounds:
DL- α-tocopherol (TOH), ascorbic acid (AscAH), and ascotbylpalmitate (AscPH) in a concentration range between 0.1÷ 10 mM.
For control sample IPC = (1.3 ± 0.2), h; RC = 8.8 ± 0.5 10-6, M s-1.
Antioxidantcharacterizing
efficiency
Antioxidant
reactivity
capacity
TableConcentration
I - Main kinetic parameters,
TGSO
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at 80°C in Antioxidant
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individual compounds:
mM
IPAOH
RAOH10-6, (AscPH)
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Rm 10-8,
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10-3,
DL-ppm
α-tocopherol
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0.1÷Refs.
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-1
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DL-α-tocopherol TOH
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0.1
8.1
29.3
0.26
8.7
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Antioxidant
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208.3
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tw
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±100.2
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R
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416.7
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31.3
[52]
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2.0TOH
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0.26
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0.8
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[52]
4166.7
10
12.3
9.8
17.4
204.7
tw
29.5 ± 1.7
2.5
0.3 ± 0.2
16.0
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It is obvious (Fig. 1, Tab. I) that at much higher con- netic modelling (computer study). Kasaikina et al
4166.7
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1.8
3.1
120
428.6
tw
2.3 ± 0.2
2.8 ± 0.2

centrations (5 and 10 mM) TOH still remains inhibitor
tw: lipid
this work;
of
autoxidation process but much less efficient
in comparison to its activity at lower concentrations
(up to 2.5 mM). This means that in our experimental
conditions a prooxidant effect of TOH is not found
even at concentrations, much higher than that reported by other authors [15, 59, 60]. It can be explained with the difference in methods and models
applied from various authors. Remorova & Roginsky
[59] proved that the prooxidant effect of TOH exists at 1.0 mM concentration during methyl linoleate
oxidation at 37°C because of reaction TO• +LH →
TOH + L•. Kortenska et al [60] found the maximal
inhibitory effect of TOH at 700 ppm concentration
during methyl linoleate autoxidation at 50°C by ki-

[15] presented data comparing the antioxidant potential of three main groups of phenolic antioxidants
(depending on their sterical hindrance) by kinetic
modelling of initiated and autocatalitic lipid (methyl
linoleate and TGSO) oxidative process. Data presented proved that the regeneration of TOH by disproportionation reaction of its phenoxyl radicals is a
reason for the highest antioxidant potential of TOH
as chain-breaking antioxidant.
It is known that AscAH is a synglet oxygen quencher but there are many contradictory results in the literature about radical-scavenging and chain-breaking antioxidant activity of ascorbic acid (vitamin C)
and its ester forms [25, 38-40, 52, 61]. The results
obtained showed, that in contrast to TOH, AscAH
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and its ester AscPH didn’t manifest any inhibitory effect in all studied concentrations. It means
that they cannot increase the oxidation stability
of lipid substrate, i.e. AscAH and AscPH are not
chain-breaking antioxidants. This fact is in agreement with those reported by Mäkinen et al. [65],
who monitored the primary products of lipid autoxidation process in presence of AscAH, i.e. lipid
peroxides (LOOH). It is important to note that the
oxygen uptake method was used in cases in which
it has been noticed that AscAH inhibits the oxidation chain process [25, 38, 40]. In cases in which
a certain product (LOOH) of the lipid autoxidation
process was monitored [52, 61], it has been proved
that AscAH is not a chain-breaking antioxidant but
only a synergist. Watanabe et al [39] studied the
autoxidation stability of linoleic acid (LA), monitoring the unoxidized LA, in presence of different
concentrations of AscAH and its lipid soluble esters
including the palmitate AscPH in a wide range of
temperatures (35°C, 50°C, 60°C and 80°C). Authors
observe a significant oxidation stability of the substrate in the presence of all the studied compounds.
Furthermore, the inhibition periods of lipid soluble
esters of AscAH were almost 2-fold longer than
that of AscAH. The reason for the effects observed
could be the much higher concentrations towards
the lipid substrate being used, exceeding above
3.5 times the highest concentration (10 mM) of palmitate in our study.
Figure 2A presents the effect of TOH concentrations
on one of the main kinetic parameters of TGSO autoxidation – antioxidant efficiency (as protection factor, PF).
Based on data presented (Fig. 2A), we may notice
the following tendencies:
a) Three areas can be selected for PF at different
TOH concentrations:
-	First area: 0.1 - 1.0 mM TOH – antioxidant efficiency increases;
Second area: 1.0 - 2.5 mM TOH – maximal antiox-	
idant efficiency, retained for all area;
Third area -2.5 – 10 mM TOH – antioxidant effi-	
ciency decreases;
b) The absence of linear dependence of PF on the
TOH concentration (Fig. 2A) is due to its participation in side reactions, other than the main reaction
(I) of chain termination (Scheme 1). Therefore, the
following relation between the main rate of antioxidant consumption Rm and its concentration exists
in this case according to Denisov & Afanasév [42]:
Rm = Rin /f + Keff [InH]

n

Where Rin is the initiation rate of inhibited oxidation
and f - the stoichiometric coefficient of inhibition (i.e.
the number of radicals which are trapped from one
molecule inhibitor InH). There is no liner dependence in the whole concentration range 0.1 - 10 mM

(41.7 - 4166.7 ppm) at n = 1 but for the range between 0.5 mM and 5.0 mM (208.3 - 2083.3 ppm)
at n = 2 - the plot is linear (Fig. 2B). These results
agree with the data published by Marinova, Kamal-Eldin and others [66] for TOH at concentrations
above 200 ppm. This supports the thesis that TOH
participates in side reactions IV and V (Scheme 1)
when presents at concentrations above 0.5 mM.
The effective rate constant Keff determined from the
slope is 0.3 10 -2 M -1s-1.
Denisov & Afanasév [42] discussed the following
peculiarities of the mechanism of inhibited oxidation of organic compounds:
•
Reaction IV of antioxidant (TOH) with hydroperoxides LOOH (Scheme 1) is slow due to the high
activation energy required. However, at elevated
temperatures and with a sufficiently high concentration of antioxidant and hydroperoxides,
this reaction becomes fast and can accelerate
the rate of oxidation. From other side, this reaction shortens the induction period.
•
Reaction of antioxidant (TOH) with dioxyden
(O2) - phenols and amines interact with O2 at elevated temperatures according to the reaction V
(Scheme 1) and the process of inhibited oxidation is characterized by increasing the oxidation
rate and decreasing the induction period.
•
Inhibited chain oxidation when TO• radical propagate the chain by reaction with LH - if the radicals (TO•) formed from the antioxidant are active
toward LH, the chain termination involves the reaction VI presented.
•
Inhibited chain oxidation when TO• radical propagates the chain by reaction with hydroperoxides (LOOH) - if the oxidized LH substance is
partially oxidized and contains LOOH, that is
sufficiently active TO• radicals react with LOOH
according to the reversed key reaction VII, which
results in chain propagation.
Niki et al., [41] called the prooxidant effect of TOH
“crossover effect” that depends on the competing
reactions II and VII. Furthermore, according to the
authors when the ratio [LOO•]/[LOOH] is high (as
the oxidation initiated), i.e. [LOO•]>>[LOOH], TOH
functions as an antioxidant, while it acts as a pro-oxidant when the ratio is low - [LOOH]>>[LOO•].
On the other hand, if the phenoxyl radical participates in side reaction IV (Scheme 1), then the initial rate of inhibited oxidation is in a direct ratio to
[TOH]-0.5 [42, 63]
RTOH ~ [TOH]-0.5
If we observe a liner plot for the relation RTOH ~
[TOH]-1 - this means that the phenoxyl radical does
not participate in side reaction [63].
It is seen (Fig. 2C and D) that neither of the above
two relations is valid. Furthermore, there is an exponential dependency in both cases suggesting that
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Figure 2 - Dependence of the protection factor PF (A) and the main rate of TOH consumption Rm (B) on its concentration and
dependence of the initial rate of inhibited oxidation RТОН on the reciprocal value of the TOH concentration (C) and the square root
of its reciprocal concentration (D) during autoxidation of triacylglycerols of sunflower oil (TGSO).

tocopheroxyl radicals participate in more than one
side reaction.
Different reactions (Scheme 1) can be crucial for
the antioxidant mechanism if some of the conditions (temperature, concentration of TOH, type of
the lipid substrate and others) should be changed.
Therefore, the optimal and/or critical concentration
of an antioxidant needs to be defined considering
the specific properties and applications of the commercial products in which it has to be added. For
the aims of this study two concentrations of TOH are
chosen (0.1 mМ and 1.0 mМ) for which the effects
between the antioxidant and the synergist AscPH
are studied. We selected the lowest concentration
of 0.1 mМ, because it is known that the participation
of the phenol and its radical in side reactions is negligible. In the second case our study proved that 1.0
mМ is an optimal concentration of TOH at which its
inhibitory effect is maximal and ensures the highest
oxidation stability of the lipid substrate.

3.2. CHAIN-BREAKING ACTIVITY OF BINARY MIXTURES WITH LIPID SOLUBLE ALPHA- TOCOPHEROL
TOH, VITAMIN C OR ITS LIPID SOLUBLE ANALOGUE
ASCORBYL PALMITATE AscPH.
It is known that the binary mixtures of TOH and
AscAH showed synergism between them [25, 26,
38, 52]. However, it is not clear when the strongest synergistic effect can be achieved – in case of
equimolar binary mixtures or in various concentrations between the individual components. For that
reason, the effects between TOH and AscPH in
different ratios (1:1, 1:5, 1:10) were studied during
lipid autoxidation conditions and the kinetic curves
of lipid peroxide accumulation in presence of the
binary mixtures are presented at Figure 3 (A and B).
Although vitamin E and α-tocopherol are frequently
considered to be synonyms, vitamin E is actually a
name corresponding to a group of natural phenolic
compounds comprising four tocopherols (α, β, g, d,
distinguished by a number of methyl substituents)
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TOH
LOO

(I)

O

TO

O

OOL

(II)
3

TOH + T=O

2 TO

+ LOOH
3

(III)

(I) Key reaction of the inhibited lipid autoxidation;
(II) Cross-recombination reaction between TO• and LOO• with quinolide peroxide formation;
(III) Homo-dissproportionation reaction of tocopheryl radicals with regeneration of TOH.

B) Side reactions responsible for the pro-oxidant activity of ТОН
LOOH
TOH
TO +LO + H2O

TOH

O2

LH

(IV)
(V)

TO + HO2

TO

TOH + L

TO

LOOH
TOH + LOO

(VI)
(VII)

(IV) LOOH decomposition to free radicals, i.e. additional free radicals formation.
(V) TOH oxidation.
(VI) Additional chain propagation reaction.
(VII) Reversed key reaction.

Scheme 1 - Reaction mechanism of ТОН, including: (А) reactions responsible for its antioxidant activity, and (B) side reactions
responsible for its pro-oxidant activity.
and four tocotrienols. By-products of oxidation of
TOH (α-tocopherolquinone and α-tocopherolhydroquinone) can also be the very effective inhibitors of
lipid peroxidation. It is interesting that the biological activity of α-tocopheryl acetate is the same as
that of TOH in humans but significantly lower in rats
[64]. (‘‘A man is not a rat!’’ Professor KU Ingold)
Considering that Vitamin E is lipid soluble, while
ascorbic acid (Vitamin C) is water soluble, almost
all the binary mixtures are prepared with ascorbylpalmitate AscPH – the lipid soluble analogue of Vitamin C with a few exceptions (see Fig. 3A). AscPH
is widespread as food additive and its E number
is E 304, which is another reason to use it in our
experiments.
New orders of antioxidant efficiency (protection factor PF), antioxidant reactivity (ID) and capacity (Rm)

were found for individual compounds and their binary mixtures and the effects obtained according to
Frankel [56] are presented in Table II:
1) In the concentration range 0.1 ÷ 1.0 mM of individual components and their mixtures:
PF: TOH0.1 + AscAH0.1 (12.5) > TOH0.1 + AscPH1 (8.7) ≈ TOH0.1
(8.1) = TOH0.1 + AscAH0.5 (8.1) >> AscAH0.1 (1.0) = AscРH0.5
(1.0) = AscРH1.0 (1.0);
ID: TOH0.1 + AscAH0.1 (41.9) >> TOH0.1 (29.3) > TOH0.1 + AscPH1
(19.6) >>TOH0.1 + AscAH0.5 (16.0) >> AscAH0.1 (1.0) = AscРH0.5
(1.0) = AscРH1.0 (1.0);
Rm: TOH0.1 + AscAH0.1 (0.17 10 -8) < TOH0.1 + AscPH1 (0.25 10 -8)
≈ TOH0.1 (0.26 10 -8) = TOH0.1+AscAH0.5 (0.26 10 -8) << AscAH0.1
(0.21 10 -7) << AscРH0.5 (0.11 10 -6) < <AscРH1.0 (0.21 10 -6)
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Figure 3 - Kinetic curves of lipid hydroperoxides accumulation during TGSO autoxidation at 80°C in absence (control sample
C) and in presence of: (A) α-TOH (in 0.1 mM), AscAH (0.1 mM and 0.5 mM) andAscPH (1.0 mM) and their binary mixtures in
ratios: 1:1, 1:5 and 1:10; (B). α-TOH (1.0 mM) and AscPH (1.0 mM, 5.0 and 10 mM) and their binary mixtures in ratios: 1:1, 1:5
and 1:10.
A

B

fold 350
higher
in comparisonTOH
with individual
TOH. The
AscPH
1:1
5.0 mM
(Mix 2) 1.5-fold.
1.0 mM
lipid300
oxidation
chain length
is shortened

equimolar binary mixture at lowest concentration
of individual components. Lipid oxidation stability
is 15-fold higher in presence of this mixture compared with the control sample and AscAH and 1.7-

 0.1 mM TOH and 0.5 mM AscAH (Mix 3)
It is seen that a 5-fold higher concentration of
AscPH does not result in a better oxidation stability and inhibiting activity of TOH. The oxidative
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Table II - Induction periods and effects between components obtained in different concentrations of the synergist (AscAH,
AscPH) and ratios.
[TOH]
mM
0.1
1.0
0.1
1.0
0.1
1.0

[Synergist]
mM
0.1
1.0
0.5
5.0
1.0
10

IPAsc,
h
1.3 ± 0.2
1.3 ± 0.2
1.3 ± 0.2
1.3 ± 0.2
1.3 ± 0.2
2.3 ± 0.2

IPTOH,
h
10.5 ± 0.8
27.5 ± 2.0
10.5 ± 0.8
27.5 ± 2.0
10.5 ± 0.8
27.5 ± 2.0

Ratio
1:1 (Mix1)
1:1 (Mix2)
1:5 (Mix3)
1:5 (Mix4)
1:10 (Mix5)
1:10 (Mix6)

∑IPTOH+IPAsc
h
11.8 ± 0.8
28.8 ± 2.0
11.8 ± 0.8
28.8 ± 2.0
11.8 ± 0.8
29.8 ± 2.0

IP∑TOH+Asc
h
16.3 ± 0.9
41.0 ± 3.0
10.5 ± 0.8
42.5 ± 2.7
11.3 ± 0.8
46.3 ± 3.1

Effect,
%
Synergism, 38.1%
Synergism 42.4%
No effect
Synergism 47.6%
Additive/No effect
Synergism 55.4%
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Ref.
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[52]
tw
tw
tw
tw

stability of lipid substrate is the same as with the
presence of TOH alone.
 1.0 mM TOH and 5.0 mM AscPH (Mix 4)
In this case a stronger synergism (47.6%) is observed in presence of 5.0 mM AscPH instead
of 1.0 mM AscPH. The lipid oxidative stability is
1.5-fold higher than with TOH as an individual
component.
•

Ratio TOH/AscPH = 1:10
0.1 mM TOH and 1.0 mM concentration of
AscPH (Mix 5)
There is no synergism obtained, only summary
effect between the individual components. It is
seen that the oxidative stability of lipid substrate
is the same as in presence of TOH as individual
component. This means that TOH and AscPH”
prefer” to act separately, not in tandem in this
concentrations at ratio 1:5.




1.0 mM TOH and 10 mM AscPH (Mix 6)

Strongest synergism is obtained for this binary
mixture (55.4%). The oxidative stability of lipid
substrate is much higher in presence of the mixture 6 instead of only TOH.
•

Comparative analysis

Both equimolar binary mixtures demonstrated
strong synergism and are able to ensure the high
oxidative stability of lipid substrate, being oxidized.
All binary mixtures with 1.0 mM TOH manifest
strong synergism. However, binary mixture TOH1 +
AscPH10 (Mix 6) manifests the highest activity. Antioxidant efficiency and reactivity of the mixture expressed with the main kinetic parameters PF (protection factor) and ID (inhibition degree) and the
antioxidant capacity Rm are between 1.5-and 2-fold
higher in comparison with the same parameters obtained for the individual TOH in 1.0 mM. If we compare the values for PF and Rm for all binary mixtures,
in which TOH is in 1.0 mM, we noticed that there is
no significant difference between them. Antioxidant
reactivity of these three mixtures is quite different.
ID values of the equimolar mixture TOH1 + AscPH1
(Mix 2) and individual TOH don’t differ, i.e. they are
equal (29.3). This value remains constant for TOH
in the concentration diapason 0.1 ÷ 1.0 mM. Adding
AscPH to ТОН in 5- and 10-fold higher doses, when
concentration of ТОН in the mixture is 1.0 mM, leads
to a considerable increase of antioxidant reactivity.
Conversely – when ТОН is in the lower concentration (0.1 mM), 5- and 10-fold higher concentrations
of AscPH in binary mixture (Mix 3 and Mix 5) decrease the inhibition degree. Only if both components are in equimolar ratio (TOH0.1 + AscAH0.1) we
observe ID higher than those for individual TOH in
0.1 mM. Therefore, ТОН in low concentration 0.1 mM

is effective enough and the level of side reactions responsible for its pro-oxidant activity is neglectable.
Addition of AscАH/AscPH in 5- and 10-fold higher
doses respectively in this case doesn’t result in a
more effective inhibition. From the new orders of the
main kinetic parameters obtained, we see that the
antioxidant reactivity of these mixtures is even lower
than that of TOH in 0.1 mM.
Regarding the kinetic parameter Rm (antioxidant
consumption mean rate during the induction period
IPTOH) that is a measure for the antioxidant capacity;
the following conclusions can be drawn:
 When there are higher concentrations of ТОН
(1.0 mM) – in all cases the addition of AscPH
leads to a decrease of the ТОH rate of consumption in the course of the oxidation process.
 When there are lower concentrations of ТОН,
(0.1 mM) the addition of AscAH and/or AscPH in
ratios 1:5 and 1:10 does not change Rm and its
value is the same of those obtained for individual
ТОН (in 0.1 mM). In equimolar quantities (1:1) of
both components we observe the lowest rate of
ТОН consumption.
By varying concentration of the synergist (AscАH/
AscPH) in the two-component system, at the lower
concentration (0.1 mM) of TOH, at which the level
of side reactions (Scheme 1 B) can be neglected,
we observe synergistic effect only for the equimolar ratio 1:1. In the remaining cases, the addition of
the synergist AscАH/AscPH in 5- and 10-fold higher concentration does not lead to synergism, but to
additive effect or to the lack of it. (Tab. II).
When ТОН is in 1.0 mM, at all studied ratios (1:1,
1:5 и 1:10) between both compounds, we observe
a synergism. Furthermore, the synergistic effect increases with the increase of the concentration of
the synergist (Tab. II). 1.0 mM is considered to be a
“critical” concentration by different authors but it is
the optimal concentration of ТОН in this study.
Synergism occurs mostly when more effective free
radical scavengeis regenerated by a less effective
radical scavenger. This reaction of H-atom transfer
is reversible. However, in case of synergism between AscPH and TOH, the reaction is shifted to the
right with regeneration of TOH, which is the stronger
antioxidant.
There are several reactions in which TOH can be
regenerated:
1) H-atom transfer (HAT) from molecules of AscPH
to tocopherylradicals TO• (a reversible reaction):
AscPH + TO• ↔ TOH + AscP•
2) cross-disproportionation between AscP• and
TO• with regeneration of TOH and dehydroascorbylpalmitate DHAsc formation:
AscP• + TO• → TOH + DHAsc
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3) homo-disproportionation of TO• leading to regeneration of TOH:
TO• + TO• → TOH + T=O
However, in binary mixtures the rate of cross-recombination reaction is much faster than that of
homo-disproportionation reaction [42]. For that
reason, the cross-recombination reactions are important for the synergism obtained in various binary
mixtures, containing TOH.

4. CONCLUSIONS

84

Six binary mixtures of TOH and AscAH/AscPH: two
equimolar (1:1), two with ratio 1:5 and two with ratio 1:10 between the individual components were
studied for possible synergism. Four of these mixtures demonstrated strong synergism and the remaining two – without effect or additive effect.
Both equimolar (1:1) binary mixtures of TOH and
AscAH/AscPH in 0.1mM and 1.0mM concentrations
demonstrated strong synergism (38.5 and 42.4%,
resp.).
Binary mixtures containing ТОН in a 1.0 mM concentration and ratios 1:5 and 1:10 with AscPH ensured maximal oxidative stability of the lipid substrate as a result of a stronger synergism between
both components (47.6% and 55.4%, resp.).
Antioxidant mixtures with ratios between components 1:1; 1:5 and 1:10 when the concentration of
ТОН is 1.0 mM can be used for further preparations
of multi-component antioxidant and bio-antioxidant
mixtures.
The results obtained proved the significant effect of
adding the synergist AscРH when the antioxidant
ТОН is at high concentrations because of a higher
level of side reactions responsible for the additional
generation of free radicals.
The “critical” concentration of TOH - 2.5 mM has
been established in this study and thus a higher
ТОН concentration is not recommended to be used
for TOH as an individual inhibitor.
The binary mixtures with ratios 1:5 and 1:10 of
TOH and AscPH are not able to ensure a higher
oxidative stability of the lipid substrate in comparison with the individual inhibiting effect of TOH in
0.1 mM and thus are not preferred to be applied in
practice.
Acknowledgement
This study presents some of the results of the first
stage of the project “New effective antioxidant compositions on the base of binary and triple mixtures”
(126/26.05.2016), financed by the Bulgarian Academy of Sciences (BAS) - Program for career development of young scientists BAS.

BIBLIOGRAPHY
[1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

T. Nakamura, I. HishinumaIn: Tocopherol, Oxygen and Biomembranes Ed By C. de Duve
and O. Hyaaishi, Elsevier/North-Holland, Amsterdam, 95-108 (1978)
A.N.J. Moore, K.U.Ingold, α-Tocopherylqui-none is converted into Vitamin E in
man. Free Rad. Biol.& Med. 22, 931-934,
(1997)
A. Rigotti, Absorption, transport and tissue
delivery of Vitamin E. Mol.Aspects Med. 28,
423-436, (2007)
A. Kamal-Eldin, R. Andersson, A multivariate
study of the correlation between tocopherol
content and fatty acid composition in different vegetable oils. JAOCS 74, 375-380,
(1997).
B. Frey, R Stocker, B.N. Ames. Antioxidant
defenses and lipid peroxidation in human
blood plasma. Proc. Natl. Acad. Sci. USA 85,
9748-9752, (1988).
L. Telegdy-Kovats, E. Berndorfer-Krazner,
The antioxidative mechanism of α-, β-, γ-,
and δ-tocopherols in lard. Nahrung. 12, 407414, (1968)
M.Y. Jung, B.D. Min, Effects of α-, γ-, and
δ-tocopherols on the oxidative stability of
soybean oil. J. Food Sci. 55, 1464-1465,
(1990)
V.A. Roginsky, Phenolic Antioxidants. Efficiency and Reactivity, Moscow, Nauka, Russia, (1988).
S.W. Huang, E.N. Frankel, J.B. German, Effects of individual tocopherols and tocopherol mixtures on the oxidative stability on corn
oil triglycerides. J. Agric. Food Chem. 43,
2345-2350, (1995)
S.W. Huang, E.N. Frankel, J.B. German, Antioxidant activity of α- and γ-tocopherols in
bulk oils and oil-in-water emulsions. J. Agric.
Food Chem. 42, 2108-2114, (1994)
F. Shahidi, Natural antioxidants: An overview.
In: Natural antioxidants. Chemistry, health
effects, and applications, Ed. By F. Shahidi,
AOCS Press, Champaign, Illinois, Chapter 1,
1-11, (1996)
O.T.Kasaikina, V.D. Kortenska, E.M. Marinova, I.F. Rusina, N.V. Yanishlieva, The Inhibitory activity of natural phenolic antioxidants
in the oxidation process of lipid substrates,
Russ. Chem. Bull. 46, 1070-1073, (1997)
T. Gottstein, W. Grosh, Model study of different antioxidant properties of α- and γ-tocopherols in fats. Fat Sci. Technology 92, 139144, (1990)

LA RIVISTA ITALIANA DELLE SOSTANZE GRASSE - VOL. XCV - APRILE / GIUGNO 2018

[14]
[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

E.T. Denisov, V.V. Azatjan, The inhibition of
chain reactions. Russian Academy of Sciences, Chernogolovka, Russia, 268, (1997)
O.T. Kasaikina, V.D. Kortenska, N.V. Yanishlieva, Effects of chain transfer and recombination /disproportionation of inhibitor radicals
on inhibited oxidation of lipids; Russ. Chem.
Bull. 48, 1891-1896, (1999)
K.H. Wagner, I. Elmadfa, Effects of tocopherols and their mixtures on the oxidative stability of olive oil and linseed oil under heating. Eur. J. Lipid Sci. Technol. 102, 624-629,
(2000)
E. Klaus, R. Ackman, Protection of α-tocopherol in non-purified and purified fish oil. J.
Am. Oil Chem. Soc. 78, 197-203, (2001)
M. Mäkinen, A. Kamal-Eldin, A.M. Lampi,
A. Hopia, Effects of α- and γ- tocopherols
on formation of hydroperoxides and two decomposition products from methyl linoleate.
JAOCS 77, 801-806, (2000)
I. Tichonov, V.A. Roginsky, E. Pliss, Natural
polyphenols as chain-breaking antioxidants
during methyl linoleate peroxidation. Eur. J.
Lipid Sci. and Technol. 112, 887-893, (2010)
V.D. Kancheva, Phenolic antioxidants – radical-scavenging and chain-breaking activity:
A comparative study Eur J. Lipid. Sci. Technol. 111, 1072-1089, (2009)
V.D. Kancheva, L. Saso, P.V. Boranova, M.K.
Pandey, Sh. Malhorta, J.T. Nechev, A.K. Prasad, M.B. Georgieva, A.L. De Pass, V.S. Parmar, Structure-activity relationship of some
dihydroxy coumarins. Correlation between
experimental and theoretical data and synergistic effect. Biochimie 92, 1138-1146, (2010)
C. Golumbic, H.A. Mattil, Antioxidants and
the аutoxidationof fats. XIII. The аntioxygenic
action of ascorbic acid in association with tocopherols, hydroquinones and related compounds. J. Am. Chem. Soc. 63, 1279-1280,
(1941)
A.L. Tappel, Will antioxidant nutrients slow
aging process? Geriatrics 23, 97-105, (1968)
J.E. Packer, T.F. Slater, R.L. Willson, Direct
observation of a free radical interaction between vitamin E and vitamin C. Nature 278,
737-738, (1979)
E. Niki, T. Saito, A. Kawakami, Y. Kamiya,
Inhibition of oxidation of mtethyllinoleate in
solution by vitamin E and vitamin C. J. Biol.
Chem. 259, 4177-4182, (1984)
E.M. Mäkinen, A.I. Hopia, Effects of α-Tocopherol and AscorbylPalmitate on the
Isomerization and Decomposition of Methyl
Linoleate Hydroperoxides. Lipids 35, 12151223, (2000)

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

J.-G. Fang, B. Zhou, Structure-activity relationship and mechanism of the tocopherol-regenerating activity of resveratrol and its
analogues. J. Agric. Food Chem. 56, 1145811463, (2008)
H.W. Leung, M.J. Vang, R.D. Mavis, Thecooperative interaction betweenvitamin E and
vitamin C in suppression of peroxidation of
membrane phospholipids. Biochim. Biophys.
Acta 664, 266-272, (1981)
T. Bakir, B.Y. Beker, I. Sonmezoglu, F. Imer,
R. Apak, Antioxidant and prooxidant effects
of alpha-tocopherol in a linoleic acid-copper(II)-ascorbate system. Eur. J. Lip. Sci.
Tech. 115, 372-376, (2013)
R. Amorati, F. Ferroni, M. Lucarini, G.F. Pedulli, L. Valgimildi, Aquantitative approach to the
recycling of α-tocopherol by coantioxidants.
JOC 9295-9303, (2002)
S. Trombino, S. Serini, F. Di Nicuolo, L. Cellemo, S. Ando, N. Picci, L. Calviello, P. Paloza, Antioxidant effect of ferulic acid in isolated membranes and intact cells: synergistic
interactions with α-tocopherol, β-carotene
and ascorbic acid. J. Agric. Food Chem. 52,
2411-2420, (2004)
Y. Kadoma, M. Ishihara, N. Okada, S. Fujisawa, A quantitative approach to the free
radical interaction between alpha-tocopherol
and the coantioxidants eugenol, resveratrol
or ascorbate. In vivo 20, 61-68, (2006)
S. Fujisawa, M. Ishihara, T. Atsumi, Y. Kadoma, A quantitative approach to the free radical interaction between alpha-tocopherol or
ascorbate and flavonoids. In vivo 20, 445452, (2006)
Y. Kadoma, M. Ishihara, N. Okada, S. Fujisawa, Free radical interaction between Vitamin
E (alpha-, beta-, gamma- and delta-tocopherol), ascorbate and flavonoids. In vivo 20,
823-828, (2006)
N. Anarjan, I.A. Nehdi, C.P. Nehdi, Protection
of astaxantin in astaxantinnano dispersions
using additional antioxidants. Molecules 18,
7699-7710, (2013)
J. Iglesias, M. Pazos, J. L. Torres, I.Medina,
Antioxidant mechanism of grape procyanidins in muscle tissues: Redox interactions
with endogenous ascorbic acid and α-tocopherol. Food Chem. 134, 1767-1774, (2012)
W.W. Nawar, Lipids. In: Food Chemistry. Ed.
By O.R. Fennema; Marcel Dekker, New York
(1996)
A. Nishina, Antioxidant effects of tocopherols
and L-ascorbic acid on ethyl eicosapentaenoate and methyl linoleate. Agric. Biol. Chem.
55, 1665-1667, (1991)

LA RIVISTA ITALIANA DELLE SOSTANZE GRASSE - VOL. XCV - APRILE / GIUGNO 2018

85

[39]

[40]

[41]

[42]

[43]

[44]

[45]

86

[46]

[47]

[48]

[49]

[50]
[51]

Y. Watanabe, E. Ishido, X. Fang, S. Adachi, R.
Matsuno, Oxidation kinetics of linoleic acid in
the presence of saturated acyl L-ascorbate.
JAOCS 82, 389-392, (2005).
R. Amorati, G.F. Pedulli, L. Valgimigli, Kinetic and thermodynamic aspects of the
chain-breaking antioxidant activity of ascorbic acid derivatives in non-aqueous media.
Org. Biomol. Chem 9, 3792-3800, (2011)
M. Takahashi, Y. Yoshikawa, E. Niki, Oxidation of Lipids. XVII. Crossover effect of tocopherols in the spontaneous oxidation of
methyl linoleate. Bull. Chem. Soc. Jpn. 62,
1885-1890, (1989)
E.T. Denisov, I.B. Afanas’ev, Oxidation and
antioxidants in organic chemistry and biology, CNR Press, Taylor & Francis Group, New
York, (2005)
J.Terao, S. Matsushita, The peroxidizing effect of alpha tocopherol on autoxidation of
methyl linoleate in bulk phase. Lipids 21,
255–260, (1986)
V.W. Bowry, D. Mohr, J. Cleary, R. Stocker,
Prevention of tocopherol mediated peroxidation in ubiquinol-10-free human low-density
lipoprotein. J. Biol. Chem. 270, 5756-5763,
(1995)
K.U. Ingold, V.W. Bowry, R. Stocker, C. Walling, Autoxidation of lipids and antioxidation
by alpha-tocopherol and ubiquinol in homogeneous solution and in aqueous dispersions of lipids: unrecognized consequences
of lipid particle size as exemplified by oxidation of human low-density lipoprotein. Proc
Natl. Acad. Sci USA 90, 45-49, (1993)
R.B. Weinberg, B.S. VanderWerken, R.A. Anderson, J.E. Stegner, M.J. Thomas, Pro-oxidant effect of vitamin E in cigarette smokers
consuming a high polyunsaturated fat diet.
Arterioscler. Thromb. Vasc. Biol. 21, 10291033, (2001)
R. Albertini, P.M. Abuja.Prooxidant and antioxidant properties of Trolox C., analogue of
Vitamin E, in oxidation of low-density lipoprotein. Free Radic Res. 30, 181-188, (1999)
K. Lyubomirova, N. Lalev, Antioxidants in
cosmetic products. In: Antioxidants – prevention and healthy aging, Ed. By F. Ribarova,
SIEMELPRESS Publ., Sofia, Bulgaria, 288297, (2010)
A.E. Abdalla, J.P. Roozen, Effect of plant extracts on the oxidative stability of sunflower
oil and emulsion. Food Chemistry 64, 323329, (1999)
R. Brigelius-Flohe, M.G. Traber, Vitamin E:
Function and metabolism. FASEB J. 13,
1145-1155, (1999)
J.M. Upston, A.C. Terentis, R. Stocker, To-

[52]

[53]

[54]
[55]

[56]
[57]

[58]

[59]

[60]

[61]

[62]

copherol-mediated peroxidation (TMP) of
lipoproteins: implications for Vitamin E as
a potential antiatherogenic supplement.
FASEB J. 13, (1999)
V. Kancheva, A.Slavova-Kazakova, D. Fabbri, M.A. Dettori, G.Delogu, M.Janiak, R.
Amarowicz Protective effects of equimolar
mixture of monomer and dimer of dehydrozingerone with alfa-tocopherol and/or ascorbyl palmitate during bulk lipid autoxidation.
Food Chem.157, 263-274, (2014)
N. Yanishlieva, A. Popov, Über einige eigentümlichkeiten in der kinetikzu beginn
der autoxydation von estern ungesättigter
fettsäuren 3. Mitt. Inhi- bierte autoxydation.
Die Nahrung 15, 671-681, (1971)
W.W. Christy, Lipid Analysis, third ed., The
Oily Press, Dundee, Scotland (2003)
A. Popov, N. Yanishlieva, J. Slavcheva, Methode zum Nachweis von Anti-oxidantien in
Methyloleat für kinetishe Untersuchungen.
Compt. Rend. Acad. Bulg. Sci. 21, 443-446,
(1968)
E.N. Frankel, Lipid Oxidation,The Oily Press,
Dundee, Scotland (1998)
V.D. Kancheva, L. Saso, S.E. Angelova, M.C.
Foti, A. Slavova-Kazakova, C. Daquino, V.
Enchev, O. Firuzi, J. Nechev, Antiradical and
antioxidant activities of new bio-antioxidants.
Biochemie 94, 403-415, (2012)
M. Fuster, A.-M. Lampi, A. Hopia, A. Kamal-Eldin, Effects of α- and γ- tocopherols on
theautoxidation of purified sunflower triacylglycerols. Lipids 7, 715-722, (1998)
A.A. Remorova, V.A. Roginsky, The rate constants for the reaction of the phenoxyl radical
from α-tocopherol with unsaturated fatty esters and the contribution of this reaction into
the kinetics of inhibited lipid peroxidation, Kinet Catal. (Engl. Transl.) 32, 726-731, (1991)
V.D. Kortenska, O.T. Kasaikina, N.V. Yanishlieva, Role of phenoxyl radical reactions on
methyl linoleate oxidation kinetics. Computer
study.Joint International Congress and Expo
“Lipids, Fats and Oils: Opportunities and Responsibilities in the New Century”, 8-10 October 2000, Wuerzburg, Germany, Abstracts,
No IV/10.
E.M. Mäkinen, M. Kähkonen, A.I. Hopia,
Ascorbic acid and ascorbyl palmitate have
only minor effect on the formation and decomposition of methyl linoleate hydroperoxides. Eur. J. Lipid Sci. Technol. 103, 683-687,
(2001)
E.M. Marinova, A. Kamal-Eldin, N.V. Yanishlieva, A.G. Toneva, Antioxidant activity of α- and
γ-tocopherols in vegetable oil triacylglycerols.
Riv. Ital. Sostanze Grasse 81, 98-106, (2004)

LA RIVISTA ITALIANA DELLE SOSTANZE GRASSE - VOL. XCV - APRILE / GIUGNO 2018

[63]

[64]

E.T. Denisov, I.V. Khudjakov, Mechanisms of
action and reactivities of the free radicals of
inhibitors. Chem. Revs. 87, 1313-1357, (1987)
G.W. Burton, K.U. Ingold, D.O. Foster, S.C.
Cheng, A. Webb, L. Hughes, E. Lusztyk,

Comparison of free α-tocopherol and α-tocopheryl acetate as sources of Vitamin E in
rats and humans. Lipids 23, 834-840, (1988)
Received: June 13, 2017
Accepted: July 18, 2017

87

LA RIVISTA ITALIANA DELLE SOSTANZE GRASSE - VOL. XCV - APRILE / GIUGNO 2018

