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Abstract

Lipid oxidation is a major concern in the food, cosmetic, and pharmaceutical sec-
tors. The degradation of unsaturated lipids affects the nutritional, physicochemi-
cal, and organoleptic properties of products and can lead to off-flavors and to the
formation of potentially harmful oxidation compounds. To prevent or slow down
lipid oxidation, different antioxidant additives are used alone or in combination
to achieve the best possible efficiency with the minimum possible quantities.
In manufactured products, that is, heterogeneous systems containing lipids as
emulsions or bulk phase, the efficiency of an antioxidant is determined not only
by its chemical reactivity, but also by its physical properties and its interaction
with other compounds present in the products. The antioxidants most widely
used on the industrial scale are probably tocopherols, either as natural extracts
or pure synthetic molecules. Considerable research has been conducted on their
antioxidant activity, but results regarding their efficiency are contradictory. Here,
we review the known mechanisms behind the antioxidant activity of tocopherols
and discuss the chemical and physical features that determine their efficacy. We
first describe their chemical reactivity linked with the main factors that modu-
late it between efficient antioxidant capacity and potential prooxidant effects. We
then describe their chemical interactions with other molecules (phenolic com-
pounds, metals, vitamin C, carotenes, proteins, and phospholipids) that have
potential additive, synergistic, or antagonist effects. Finally, we discuss other
physical parameters that influence their activity in complex systems including
their specific interactions with surfactants in emulsions and their behavior in
the presence of association colloids in bulk oils.

Nomenclature: AA, Ascorbic acid; a,,, Water activity; BDE, Bond dissociation energy; CC, Critical concentration; CI, Criegee intermediate; CMC,
Critical micelle concentration; DMPC, Dimyristoylphosphatidylcholine; DOPC, Dioleoylphosphatidylcholine; DOPE,
Dioleoylphosphatidylethanolamine; IP, Inhibition of formation of hydroperoxide; LH, Lipid; LOe, Lipo alkoxyl radical; LOO-, Lipo peroxyl radical;
PC, Phosphatidylcholine; PCA, Principal component analysis; PE, Phosphatidylethanolamine; PI, Phosphatidylinositol; PLPC,
1-Palmitoyl-2-lauroyl-sn-glycero-3-phosphocholine; PUFA, Polyunsaturated fatty acid; PV, Peroxide value; RH, Relative humidity; T3, Tocotrienols;
TocOH, Tocopherols and tocotrienols; TOH, Tocopherols.
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1 | INTRODUCTION

Preventing lipid oxidation in unsaturated fat-based prod-
ucts is a huge challenge for the agricultural, food, and cos-
metics sectors. Lipid deterioration affects the overall qual-
ity of products by modifying the nutritional, physicochemi-
cal, organoleptic, and sanitary properties of products, caus-
ingloss of liposoluble vitamins and unsaturated fatty acids,
off-flavors and the formation of harmful chemicals, and so
on (Budilarto & Kamal-Eldin, 2015b).

Lipid oxidation is a multifactorial reaction that is in-
fluenced by several physicochemical parameters such
as the physical structure of the system (i.e., bulk oil/
homogeneous system vs. emulsion, liposome/
heterogeneous system) such as the partition of molecules
within the complex system (location, diffusion in each
phase, the presence of others molecules and either
activities (antioxidant oxidizable substrates, surfactant,
prooxidant) and the physicochemical properties of the
global media, pH, ionic strength, and temperature (Decker
et al., 2017).

Different techniques can be used to prevent or slow
down lipid oxidation. Such techniques act at different lev-
els, for example, during storage and distribution (from raw
material to the final product), each step in the transforma-
tion process (e.g., the unit operation, intensity, and physic-
ochemical conditions), and formulation with antioxidant
additives. Lipid oxidation is caused by oxygen in the pres-
ence of initiators (e.g., heat, UV, photosensitizers, tran-
sition metal ions, free radicals). It is generally accepted
that lipid oxidation takes place via three reaction path-
ways: (i) nonenzymatic, free radical chain autoxidation,
(ii) nonenzymatic and nonradical photooxidation, and (iii)
enzymatic oxidation by lipoxygenases. In this review, we
focus on autoxidation, which occurs as a free radical mech-
anism reaction that releases different volatile and non-
volatile molecules (Figure 1). Many studies aim to obtain
a deeper knowledge of the complexity of the chemistry
of lipid oxidation. For example, Schaich and co-workers
(Schaich, 2012, 2020; Schaich et al., 2017) questioned the
standard three-stage free radical chain reaction assumed
for lipid oxidation (i.e., initiated by H abstraction and
propagated by peroxy radicals) and proposed an integrated
alternative pathway. According to these authors, many
reactions by peroxyl and alkoxyl radicals can compete with
H abstraction making lipid oxidation a complex intercon-
nected series of competing reaction pathways and not just a

simple free radical chain reaction, as it does not always go
through the same pathways and produce the same prod-
ucts (radicals — hydroperoxides — products). The over-
simplified free radical chain reaction scheme does not
reveal the numerous and complex competing side reac-
tions that occur during lipid oxidation, as a wide range of
products are produced simultaneously or at least overlap,
rather than a sequence of single reactions or compounds
(Schaich et al., 2017).

Similarly, Zeng et al. (2020) proposed an additional path-
way where lipid autoxidation is triggered by @ OH addi-
tion to the C = C bond of the lipid, followed by addition of
O, to produce a 5-hydroxyl peroxyl radical (Figure 1). C-C
bond scission of the f-hydroxyl peroxyl radical produces a
Criegee intermediate (CI) and an a-hydroxyl alkyl radical,
which is then propagated by chain reactions involving CI.

Considerable work has been carried out to identify the
best antioxidants or combinations of antioxidants to delay
or prevent lipid oxidation and to ensure optimal efficiency
using the minimum possible quantities of the antioxi-
dants concerned. The use of synthetic antioxidants such as
butylated hydroxyanisole and butylated hydroxytoluene in
food and nonfood products dates back to the 1940s. Today,
due to the consumer concerns about synthetic molecules
as additives that are suspected of having adverse health
effects, interest has been growing in natural molecules or
extracts with demonstrable antioxidant properties (Ghor-
bani Gorji et al., 2019; Moure et al., 2001; Shahidi & Ambi-
gaipalan, 2015).

Many parameters play crucial roles in the behaviors and
efficiencies of antioxidants used to combat lipid oxida-
tion. Porter et al. (1989) were among the first authors to
show that trying to compare antioxidant behavior either
in bulk oils or heterogeneous systems is irrelevant (Porter
et al., 1989). They introduced the polar paradox concept,
which states that polar antioxidants work best in bulk
oils (by placing them at the oil-air interface), whereas
nonpolar antioxidants work best in lipid dispersions (by
placing them at the oil-water interface) (Figure 2a). To
be effective against lipid oxidation, nonpolar antioxidants
should be surface active to locate themselves at the lipid-
droplet interface, where both lipid hydroperoxides and
transition metals can accumulate and come into close
proximity (Frankel et al., 1994; Laguerre et al., 2015; Porter
et al., 1989; Waraho et al., 2011). However, the polar para-
dox concept has been the subject of criticism, for exam-
ple, Zhong and Shahidi (2012) suggested that the polar
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paradox is only applicable within specific concentration
ranges (Figure 2b) (Zhong & Shahidi, 2012). The validity
of the concept depends on both the polarity and the con-
centration of the antioxidant, meaning that the most effi-
cient antioxidants are the nonpolar ones at concentrations
below their critical concentration (CC) and the polar ones
at concentrations above this CC (where the polar para-
dox is valid). The model proposed by Porter et al., with an
oil/air interface in the case of bulk oils, has also been con-
tested. Bulk oils are no longer considered to be a homo-
geneous liquid but rather a water-in-oil nano-emulsion
(Figure 2c), because even when refined, bulk oils can
contain very small quantities of water and/or surfac-
tant molecules (mono- and diacylglycerols, phospholipids,
sterols, etc.) (Chaiyasit et al., 2007; Chen et al., 2013).
These molecules organize themselves into reverse micelles
named “association colloids,” which, depending on their
size, morphology, and chemical composition and the
potential partitioning of hydrophilic antioxidants and oxi-
dation products within association colloids, have a signifi-
cant impact on lipid oxidation (Laguerre et al., 2015). As air
is less polar than oil, polar antioxidants tend not to migrate
to the air-oil interface more than hydrophobic antioxi-
dants (as suggested by the polar paradox). Thus, to be effi-
cient in bulk oil, hydrophilic antioxidants need to be sur-
face active and to get adsorbed in high amount at the inter-
face of the colloid association, where oxidative reactions
may be more prevalent.

Moreover, other studies of emulsified systems showed
that the polar paradox theory is probably not entirely valid
and that more complex phenomena than only their polar-
ity may occur and influence the behavior of antioxidants.

For example, when testing homologous series of pheno-
lipids (alkyl esters of phenolic acids), Laguerre et al. (2009)
showed that hydrophobicity and antioxidant activity in
oil-in-water emulsions increase to a certain extent (corre-
sponding to the critical alkyl chain length) beyond which
any lengthening of the alkyl chain led to the collapse of
antioxidant activity (Figure 2d) (Laguerre et al., 2009). This
phenomenon, which the authors called the “cutoff effect,”
has also been observed in more complex systems (e.g., lipo-
somes, living cells) (Bayrasy et al., 2013) and reported in a
wide range of other studies (Berton-Carabin et al., 2014;
Budilarto & Kamal-Eldin, 2015b; Laguerre et al., 2009,
2010).

The results described above underline the major impact
of the system itself on lipid oxidation. Autoxidation
in heterogeneous lipid dispersions is more complex
than autoxidation in bulk oil. In such heterogeneous
systems, several factors can influence the oxidation
kinetics and behaviors of antioxidants as summarized
in Figure 3 (Berton-Carabin et al., 2014; Chaiyasit et al.,
2007; Decker et al., 2017; Frankel, 1996; Laguerre et al.,
2015, 2017, 2020). These factors include (i) the charac-
teristics of the lipid substrate (class of lipids and degree
of unsaturation of the oil), (ii) the presence of other
molecules and their water/oil partitioning properties,
(iii) the environmental conditions (temperature, oxygen
concentration, ultraviolet, potential presence of catalysts
(e.g., photosensitizers, metal ions), and (iv) the nature
of the emulsion (size, concentration, and physical state
of the droplets, the thickness, electrical charge, and
composition of the interface layer) (Berton-Carabin
etal., 2018).
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In the context of combating lipid oxidation in food and
cosmetic products, and the difficulty caused by the many
chemical and physicochemical parameters involved, the
most widely used antioxidants on the industrial scale are
probably tocopherols (TOH). Indeed, since their discovery
in the last century, TOH (and their unsaturated derivatives,
tocotrienols [T3]) have attracted strong interest among the
scientific community. TOH, particularly a-TOH, are regu-
larly used as food additives, either as extracts or pure syn-
thetic molecules in formulae to protect unsaturated lipids.
Although considerable research has been conducted on
the antioxidant activity of these molecules to elucidate
their mechanisms of action, results regarding their effi-
ciencies are contradictory and some authors have even
described them as molecules with potential prooxidant
activity (Bakir et al., 2013; Frankel et al., 1959; Martin-
Rubio, Sopelana, Ibargoitia, et al., 2018). Here, we review
the mechanisms known to be involved in the antioxidant
activity of TOH and T3 in lipid oxidation and discuss
the chemical and physicochemical factors and interactions
that determine their efficacy as antioxidants in multiphase
systems.

2 | CHEMICAL BEHAVIOR OF
TOCOPHEROLS WITH RESPECT TO LIPID
OXIDATION (MECHANISMS AND
PRODUCTS)

2.1 | Tocopherols and tocotrienols:
Structure and nomenclature

In 1922, Evans and Bishops set light on a new molecule
while conducting an interventional nutritional assay on
animal model (Evans & Bishop, 1922). They showed that
the molecule, which is found in natural foods, was required
for reproduction but not for growth. In 1924, similar results
were obtained by Sure who named the molecule vitamin E
(Sure, 1924). Later, in 1936, Evans et al. gave vitamin E the
scientific name of tocopherol (Evans et al., 1936). The name
comes from the Greek tokos and phero meaning “child-
birth” and “give birth,” respectively, with the ending “-0l”
to link it with the presence of the alcohol chemical group.
Different forms of tocopherol—g, y, and & tocopherols—
were identified in 1938 (Emerson, 1938) and 1947 (Stern
et al., 1947) and ¢ tocopherol in 1955 (Green et al., 1955).
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In 1964, ¢ tocopherol was renamed “tocotrienol” by the
team of Pennock who isolated a new “vitamin E com-
pound” from Hevea brasiliensis (Pennock et al., 1964). Since
tocopherols and tocotrienols (TocOH) were discovered in
the last century, they have continually been subject to the
curiosity of the scientific community.

Structurally, TOH and T3 are made of a chromane
moiety based on two rings—one phenolic and one
heterocyclic—and a phytyl tail (Figure 4). The four toco-
pherols (a, 3, y, and &) have saturated tails and vary only
in the positions and number of methyl groups on their
phenolic ring: «, §/y, and & forms have three, two, and
one methyl groups on the chromanol ring, respectively.
The four tocotrienols («, 3, ¥, and &) only differ from toco-
pherols by three double bonds in their phytyl tails. TOH
and T3 are liposoluble compounds. T3 are found in nature
under its esterified forms contrary to TOH that are found
as free phenols. The natural forms of TOH have RRR stere-
ochemistry on the three asymmetric carbon atoms of the
phytyl chain connected to the chromanol ring. They are
synthesized and stored in plant leaves (Mallet et al., 1994;
Soll et al., 1980), latex of Hevea brasiliensis (Chow & Draper,
1970; Whittle et al., 1966), seeds, and fruits (Gornas et al.,
2015; Horvath et al., 2006). Biosynthesis of TocOH forms is
triggered by prenylation of homogentisate. TOH are syn-
thetized from phytyl diphosphate (PDP) as prenyl donor,

Principal factors influencing lipid oxidation in bulk oil and heterogeneous systems

whereas T are synthesized from geranylgeranyl diphos-
phate (DellaPenna, 2005; Méne-Saffrané, 2018; Yang et al.,
2010). Originally, the name vitamin E was limited to TOH
(mostly dl-a-TOH) because of their biological activity, but
T3 were later added to this generic term (Sen et al., 2006).
However, recently, Azzi (2018) assumed that only a-TOH
should be considered as vitamin E, because it was the only
one to produce significant results in the prevention and the
treatment of diseases associated with vitamin E deficiency.

2.2 | Tocopherol reactivity (antioxidant
vs. prooxidant effect)

As mentioned above, lipid (LH) oxidation is a complex
chemical reaction (Figures 1 and 3) involving the forma-
tion and propagation of lipid radicals, the uptake of oxygen,
and the production of miscellaneous breakdown products,
including alcohols, ketones, alkanes, aldehydes, epoxides,
and ethers (Frankel, 2005; Schaich, 2005). Its mechanisms
have been extensively studied, but are still the subject of
debate (Schaich, 2020). The multitude of possible reaction
pathways and the large number of products that can be
generated oblige us to view this reaction in a simplified
way based on free radical chemistry, in which lipid peroxyl
(LOO¢+) and alkoxyl (LO«) radicals undergo a number of
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FIGURE 4 The structure of «, 3, ¥, and & tocopherols and tocotrienols

alternate reactions in addition to and in competition with
hydrogen abstraction. In this context, the antioxidant activ-
ity of TocOH is principally due to their ability to donate
their phenolic hydrogen. This capacity is closely linked to
the bond dissociation energy (BDE) of the phenolic O-H
bond. The lower the BDE, the stronger the H-atom donor
character, and the reaction with free radicals. In chem-
ical structure, the hydrogen-donating power follows the
order a > 3 =y > § (+0.273, +0.343, +0.348, and +0.405
volts) (Kamal-Eldin & Appelqvist, 1996). Indeed, electron-
releasing moieties in ortho- and/or para positions facili-
tate the homolytic fission of the O-H bond, extending the
radical lifetime (O«) and increasing reactivity with other
radicals (Lucarini et al., 1994). Accordingly, in terms of
pure chemical reactivity, a-TocOH (with two ortho-methyl
substituents) is generally considered as the most effective
antioxidant, followed by - and y-TocOH (with one ortho-
methyl substituent) and §-TocOH (with no ortho-methyl
substituent). The architecture of the chromane moiety
thus appears to be the principal parameter that determines
the relative antioxidant efficacy of tocopherols. In contrast,
the phytyl tail interferes either very little or even not at all
in this chemical reactivity. That is why TOH and T3 have
been reported to have largely the same reactivity with free
radicals in homogeneous systems (Yoshida et al., 2007).
Yet, the results of published studies on in vitro antioxidant
activities do not necessarily follow these antioxidant rules
and ranking. In particular, the effectiveness of the eight
TocOH in lipid dispersion systems or in bulk oil may be
unpredictable and rather variable, causing doubts regard-
ing their relative in vitro efficacy (Table 1). Although it is
difficult to clearly elucidate the reason for this change in
efficacy, we can say that the activity of TocOH as antioxi-
dants is influenced by both its chemical reactivity and its

ability to limit other side reactions. Overall, the activity of
TocOH as antioxidants not only depends on their absolute
chemical reactivities with free radicals, but also on many
other side reactions that are governed by chemical and
physical interactions with neighboring molecules. In this
section, we focus on how the chemical behavior of TocOH
with respect to lipid oxidation may be affected.

2.21 | Interactions of TocOH in lipid
oxidation

TocOH can inhibit lipid oxidation in different ways
(Figure 5). For instance, they may chelate transition metal
ions, thus forming a complex that will prevent the proox-
idant activity catalyzed by metals (A;) or through phys-
ical or chemical quenching reactions with singlet oxy-
gen (10,). Physical quenching deactivates the excited state
of singlet oxygen (0,) into ground state triplet oxygen
(30,) after energy or charge transfer, for example, the
electron transfer mechanism (A,) (Thomas & Foote, 1978;
Yamauchi & Matsushita, 1977). In this case, no consump-
tion of oxygen nor formation of products is observed.
The rates of physical quenching of '0, by TOH were
reported to be in the magnitude of 107 to 10> M~ s,
and in the order ¢ > § > y > & (Kaiser et al., 1990;
Neely et al., 1988). Oxidation of a quencher rather than
quenching is observed during the chemical quenching
of singlet oxygen. Therefore, this chemical quenching
leads rather to the formation of degradation or oxida-
tion products of a quencher than to termination prod-
ucts. TocOH may react irreversibly with !0, to form a
hydroperoxide adduct (TocO-OOH) that decomposes to
form secondary products such as hydroperoxy dienone,
tocopherol quinone, or tocopherol quinone-epoxide (Aj)
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A
TocOH + M1+ Chelation

0, 43 ;
TocOH + 10, === TocOH +°0,
Very fast
107to 10° M''s?

10°Ms?
Very fast
Very fast ~10*to 10° M''s?
~10° to 10° M5! L0O" LOOH
+ TocOH me==p

+0, (L0 siow~10m’s* (LOH)

e.g TocO-00L TocO-TocO

A
TocOH +10 ._p TocO-O0H , .
T +100", LO* BY 00 0
7

New antioxidant pathways

I+ LOO’, LO®
Adducts

Ag-Oxidant + TocOH

Different Oxidation
products

30, (or 0,) + TocOH

(assisted by M™* + TocOH — M%) [L45

Very slow ¥10°to 102M st

E-u—

» TocO-00°

0,”
+20; (H,0,)

e.g. MUFA or PUFA

Lipids

(via HO*, promoted by M™** from P,)

=== TocO-0" or LO*

TocOH

Oxidation

+ TocO-OOL(H) or LOOL(H)

FIGURE 5 Chemical behavior of tocopherols and tocotrienols (TocOH) with respect to the lipid (LH) oxidation pathway (— antioxidant

pathway [A] and « prooxidant pathway [P])

(Clough et al., 1979; Neely et al., 1988; Yamauchi & Mat-
sushita, 1977). Such reactivity will consume TocOH. More-
over, TocO-OOH hydroperoxides formed in reactions with
10, (Clough et al., 1979; Terao & Matsushita, 1980), along
with a-tocopherol quinone, a-tocopherol hydroquinone,
and tocopherol quinone-epoxide, were shown to promote
LH autoxidation (Chapman et al., 2009; Jung & Min, 1992;
Kim et al., 2007). The chemical reaction rates of TOH with
10, were in the order of magnitude of 10° M~! s7! and fol-
lowed the same order among isomers (Mukai et al., 1991).
Subsequently, because the physical quenching kinetic rate
is much faster, the quenching process was almost entirely
“physical” and TOH deactivated about 120 'O, molecules
before being destroyed by chemical reaction (Mukai et al.,
1991). Obviously, TocOH can also be strongly involved as
a free radical scavenger. Most of the time, TocOH quickly
transfers a phenolic hydrogen to a lipid radical. Such trans-
fer results in a resonance-stabilized chroman-6-oxyl rad-
ical (TocOv«) due to the donation of the TocOH phenolic
hydrogen to a lipid radical (Ay).

In the induction period of lipid oxidation, TocOH mainly
react with peroxy radicals (LOO¢), and later with alkoxy
radicals (LO«) that have appeared during the propagation
period. The intensity of the oxidation parameters, the pres-
ence of other molecules nearby, the delocalization of the
unpaired electrons that produce radical sites at different
positions (ortho- and para-), and the different possible rear-
rangements modify the fate of TocOs. For instance, the
oxidation of TocOH in presence of water may form many
oxidation products by different pathways because electron
mobility is enhanced compared to that observed in the
lipid phase. In bulk oil, when TocOe are present with other

lipid radicals (e.g., LOO« or LO¢), the latter are mainly
involved in radical-radical coupling (As); such coupling
results in the formation of different adducts such as TocO-
OOL. TocO- tend to react mainly by radical-radical self-
coupling (Ag), and dimeric tocopherol products (TocO-
TocO) are formed when any other lipid radicals are present.
Moreover, a-analog was found to have a low rate constant
in the dimerization process (~10> M~! s71) that is presum-
ably due to the steric hindrance of the chromane moiety
(two ortho-methyl substituents) to the approach of two
TocOe to form the dimer (Lucarini et al., 1994). An impor-
tant consequence of this slow rate of dimerization is that
a-TOs or a-T30e, which are formed at very low concentra-
tions, will live long enough to trap a second peroxyl radi-
cal (As). Regardless of the antioxidant pathways, the oxi-
dized tocopherol adducts that are formed may react again
with new lipid radicals. This would, in addition, explain
the higher activity of y- or -analogs compared to - and
B- in many in vitro systems (Chaiyasit et al., 2005; Fuster
etal., 1998; Huang et al., 1995; Wagner et al., 2004), because
the former can be dimerized into compounds that may
still be effective antioxidants (Kamal-Eldin & Appelqvist,
1996).

Like all antioxidants involved in slow lipid oxidation,
TocOH are mainly involved to reduce lipid radicals, and
therefore to be oxidized. When this action is limited due
to lipids radicals or radical-radical coupling that catches
hydrogen(s) or electron(s), this mainly yields an antiox-
idant response. Yet, antioxidants and/or their oxidized
forms may be exposed to other side reactions and react
with relatively stable molecules (e.g., molecular oxygen,
lipid molecules, and lipid hydroperoxides), which may lead



Comprehensive
656

TOCOPHEROLS AS ANTIOXIDANTS...

in Food Science and Food Safety

to a prooxidant response. Generally, a molecule is catego-
rized as prooxidant when its presence triggers an increase
in the total radical yield in the system under study. In vitro,
this usually happens when the concentrations of primary
(hydroperoxide: LOOH) or secondary (aldehydes, ketones,
epoxides, etc.) lipid oxidation products increase. In addi-
tion, the production of reactive oxygen species such as
superoxide anion, hydrogen peroxide, and hydroxyl rad-
icals often also increases. This usually happens after the
rate of lipid peroxidation is stimulated chemically or par-
allel antioxidant reactions are inhibited. The degree of
such reactions is mostly determined by the structure of
the antioxidant, its concentration, and the nature of neigh-
boring molecules. There is no doubt that TocOH play a
predominant role in the protection of lipids. However,
they may also be involved in oxidation routes and, in this
case, cause oxidative damage. It is generally accepted that
the prooxidant effect of TocOH occurs when TocOH are
present at high concentrations associated with the capac-
ity of TocO. to promote or participate in a number of
undesirable side reactions (Martin-Rubio, Sopelana, Ibar-
goitia, et al., 2018). Below are the five reaction mecha-
nisms hypothesized to be behind the prooxidant effects of
TocOH:

1. From the reactions of TocO. with lipid hydroperox-
ides (LOOH) or nonperoxidized LHs: At high concen-
trations of TocOH, it is unlikely that the reverse reac-
tions (A,) of TocO. with LOOH have a prooxidant
effect because of (i) the higher concentration of unoxi-
dized TocOH compared to TocO«, which shifts the reac-
tion toward A,, and (ii) the much slower rate of the
prooxidant effect compared to A4, As, and Ag (Becker
et al., 2004; Burton & Ingold, 1981; Mukai et al., 1993).
However, under certain conditions, TocOe« could trigger
propagation chains upon H abstraction from LH, lead-
ing to an increase in peroxides (LOOs) in the system
after competitive and rapid reaction with triplet oxy-
gen (Py). As the rate is very slow (~107> to 1072 M~
s71) (Mukai et al., 1993), the ability of TocOs to give
off the radical chain thanks to a reaction with LH in
the vicinity has to be combined with its inability to
escape and to react with other radicals (e.g., TocOs,
LOQs, LOs). Therefore, LH oxidation could also be
initiated by TocOe after oxidation reactions of TocOH
with attacking aqueous radicals (P;), residing at, or
near, the surface of association colloids in bulk oil, or
at the interface of micelles and oil droplets in emul-
sions. Yet TocOH-mediated peroxidation would not dis-
play significant prooxidative behavior in the presence of
water-soluble antioxidants such as ascorbic acid (AA),
because AA would quickly reduce TocOe to TocOH
(Bowry & Stocker, 1993).

2. From the generation of superoxide radical anions
(O,+7) or radical coupling, after reaction of TocOH
with triplet molecular oxygen (0,): Like most organic
compounds, the direct reaction of TocOH with 30, is
spin-forbidden. Therefore, this way is much less often
followed than the way involving hydroperoxides. 30,
can, however, react with radicals released from TocOH,
thereby explaining the prooxidant effect of TocOH.
Although very slow, this effect may arise after radi-
cal coupling of TocO« with 30,, leading to TocO-0O-
(from Pg, P;, P,, P4). Another prooxidant activity of
tocopherols is based on a sum of reactions involving the
reduction of 30, (P,). The first step of autoxidation is
the one-electron oxidation forming the radical interme-
diate and the superoxide radical (O,«") (or HO,« under
acidic pH, pK, =4.88). This reaction is endothermic and
kinetically unfavorable, with a very slow kinetic rate
likely due to the low redox potential of the O,/0,+~ cou-
ple (—0.33 V at pH 7, 10° Pa) (Wood, 1988) and the spin
restriction between the reactants. However, in presence
of transition metals (such as M"* = Cu?*, Fe?*) the
one-electron oxidation of TocOH may be substantially
enhanced (P,). Indeed, transition metals, which exist in
several spin states, may reduce the spin restriction issue
and thus act as catalysts in this process. According to the
redox potential involving one-electron transfer (0.89 V,
pH 7), the superoxide radical generated (O,+~) becomes
a stronger oxidant. Thus, tocopherols can more easily
be involved as electron donors to O,+~ (P,) leading to
the production of hydrogen peroxide (H,0,), which is
one of the active oxygen species and a precursor of the
strongest known oxidizing agent (HOs). The harmful
activity of H,O, is not really due to its intrinsic reactiv-
ity, but to the subsequent formation of HO« under the
action of energetically favored metal reduction.

3. From the decomposition of LOOL(H) or TocO-OOL(H)
after reactivity with TocOH (P3): The diffusion of
autooxidation reactions by the peroxide is due to
the decomposition of LOOH via unimolecular or
bimolecular mechanisms. At low to moderate temper-
atures (<40°C) that favor hydrogen bonding, lipid per-
oxides can catch hydrogen atom of TocOH, along with
the TocO-OOL (or TocO-OOH) adducts, leading to sta-
ble lipid alkoxides (LOH) and alkoxy LO« or TocO-O+
radicals. In addition to the competing reactions of scis-
sion and internal rearrangement that are also fast, these
unstable radicals are rapidly prone to abstract a hydro-
gen atom from LH. Still, these radicals would be neu-
tralized in presence of large amounts of TocOH, and
should thus not have a significant prooxidative effect in
the early stage of autoxidation. However, the prooxidant
effect of TocOH may be enhanced at 40°C by the pres-
ence of high levels of hydroperoxides (between 0.45 and
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1.43 mol% of peroxide) (Hicks & Gebicki, 1981). More-
over, if the conditions are fulfilled, the decomposition
of LOOH from a-TocOH is predicted to be the fastest
due to its ability to give its phenolic hydrogen.

4. From the reduction of metal transition (P,): TocOH
and TocOs radicals may also cause the reduction of
transition metal ions into low-valent species (e.g., Fe*
to Fe’") liable to increase the overall yield of radi-
cals through the Fenton reaction (HO.) from H,O,
or Fenton-like reactions (LO¢) from LOOH or TocO-
LOO adducts or to assist the generation of superox-
ide radical anions (O,«"). Theoretically, y- and §-TOH
and T3 should have weaker prooxidant effects than
other analogs because of their lower reduction effects
on metal transitions, lower reactivity with O,«~, and
the formation of dimerizable compounds that are still
active antioxidants, along with the formation of lipid
hydroperoxide adducts (e.g., 5-(peroxy)-y-tocopherone)
that will dissociate to become quinone and alkyl alcohol
(LOH) (Jung & Min, 1992; Kamal-Eldin & Appelqvist,
1996). Furthermore, the reason for the contradiction
between the effectiveness of TocOH and the balance
between antioxidant and prooxidant pathways in differ-
ent experiments cannot only be the presence and the
proportion of TocO+ radicals. These chemical pathways
are most probably significantly affected by dissimilari-
ties in the physical parameters of the system and/or dif-
ferent chemical factors.

2.3 | Major factors affecting tocopherol
reactivity

Several intrinsic factors (fatty acid composition and qual-
ity of oils, presence of co-antioxidants vs. prooxidants, etc.)
and external factors (duration of storage, temperature, etc.)
may influence the antioxidant effect of TocOH. We exam-
ined 15 studies to evaluate and compare the antioxidant
and prooxidant effects of TocOH in bulk oils.

PCA (principal component analysis) provided an
overview of all the results obtained by different authors
for all TocOH (data not shown). The selected articles
listed in Table 1 met the following criteria and had the
most common parameters as variables, temperature, and
length of storage, concentration of TocOH, and analysis of
primary and secondary oxidation products. Restrictions
were applied to limit the area of analysis, that is, the max-
imum added concentration for isoforms was 2000 ppm
and the maximum peroxide value (PV) was 100 meq

The model was based on PV, inhibition of formation of
hydroperoxide (IP), the concentration of added isoforms,
the length and temperature of storage, and the presence of
polyunsaturated fatty acids (PUFA) in oils. As additional
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variables, we also considered the inhibition of both the
p-anisidine and hexanal value and the presence of satu-
rated fatty acids, monounsaturated fatty acids, and PUFA
in oil. Four components were necessary to describe vari-
ations in the model. The first two principal components
(PC1 and PC2) explained approximately 63% of the vari-
ance in the dataset for the TocOH models in both stripped
and unstripped oil.

First, PC1 and PC2 explained 32.87% and 30.37% of vari-
ance, respectively. The PCA loadings plot showed that the
concentration, the temperature, and PV were correlated
and were located in the positive direction of PC1. Con-
versely, IP was inversely correlated with the others and
was located in the negative direction of PC1. IP was also
inversely correlated with storage and was located in the
positive direction of PC2. The loading plot revealed no iso-
form clusters. However, this analysis is difficult to inter-
pret, as most authors only treated a-TOH, not all TocOH.
Last but not the least, the standard radical chain reac-
tion of lipid oxidation put pressure on the scientific com-
munity to examine and evaluate antioxidant efficiency in
bulk oils or in emulsions almost only by evaluating LOOH
and/or secondary oxidation products (mostly aldehydes).
Standard nonspecific methods such as headspace oxygen
content, conjugated dienes, or p-anisidine value were also
used. In addition, a competition between the hydrogen
abstraction and many other reactions for LOO« and LO«
radicals exists. These radicals, along with LOOH, undergo
reactions in parallel and at rates competitive with H atom
abstractions that need to be integrated to fully account
for the extent of lipid oxidation and hence, to more accu-
rately estimate the efficiency of the antioxidant (Schaich,
2020). A very restrictive analysis of oxidation products
could thus introduce a bias in the results because the
mechanism pathways and the different classes of oxidation
products are not affected by the addition of an antioxidant
(e.g., TocOH) in the same way (Huang, Hopia, et al., 1996;
Martin-Rubio, Sopelana, & Guillen, 2018; Martin-Rubio,
Sopelana, Ibargoitia, et al., 2018). For instance, in addition
to its ability to influence the mechanism of autoxidation at
high concentrations (Terao & Matsushita, 1986), a-TocOH
was found to accelerate the formation of LOOH at higher
concentrations in the early stages of oxidation in both bulk
and emulsion systems, although on the contrary, it inhib-
ited hexanal formation more strongly (Huang et al., 1994).
This ambiguity underlines the importance of using more
than one method to determine antioxidant activity. PV, in
addition to volatiles such as aldehydes, is still the most con-
venient approach to roughly estimate oxidative stability,
but a systemic approach including monitoring the different
types of oxidation compounds would provide more precise
data to determine the effect and compare antioxidants with
respect to the lipid oxidation mechanisms.
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I - ToCOH: stripped & unstripped oil
|
‘

TocOH: stripped oil

H? s oTOH: stripped oil

FIGURE 6

Inhibition of hydroperoxide (%) according to the added concentration of TocOH or a-TOH (ppm) and PV (meq O,/kg oil) in

bulk oil. A IP > 0%; V IP < 0%. IP = [(hydroperoxide formed in control - hydroperoxide formed in the sample)/hydroperoxide formed in the

control]| x 100

As mentioned above, the prooxidant effects of TocOH
(particularly « isoforms) are known to predominate when
high concentrations of TocOH are present in oils. Thus,
concentration is a critical parameter. However, the most
effective dose of TocOH beyond which their antioxidant
activity will switch to prooxidant remains unclear. For
example, Jung and Min (1990) reported that the maximum
concentration for TocOH to be an antioxidant depends on
the nature of the isoform, that is, 100, 500, and 1000 ppm
for a, y, and &, respectively. Thus, the CC of each TocOH
needed for maximum stability depends on the system. To
investigate the effect of the concentration in more detail,
we produced a three-dimensional representation from data
collected with the PCA from 13 representative articles that
dealt with antioxidant and prooxidant activity of TocOH in
bulk oils (Figure 6). We represent the antioxidant response
(normalized in % IP) according to the added concentration
of TocOH (normalized in ppm) at different stages of oxida-
tion (normalized with PV). A positive y-axis value (% IP)
indicated antioxidant activity of TocOH, whereas a neg-
ative value indicated prooxidant activity. The first graph
shows the response of all isoforms (A), the second, all
stripped isoforms, and the last one (C), only the stripped
a-TOH.

As shown, most of the experiments analyzed were per-
formed at a concentration ranging from 0 to 1000 ppm, and
at all the concentrations tested (up to 2000 ppm), TocOH
showed both antioxidant and prooxidant activities. Nev-

ertheless, no clear consensus emerged on a threshold, or
on a clear decrease in antioxidant capacity only based on
the increasing concentration parameter. A similar inter-
pretation was made of the data collected with stripped
oils, for which the representation of TocOH concentrations
was more precise, along with concentrations obtained with
only a-TOH, which represented 75% of the data. Indeed,
the presence of endogenous TocOH in unstripped oils may
lead to errors in interpreting the results. For example,
adding 200 ppm of a-TOH in bulk and emulsified rapeseed
oil that already contained 669 ppm of native tocopherols
did not improve the antioxidant effect. In contrast, adding
the same quantity (200 ppm) in the same stripped rapeseed
oil produced an effective antioxidant effect (Samotyja &
Matecka, 2007). Similarly, «-TOH had no prooxidant effect
when added at very high concentrations (e.g., 2000 ppm)
for the protection of sunflower or rapeseed oils that were
previously purified in order to remove native TOH and
traces of metals and pigments (Kamal-Eldin & Appelqvist,
1996).

Yet, by analyzing the data with the third dimension
(PV), we identified a zone where antioxidant activity of
TocOH strongly predominates, whereas beyond this zone,
the prooxidant effect prevails (Figure 7). Indeed, up to a
value of about 200 ppm, TocOH exhibited almost exclusive
antioxidant activity; beyond that, their activity very often
switched to prooxidant, except very low levels of oil oxida-
tion (PV < 10).
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!'. B TocOH: stripped oil

TocOH: stripped oil
Concentration< 200 ppm for PV max: 100 meq O,/kg oil +
200 ppm< concentration <2000ppm for PV max:10 meq 0,/kg oil

<« 9>
i

FIGURE 7

Inhibition of hydroperoxide (%) as a function of the added concentration (ppm) of TocOH and PV (meq O,/kg oil). For a

maximum concentration of 200 ppm, PV max = 100 meq O,/kg and for concentrations between 200 and 2000 ppm, PV max = 10 meq O,/kg
oil. ATP > 0%; V IP < 0%. IP = [(hydroperoxide formed in control - hydroperoxide formed in sample)/hydroperoxide formed in control] x 100

Thus, below a concentration of around 200 ppm, the
chances of obtaining antioxidant activity regardless of the
oxidation state are extremely high. In this region, the
antioxidant variation and intensity between experiments
and isoforms varies with the internal (pH, water activ-
ity [ay], etc.) and external physicochemical factors (light,
temperature, etc.). For example, Kim et al. (2015) showed
that for the same concentration (84 ppm), the antioxi-
dant capacity of TOH depended on the water content (Kim
et al., 2015). Because water contains prooxidant molecules
such as metals, it is involved in the chemistry of lipid
oxidation. Indeed, water-soluble prooxidants such as met-
als are key actors of the oxidation pathways (Barden &
Decker, 2016). High ay, increases the mobility of the tran-
sition metal, and consequently its probability of being in
contact with and reduced by TocOH. On the other hand,
water may promote the interaction and possible regenera-
tion of lipophilic TocOH at the interface with water-soluble
antioxidants, or protect against hydroperoxide decompo-
sition. The protection process relies on the solvation of
the hydroperoxides and on the hydration of metal cata-
lysts (Chen et al., 1992). Temperature was also reported to
influence lipid oxidation pathways and TocOH efficiency.
a > >y > & TocOH was reported to be the order of
antioxidant efficiency under low to mild temperatures.
At high temperatures (>60°C), however, a reverse order
was obtained a < 8 < y < & (Lea & Ward, 1959; Rao &
Achaya, 1967). Temperature is assumed to affect the reac-
tion kinetics (e.g., radical reactions between the antioxi-
dant and the lipids) because it can reduce the viscosity of
the medium, increase the mobility of the molecules (e.g.,
T°C > Tysion° C of lipids), break hydrogen bonds, and pro-
mote the formation of hydrophobic bonds. In addition, the
stability and solubilization of molecules (e.g., antioxidants
and hydroperoxides) along with the organization and sta-
bility of colloidal structures can be modified. In general,
increasing the temperature has a negative effect on lipid

oxidation by reducing the stability of the antioxidant, and
accelerating the decomposition rate of hydroperoxides and
reactivity with metal transitions (O’Brien, 1969). However,
some authors found that temperature positively affected a-
TOH efficiency (Marinova & Yanishlieva, 1992). One possi-
ble explanation is that increasing the temperature reduced
the solubility of oxygen in oils, resulting in a lower forma-
tion rate of the autoxidative peroxide (prooxidant effects
of Py, P;, Py, Py; Figure 5) that is slowly replaced by
other antioxidant reactions (e.g., A4 As, Ag, Figure 5).
The inversed response (from antioxidant to prooxidant) is
assumed to be related to the redox potential of TocOH. The
redox potential can theoretically be linked to the capacity
of the O-H bond to dissociate (homolytic fission). As previ-
ously explained, it is dependent on the structure of TocOH,
and it is suspected that § isomers with higher reduction
potential will show inversion of activity at higher concen-
trations than those with lower reduction potentials (y, £,
a). So, experiments conducted in the same condition and
with the equal concentrations of TocOH may show that
the concentrations of the TocO« should follow the same
order, a- being the earliest prooxidant. To cite one exam-
ple, Jung and Min (1990) observed that a-TOH (500 ppm
in soybean oil) showed a prooxidant capacity, whereas y-
TOH had no noticeable effect, but 5-TOH had an antioxi-
dant effect. Yet, when TocOH are added to bulk oils or lipid
dispersions at the best concentrations to obtain the best
efficiency of antioxidants, the order of antioxidant ability
should be as follows: « > 8 > y > &. Thus, each TocOH
has a CC for maximum stability that is system depen-
dent. Moreover, the switch in TocOH activity also depends
on the presence of compounds such as transition metal
ions or other oxidizing agents that are needed to assist the
prooxidant response. Thus, regarding the TocOH chemical
pathways (Figure 5), a systematic increase in TocOH con-
centration up to thousands of ppm is not required, rather
its concentration needs to be optimized. In our opinion,
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TocOH (particularly a-TocOH) should be added at the low-
est concentration possible so that the probability to form
TocOp. radical from P, P,, P3, and P, (Figure 5) is reduced.

Interestingly, among the pool of publications we ana-
lyzed, we noticed that, beyond 200 ppm the antioxidant
activity of TocOH was strongly preserved at low PVs (<10
PV). Therefore, it is difficult to imagine that the involve-
ment of TocOe radicals is the main explanation for this
change in the response. Another possible explanation is
the capacity of oxidizing agents (e.g., LOOH) to assist the
prooxidant activity of TocOH through physical (Py, P,, P4)
or physicochemical interactions (P3). This underlines the
need to understand the distribution of antioxidants and
their interaction with oxidant species in complex systems
such as emulsions. Indeed, in emulsions, different phases
coexist, and the physical organization of the environment
becomes more important than the reactivity of the var-
ious molecular species involved in the lipid oxidation
reaction. Porter (1993) with “the polar paradox theory”
set the quite counter intuitive hypothesis that nonpolar
antioxidants are better antioxidants in system presenting
high interfacial surface (e.g., emulsion), whereas polar or
hydrophilic antioxidants have better efficacy in bulk oil
system presenting low surface-to-volume ratios of lipids
(Figure 2). The study of Frankel et al. (1994) supports this
paradoxical hypothesis by demonstrating that hydrophilic
antioxidants (in their study: Trolox and AA) stabilized
better bulk oil system than oil-in-water emulsion. The
same study also demonstrated the opposite tendency for
lipophilic derivatives («-TOH and ascorbyl palmitate).
This paradox can be mainly explained by the opposite
distribution behavior of polar or nonpolar antioxidants
in multiphasic systems. Indeed, in such systems, their
partition, diffusion into the interphase, and putative
vicinity with anti- or prooxidants differ. Castle and Perkins
(1986) suggested that the antioxidant capacity of a-TOH
in micellar systems is restricted because its inter-micellar
diffusion, that is, its capacity to visit each micelle, is slower
than the lifetime of peroxy radicals to circulate from one
micelle to another. In this continuum of interphase diffu-
sion, micelles could take part in lipid oxidation process,
by conveying some important actors of the process such as
surface-active molecules, antioxidants, and lipid oxidation
products (such as hydroperoxides) (Li et al., 2020). In
the same way, it is very likely that TocOH efficiency is
modulated by its putative interaction with the micellar
phase of the system. Furthermore, this micellar phase may
be influenced by the concentration of TocOH, because
the number of ortho methyl substituents in the phenolic
rings (2, 1, and 0 in a-, y-, and 8-tocopherol, respectively)
takes part in the formation of co-micelles with other
surfactant molecules. In addition, unlike the chromanol
moiety that is similar among TocOH and is responsible

for the chemical reactivity, the phytyl tail could result in
greater dissimilarity between TOH and T3, as has been
observed, for example, with T3, which appeared to be
more readily incorporated into liposomal membranes
(Yoshida et al., 2007). In addition to its physical structure,
the polarity of the medium can also influence the antiox-
idant/prooxidant reactivity of TocOH via the electrostatic
interaction effect. For example, hydrogen bonding with
the phenolic group may reduce their antioxidant capacity
in protic environments (Iwatsuki et al., 1994), resulting
in higher prooxidant effect of a-TOH in aqueous media
than in aprotic and nonpolar solvents such as hexane
(Cillard & Cillard, 1980; Cillard et al., 1980; Sumarno et al.,
1987).

3 | CHEMICAL INTERACTION OF
TOCOPHEROLS WITH OTHER
MOLECULES

The presence of other molecules (e.g., phenolic com-
pounds, vitamin C, carotenes, proteins and peptides, phos-
pholipids, etc.) that interact with TocOH either directly or
indirectly may influence their effectiveness with respect to
lipid oxidation (Figure 3).

3.1 | Interactions with other antioxidant
molecules (from antagonism to additive
and synergistic effects)

When several antioxidant molecules are present in an
oxidizing lipid media, the total antioxidant capacity may
be lower (antagonism), equal (additive), or higher than the
sum of their individual effects (the so-called synergistic
effect). Antagonism has been shown between a-TOH and
phenolic compounds such as rosmarinic acid and caffeic
acid (Peyrat-Maillard et al., 2003; Samotyja & Matecka,
2007), as well as with plant extracts rich in polyphenols
(Banias et al., 1992; Hras et al., 2000). Antagonism can be
the result of (i) the regeneration of the less effective antiox-
idant by the more effective antioxidant, (ii) the oxidation
of the more effective antioxidant by the radicals of the less
effective antioxidant, (iii) competition between the forma-
tion of antioxidant radical adducts and regeneration of the
antioxidant, and (iv) alteration of the microenvironment
of one antioxidant by another antioxidant (Mortensen
& Skibsted, 1997a, 1997b; Peyrat-Maillard et al., 2003).
However, antagonism mechanisms are not frequently
documented, because co-addition of antioxidants usually
yields additivity, and even synergism, with respect to
lipid oxidation (Table 2). Three main mechanisms could
explain the transition from an additive to a synergetic
effect with TocOH:
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TocOH and radical scavengers: Intuitively, having
antioxidants working with the same mechanism may
not lead to a significant synergistic effect. Introduc-
ing another hydrogen donor in addition to TocOH may
achieve the same effect as a higher concentration of
TocOH. Yet, considering that the relationship between
the concentration of TocOH and its antioxidant effect
was not predicted to be linear, one can hypothesize that
a scavenging antioxidant compound introduced with
TocOH at their optimal (low) concentration is respon-
sible for highly efficient protection of lipids. That being
said, this would not systematically produce a syner-
gistic effect, but rather an optimal additive antioxi-
dant effect. Considering the complexity of the chemical
pathways (Figure 5) and the different factors involved,
particularly the physical (micro) structure of the lipid
system, this could happen when the radical scaveng-
ing ability of the antioxidants differs with the region.
Thus, synergistic antioxidant actions may be obtained
through the protective effect of one antioxidant by oxi-
dizing itself (Decker, 2002; Pedrielli & Skibsted, 2002).
For example, the less effective antioxidant (or its rad-
ical produced from oxidation) traps alkyl peroxy rad-
icals, so the best antioxidant does not oxidize, there-
fore extending the shelf life of products due to pro-
longed antioxidant activity. This process explains par-
tially the interactions between carotenoids and TocOH
(Haila et al., 1996; Zou & Akoh, 2015). Moreover, mixed
tocopherol analogs may enable better protection due
to synergistic interactions. For instance, Fuster et al.
(1998) observed such synergy between both a-TOH and
y-TOH at a maximum concentration of 200 ppm. On
the other hand, Lampi et al. (1999) reported an addition
effect and no synergism with the same combination of
TocOH. The participation of phospholipids possessing
a primary amine (e.g., phosphatidylethanolamine [PE]
and phosphatidylserine), along with sulfur-containing
amino acids (cysteine, cystine, and methionine), in
radical-scavenging activity was also reported to have a
sparing effect on TocOH and in that way may provide
a synergistic effect (Judde et al., 2003; Lambelet et al.,
1994).

. Regeneration of TocOH: The mechanism is effective

when TocOH with a substance are together. This sub-
stance is able to regenerate TocOH from their oxida-
tion products, mostly the TocOe. radical, and hence
restore their antioxidant activity. Indeed, TocO« can be
reduced through electron transfer from another antiox-
idant. This mechanism is all the more possible when:
(i) the difference in BDE between antioxidants is high,
(ii) the synergist has a lower standard reduction poten-
tial than TocOH (EO ~ 0.5 V), and (iii) when the
rate constant to react with TocO- is high and resem-

bles that of the reaction constant with alkyl peroxy
radicals (~10° M~! s7!; Figure 5, As or Ag) (Amorati
et al., 2002; Decker, 2002; Pedrielli & Skibsted, 2002).
Water-soluble antioxidants such as AA, gallic acid,
epigallocatechin gallate, epicatechin gallate, epigallo-
catechin, epicatechin, quercetin, glutathione, and ros-
marinic acid and its esters have already been shown
to regenerate TocO+ in nano-emulsion systems (Niki
etal., 1982; Panya et al., 2012; Pedrielli & Skibsted, 2002;
Wefers & Sies, 1988; Zhou et al., 2005), whereas PE
was found to synergize with «-TOH by regenerating
itself from a-tocopherylquinone (Cui et al., 2015; Weng
& Gordon, 1993). TocO« was reduced by antioxidants
in the water phase. This phenomenon was described
by some groups who worked in simple organic media
and micellar systems using electron paramagnetic res-
onance (EPR), pulse radiolysis, or laser flash photol-
ysis (Bisby & Parker, 1991; Packer et al., 1979; Panya
et al., 2012; Zhou et al., 2005). TocOH regeneration was
also observed in membrane models and postmortem
meat (Scarpa et al., 1984; Sharma & Buettner, 1993); the
same results were also described in vivo (i.e., TocOe
was reduced in biological membranes). However, a lack
of understanding persists because no group has suc-
ceeded direct observation of TocO+ and aqueous phase
antioxidant interaction in complex lipid dispersion sys-
tems (e.g., oil-in-water [O/W] emulsions). These obser-
vations are probably methodological challenges. We can
suppose that the process of antioxidant synergy starts
with the initial TocOH oxidation and the formation of
TocO- (Figure 5, A,4) becoming oriented at the oil and
water interface and subsequently being reduced by the
water-soluble antioxidant to regenerate TocOH. With
the example of AA, its reduction of TocO- is thermo-
dynamically favored by its low reducing potential (EO
~ 0.28 V and 0.5 V for TocOe vs. TocOH, respectively)
(Becker et al., 2004), whereas the efficiency of ros-
marinic acid and its esters to reduce a-TO+ was shown
to be very low because of their higher electron reduction
potential (EO > 1.1 V) (Panya et al., 2012). The interac-
tion between TocOH and carotenoids is another exam-
ple of synergism. For instance, the prooxidant effect of
lutein was inhibited by adding low levels of y-TOH, and
the combination allowed the synergistic effect to inhibit
the hydroperoxide formation of triacylglycerols (Haila
etal.,1996). The benefit of a combination of a carotenoid
and TocOH was attributed by the authors to the capacity
of y-TOH to retard the formation of degradation prod-
ucts of the carotenoid. The regeneration of carotenoid
by TocOH is favored because the carotenoid radical
cation has a higher potential than TocO« (between >0.5
and 1V vs. ~0.5V, respectively) (Jeevarajan & Kispert,
1996; Liu et al., 2000; Niedzwiedzki et al., 2005). Both
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the regeneration of carotenoid from its radical cation
by TocOH and TocOH regeneration by the carotenoid
from the TocO. radical are possible (Edge et al., 1998;
Mortensen & Skibsted, 1997a, 1997b; Mortensen et al.,
1998).

Some authors proposed that such interactions occur in
complex lipid dispersion, but in the absence of direct evi-
dence for interactions between TocO. and water-soluble
antioxidants, process of TocOH regeneration does not
appeared like essential. Furthermore, the regeneration of
the TocO- is not systematically related to better protection
of lipids. Indeed, if one molecule of antioxidant regener-
ates one TocOs, then the molecule of antioxidant is not free
to act in oxidation of LH (i.e., reduce oxidizing species).
This may be the reason why Durand et al. (2015) observed
that, although AA seems to affect the global stability of
a-TOH in conventional O/W emulsion, where, possibly,
it is able to regenerate a-TOH from TOe, the antioxidant
capacity addition could be described like the combina-
tion of two separate effects. On the other hand, regen-
eration of TocO. may be a good way to prevent prooxi-
dant action of TocOH when the latter has been oxidized or
when it is located near the surface of reverse aggregates or
micelles/interfaces containing attacking aqueous radicals
(Figure 5, P)).

The complexity of the physical (micro)structure of the
system is another parameter that may significantly affect
this mechanism, either physically or chemically (Figure 3).
For instance, the fact that TocOH are located in lipid
droplet cores in O/W emulsions could physically isolate
TocO. from the water-soluble antioxidants at the interface.
Thus, lipid droplet internalization of TocOH may prevent
their synergism with the antioxidants present in the aque-
ous phase. In addition, the composition and architecture
of the interface, a region that is only a few nanometers
thick composed of oil, water, and surface-active molecules,
may affect this chemical regeneration. The net charge
of the interface between oil and water depends on the
surface-active molecules that compose and stabilize the
system, which can be anionic (e.g., SDS), cationic (e.g.,
DTAB), nonionic (e.g., Tween), or zwitterionic (e.g., phos-
pholipids). The thickness and the structure of molecules
present in the interfacial phase (proteins, polysaccharides,
etc.) along with the pH, ionic strength, and so forth of the
medium may significantly influence the penetration, diffu-
sion, and interaction of molecules, and therefore the regen-
eration mechanism of TocOH. All these conditions would
explain the contradicting results of different experiments.
Some studies were unable to demonstrate efficient interac-
tion in O/W emulsions, with no synergistic effect between
the TocOH and various antioxidants dispersed in the aque-
ous phase, whereas other studies, on the contrary, found a
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strong influence (Kittipongpittaya, Panya, Phonsatta, et al.,
2016; Serensen et al., 2017).

3. Complementary antioxidant action: TocOH may pro-
vide significant synergistic effects when combined with
antioxidants with metal chelating (detailed in the fol-
lowing paragraph) or a singlet oxygen quenching abil-
ity. This phenomenon can be explained by the pres-
ence of chelators or oxygen quenchers that reduced the
effect of free radical scavengers. Metal chelators mostly
interfere during the initial part of oxidation pathway,
whereas TocOH are more active during the propa-
gation step. Thus, TocOH showed synergistic effects
with phospholipids, amino acids, peptides, and phe-
nolic compounds, which are mainly the result of the
metal-chelating activities of the latter, resulting in the
production of fewer radicals to be reduced by TocOH.
(Bandarraetal., 1999; Bazin et al., 1984; Dziedzic & Hud-
son, 1984; Hildebrand et al., 1984).

For instance, a-TOH showed a synergistic effect when
associated with phospholipids or quercetin, which inhib-
ited metal-catalyzed oxidation through the formation of
inactive complexes, whereas a-TOH acts as a free radi-
cal scavenger (Hudson & Lewis, 1983; Koidis & Boskou,
2006; Servili & Montedoro, 2002). The antioxidant prop-
erties of melanoidins (Maillard reaction products formed
between reducing sugars and compounds containing an
amino group, e.g., peptides and proteins; This Vo Kientza,
2016) also acted as synergists with TocOH and were par-
tially linked to their metal-chelating properties (Namiki,
1988).

Once again, regardless of the synergistic mechanism
involved and their possible interaction with TocOH, the
side effects of the complementary antioxidant molecule
have to be taken into consideration, as does the nature
of antioxidants and prooxidants, their chemical oxidative
pathway, their concentration, and the complexity of the
physical (micro)structure of the system. All these param-
eters may lead to different conclusions, even though the
studies deal with similar compounds. For instance, syner-
gistic interaction of rosmarinic acid (or caffeic acid) with
a-TOH was observed in stripped soybean oil in water emul-
sion (Panya et al., 2012), whereas other authors observed an
antagonistic effect, either in rapeseed oil (in bulk or emul-
sion) or in an aqueous dispersion system of linoleic acid
(Peyrat-Maillard et al., 2003; Samotyja & Matecka, 2007).
This consideration is even more important with antioxi-
dant plant extracts that are rich in diverse molecules, in
addition to the presence of presumably active antioxidants
(e.g., phenolic compounds). For example, Wada and Fang
(1992) highlighted a positive synergy between rosemary
extracts and a-TOH (500 and 200 ppm, respectively) in a
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sardine oil and in frozen—crushed fish meat, whereas other
authors found an antagonist effect in rapeseed oil (stripped
or raw, bulk or emulsion) (Samotyja & Matecka, 2007).

3.2 | Interaction with prooxidant metal
transition

Trace metal catalysts (Fe, Cu, Ni, Co, Mn, etc.) may
be present almost everywhere, including in the aqueous
or buffer phase, in oils, and in some antioxidant plant
extracts. The chemical action of metals on lipid oxidation
in multiphasic systems follows several pathways (Schaich,
1992). State metals of higher valence can transfer an elec-
tron and result in the direct oxidation of LH; conversely,
state metals of lower valence form metal oxygen transition
complex and lead to autoxidation (Ingold, 1961; Uri, 1961).
Preformed lipid hydroperoxides (LOOH) can get reduced
or oxidized by metals. Such reactions trigger the forma-
tion of LO« and LOO- radicals, or decompose the hydro-
gen peroxide into HOe.. Therefore, the global kinetics of
lipid oxidation process is significantly accelerated because
these radicals remove hydrogen faster from any oxidiz-
able substrate than the initial rates of Le formation (Kre-
mer, 1963; Waters, 1971). Besides, metals affect not only
the rate of initiation and total extent of lipid oxidation
by peroxide decomposition, but also alter the nature and
distribution of oxidation products and termination reac-
tions (for instance, rearrangement of LOOH into epoxides
can be observed) (Schaich, 2020). Transition metal ions at
lower valence states, such as Fe** and Cu™, can decom-
pose LOOH much faster than those at higher valence
states, Fe3* and Cu®* (Schaich, 1992). This is the main
explanation for why the antioxidants that reduce metal
ions may, under certain circumstances, act as prooxidants
(Keceli & Gordon, 2002). Concerning TocOH, it has been
shown that a-form reduced cupric iron (Cu?*) leading to
an increase in lipid oxidation (Yoshida et al., 2003). In con-
trast, B-, y-, and &- analogs were not able to significantly
reduce Cu?*, likely due to their higher oxidation poten-
tials, and consequently had no prooxidant effect (Yoshida
et al., 2007). In that context, metal chelators are partic-
ularly efficient in limiting lipid oxidation by preventing
the various chemical pathways catalyzed by transition met-
als (e.g., formation of insoluble metal complexes, steric
obstruction either between metals and oxidizable food
components or between metals and their oxidation prod-
ucts). TocOH do not appear to be strong metal chelators.
However, combining TocOH with efficient metal chelators
could have synergistic effects (see Section 2.1). Both citric
acid and EDTA are the conventional metal chelators used
in foods. Yet, metal ions can also get linked up by phospho-
lipids, flavonoids, lignans, polyphenols, AA, proteins, pep-

tides (e.g., carnosine), and free amino acids (e.g., histidine)
(Koidis & Boskou, 2006; Rice-Evans et al., 1996; Riisom
et al., 1980). The formation of metal/chelator complex has
a double effect: (1) it impacts the electron density of the
metal and thus modify its redox potential, and (2) it affects
the distribution and availability of the metallic ions in the
multiphasic system. By this double action, both the bal-
ance of reactants in the system and global oxidation reac-
tion are affected. To take a precise example, the formation
of EDTA/iron complex will both capture free or weakly
complexed iron and will lower the Fe3*/Fe?* redox poten-
tial (0.77 vs. 0.12 V). This lowering of potential will induce
a faster reduction of lipid hydroperoxides (Mahoney et al.,
1986; Schaich, 1992).

3.3 | Physical interactions to drive
chemical pathways (e.g., lipid
hydroperoxides and phospholipids)

The chemical reactivity between molecules lies in their
capacity to interact, so they have to be in each other’s vicin-
ity. In multiphasic systems, in which some surface-active
molecules can get aggregated and define specific phases
or substructures, the relative distribution of molecules act-
ing in the oxidation process is difficult. For instance, lipid
hydroperoxides (LOOH) or phospholipids trigger the for-
mation of microstructures (e.g., reversed micelles in bulk
oils) that change the partition and interactions between
molecules. Altogether, these modulations of distribution
alter the global oxidation process of the system (Huang,
Hopia, et al., 1996). Antioxidants such as TocOH may alter
the distribution of oxidation products. Indeed, TocOH can
influence the relative abundance of the oxidative prod-
ucts, for example, in the qualitative and quantitative vari-
ation in the proportion of LOOH isomers, and their sub-
sequent secondary decomposition products (Coxon et al.,
1984; Frankel & Gardner, 1989; Peers & Coxon, 1983; Peers
et al., 1981; Terao & Matsushita, 1986; Yamagata et al.,
1983). These results suggest that (i) TocOH interact with
LOOH, perhaps through hydrogen bonding assisted by
van der Waals interactions, and (ii) lipid oxidation prod-
ucts are affected by the capacity of antioxidants (e.g.,
TocOH) to interact, or self-assemble, with primary oxida-
tion products. Similarly, phospholipids are known to influ-
ence the antioxidant behavior of TocOH through a physi-
cally assisted mechanism that affects their distribution and
consequently their antioxidant effect (Koga & Terao, 1995).
Phospholipids, in addition to the water level found in com-
mercial refined oil, can self-assemble in bulk oils to form
microstructures such as reverse micelles that can incor-
porate antioxidant compounds (e.g., TocOH) (Chen et al.,
2010), and consequently influence the microenvironment
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where lipid oxidation chemistry occurs. For instance, asso-
ciation colloids formed by dioleoylphosphatidylcholine
(DOPC) in stripped soybean oil had a prooxidant effect,
and DOPC reverse micelles improved the antioxidant
activity of low concentrations (10 uM) of a-TOH or Trolox,
whereas the opposite effect was found at a higher con-
centration (100 uM) (Chen et al., 2011), likely due to
competition between antioxidant (free radical scaveng-
ing) and prooxidant (reduction of transition metals) activ-
ities. Interestingly, the dioleoylphosphatidylethanolamine
(DOPE) reverse micelle did not catch «-TOH in contrast
to the DOPC reverse micelles. Thus, the physical location
of a-TOH did not change in DOPE reverse micelles. How-
ever, the regeneration of o-TOH quinone by DOPE primary
amine head group likely via an ionic mechanism increased
the antioxidant capacity (Cui et al., 2015). Trolox that is
polar than a-TOH was also more antioxidant in the pres-
ence of both DOPC and DOPE reverse micelles because it
got segregated into the aqueous-phase microenvironment
of reverse aggregates, closer to the oil-water interface than
a-TOH (Cui et al., 2015) (Figure 2c). In conclusion, TocOH
interactions with surface-active molecules may alter their
physical location, which in turn would alter the overall
impact on lipid oxidation.

4 | THE PHYSICAL DISTRIBUTION OF
TOCOPHEROLS IN SYSTEMS
MODULATES THEIR ANTIOXIDANT
EFFECT

Understanding the location (distance from the interface,
lateral distribution), orientation, and mobility of TocOH in
heterogeneous systems and bilayers of phospholipids rep-
resentative of biological membrane is a key aspect of their
antioxidant role. TocOH may in turn impact membrane
fluidity and the molecular mobility of reactive components
in the vicinity of membranes. Recent experimentation,
modeling, and theoretical studies have elucidated the
molecular mechanisms underlying cooperation between
membrane components and several phenolic compounds
including TocOH, vitamin C, and polyphenols. These
antioxidants form a noncovalent association with the
lipid bilayer close to the membrane/internal part of the
assembly interface. Such a supramolecular association
and location is hypothesized to favor antioxidants regener-
ation (Fabre et al., 2015). More generally, the distribution
of TocOH in heterogeneous systems can be seen as a
dynamic picture influenced by the present amphiphiles,
their state of association, phase, and charge, and the
presence of other synergetic antioxidants.

inFood Science and Food Safety

4.1 | Specificity of interactions with
phospholipids

Among the pioneer works, Hildebrand et al. (1984) demon-
strated that combining phospholipids (PL) and TocOH
enhanced their antioxidant effect on stabilizing refined
bulk oils. The work of these authors was based on the
empirical observation that crude oil containing phospho-
lipids at concentrations of 0%-1% was more stable than
refined oil. They tested a factorial combination of three
levels of soybean TocOH (blend of three isomers and «, 6,
and y at respective levels of 5.4%, 44.9%, and 49.8%; toco-
pherol at levels of 0, 1.2, and 4-5 mg/g oil) and two levels
of PL (0 and 5 mg/g oil phosphatidylcholine [PC] and PE,
and 0 and 2.5 mg/g oil phosphatidic acid (PA) and phos-
phatidylinositol [PI]). The efficacy of such combinations
was determined by measuring the induction period in days
before refined soybean oil incubated at 110°C reached a
PV value of 100 meq/kg. The most effective stabilization
was reached by adding either all PL at highest levels, plus
TocOH at intermediate to high levels (1.2-4 mg/g oil), or
the highest levels of PC and PE (5 mg/g oil), and a simi-
lar amount of TocOH. Alone, neither TocOH nor PL were
as effective. Among the PL, the same authors concluded
that PE and PI were the most effective in increasing oil
stability, although proof of real higher efficacy of PI in
this experiment can be questioned. Concerning the mech-
anism behind PL protection and synergy with TocOH, the
authors excluded simple prooxidant metal chelation by
PL (citric acid added as a control to test this hypothesis)
and rather proposed the hypothesis that PL could increase
TocOH capacity of free radical termination. Indeed, they
hypothesized that some reactive PL groups (amine for PE
and PC, reducing sugar for PT) could facilitate H or electron
transfer to TocOH and their regeneration.

Following this thread, Judde et al. (2003) tested the
addition of standard lecithins at 1% w/w concentration
in various oils with given FA and TocOH composition.
Overall, the addition had a protective effect against oxida-
tion. However, protection depended not only on the phos-
pholipid profile of the tested lecithin (lecithins contain-
ing high amounts of PC and PE were more efficient), but
also on the FA profile in the tested oil. Lastly, the type
of TocOH present in the oil also influenced antioxidant
capacity (strong synergetic effect was evidenced for mix-
tures of y- and &-tocopherols with lecithin but no effect
was evidenced for a-tocopherol). In terms of the FA pro-
file of the oil, the authors established that the addition of
lecithin (1% w/w) was effective in stabilizing linoleic oils
that contain a natural blend of y/d-tocopherols, but not
PUFA oils that naturally contain mainly a-tocopherols. To
further test this hypothesis and to untangle the effects of
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FIGURE 8 Schematic models of the location of tocopherol in the lipid bilayer. Adapted from Afri et al. (2004)

TocOH isoforms and the FA profile, they assessed the sta-
bility of methyl esters blended with various TocOH and
in the presence of 1% w/w lecithin. The addition of a-
or &-tocopherol resulted in slower oxidation kinetics for
all methyl esters. Particularly for linoleate and linolenate,
these results confirmed the greater antioxidant efficiency
of the y-/6-tocopherol mixture compared to a-tocopherol
alone. Concerning PUFA methyl esters, the addition of
lecithin improved the efficiency of the tocopherols, partic-
ularly y-/d-tocopherols. The model with methyl esters thus
confirmed the previous observations concerning linoleic or
linolenic oils rich in y- or 8-tocopherols such as rapeseed,
soy, and walnut.

In the 1990s, the physical interaction between TocOH
and phospholipids was introduced for a better under-
standing of their chemical synergy (Salgado et al., 1993).
Combining nuclear magnetic resonance (NMR) (31P),
Fourier-transform infrared spetroscopy (FTIR). and light
microscopy, these authors demonstrated that a-TocOH
tends to stabilize bilayers of PC instead of micelle.

Since then, several experimental and modeling studies
have proven that the location and association of TocOH
within membrane glycerophospholipids enhances their
efficiency. For example, the vertical location of TocOH in
phospholipid membrane was investigated in depth. The
three hypotheses summarized in Figure 8 were initially
proposed (Fukuzawa et al., 1993). Experimental evalua-
tion of TocOH analogs in the liposomal bilayer of dimyris-

toylphosphatidylcholine (DMPC) was conducted using the
13C NMR chemical-shift/polarity correlation technique
to shed light on the physical framework favoring “lipid-
active antioxidant” recycling by hydrophilic AA (Afrietal.,
2004). Using a quite high load of TocOH (TocOH/DMPC
ratio of 1:5, i.e.,17 mol%), these authors established that the
tocopherol chromanol hydroxyl C6 group lies very close to
water interface between location A and B (Figure 8) where
it can abstract H from AA (Figure 8c).

The vertical distribution of a-tocopherol, that is, with
the chromanol ring located in the upper part of the
hydrophobic bilayer and the tail chain parallel to the
PC acyl chains, was proven more recently in saturated
PC (DMPC, DPPC) by coupling physical characteriza-
tion (small- and wide-angle X-ray diffraction, fluorescence
quenching, and 1H nuclear Overhauser enhancement
spectroscopy [NOESY] magic-angle spinning [MAS]-
NMR spectroscopy (Ausili et al., 2018).

There is now quite a consensus that a-TOH location
close to lipid-water interface is universal and has been
checked experimentally in various model bilayers (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine,
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine, and
sphingomyelin bilayers) by Marquardt et al. (2015).
However, one exception was reported by same authors
(Marquardt et al., 2014) in artificial DMPC bilayers.

Molecular dynamic simulations can predict the location
of TocOH in membrane. A simulation in a lipid bilayer
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comprising DOPC molecules indicated that TocOH are
generally inserted below the membrane/water interface
but reach the bilayer center (Fabre, 2015). More precisely,
simulation but also experimental data (Marquardt et al.,
2013) evidenced that the extremity of C5-methyl group of
TocOH is located 1.5-1.7 nm from the center of the bilayer.
a-TOH insertion in the bilayer is hypothesized to favor
the location of the OH group close to the lipid polar head
group, that is, close to the interface where it promotes lipid
oxidation. Fabre et al. (2015) stated that the OH group of
TocOH, which is responsible for free radical scavenging by
hydrogen atom transfer, was mainly located close to the
lipid polar head groups, that is, at the lipid/water interface,
suggesting inhibition of both the initiation and propaga-
tion steps of lipid oxidation. In addition to the vertical loca-
tion, the lateral distribution of TocOH within a liposomal
bilayer can be questioned, as this distribution is also depen-
dent on the composition and heterogeneity of the bilayer. It
was hypothesized that a-TOH have more affinity for PUFA
and thus get segregated in the fluid zone of heterogeneous
membrane (Atkinson et al., 2010) and reduce fluid-gel
membrane transitions (Paz Sdnchez-Migallén et al., 1996).
In addition, and as can be inferred from chemical mobility,
a-tocopherol is oxidized faster in liquid phase than in gel
phase (Fukuzawa, 2008).

Another important point to address is the vertical and
lateral mobility of TocOH within the bilayer, which is not
yet settled and is highly influenced by the chemical com-
position of the bilayer. It was suggested very early that
a-tocopherol lateral diffusion coefficient was 100 times
higher than that of PC (egg yolk) (4.8 X 1076 cm 2 s7! at
25°Cvs. 0.9-1.8 x 1078 cm 2 s7! at 20°C, respectively) favor-
ing its action as a mobile antioxidant barrier (Fukuzawa
et al., 1992).

Boonnoy et al. (2017) investigated the dynamic dis-
tribution of a-tocopherol in oxidized bilayers using
molecular dynamic simulations. The authors showed
that the addition of a-tocopherol in bilayers of 1-
palmitoyl-2-linoleoyl-sn-3-phosphocholine  and  the
two aldehydes deriving from it (1-palmitoyl-2-(9-oxo-
nonanoyl)-sn-3-phosphocholine and 1-palmitoyl-2-(12-
oxo-cis-9-dodecenoyl)-sn-3-phosphocholine) at a ratio of
1:1 tended to reduce or even inhibit pore formation within
the bilayer at high «-TOH concentrations. Such pores
result from the tendency of oxidized lipids to aggregate, a
phenomenon that subtends the formation of a water pore
across the bilayer. A mechanism of protection has been
proposed, suggesting that a-tocopherol traps the polar
group of the oxidized lipids at the membrane interface.

Still using molecular dynamic simulations (Boon-
noy et al., 2018) confirmed that a-tocopherol remained
buried in the lipid bilayer containing oxidized lipids and
with the hydroxyl group in contact with the interface.
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Model bilayers were based on 1-palmitoyl-2-lauroyl-
sn-glycero-3-phosphocholine (PLPC). Oxidation was
modeled using 1:1 binary mixtures of PLPC and one
of its four main oxidative derivative products (either
hydroperoxides  [1-palmitoyl-2-(9-hydroperoxytrans-10,
cis-12-octadecadienoyl)-sn-glycero-3-phosphocholine,
9-tc and 1-palmitoyl-2-(13-hydroperoxy-trans-11,cis-9-
octadecadienoyl)-sn-glycero-3-phosphocholine, 13-tc] or
aldehydes [1-palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-
3-phosphocholine, 9-al and 1-stearoyl-2-(12-oxo-cis-9-
dodecenoyl)-snglycero-3-phosphocholine]). Inter-bilayer
flip-flop was observed and enhanced (higher frequency)
in the aldehyde lipid bilayer. These authors demon-
strated that flip-flop rates hinge on the type of oxidized
species present in the bilayer. a-TOH were initially
studied at concentrations ranging from 0% to 11.1% but
higher concentrations—5.9% and 11.1%—Iled to much
slower passive penetration into the bilayer (over several
microseconds, whereas 100- to 1000-fold faster penetra-
tion occurred at lower concentrations). Such high initial
concentrations could even lead to pore formation in the
bilayer.

Accordingly, the strong physical interactions of phos-
pholipids with TocOH will eventually modify the antiox-
idant effect of the latter. For example, Koga and Terao
(1995) evaluated the effect of phospholipids on the radical-
scavenging activity of TocOH using methyl esters as oxidiz-
able substrate. These authors observed that phospholipids
boosted the action of TocOH when oxidation was triggered
by a water-soluble radical initiator but that TocOH had no
significant effect when a lipid-soluble radical initiator was
used. According to the authors, these results imply that
phospholipids enhance the accessibility of TocOH toward
the chain-initiating radicals in an aqueous microenviron-
ment. To explain such an effect, they hypothesized that
TocOH is positioned in the aggregation form of phospho-
lipids (reverse micelles) with the phenolic head group
located near the polar region where aqueous peroxyl radi-
cals are generated (Rokosik et al., 2020).

4.2 | Specificity of interactions with
surfactants in emulsions and resulting
antioxidant activity

Small amphiphilic molecules, also known as surfactants,
can also modify antioxidant activity especially in biphasic
systems (O/W or W/O emulsions) by modulating the phys-
ical location of the antioxidant. For example, concerning
TocOH, Lopez-Martinez and Rocha-Uribe (2018) evaluated
the efficiency of a-TOH for the protection of an oil-in-water
model emulsion stabilized either by Tween 65 or Tween
80 emulsifier and compared the antioxidant efficacy to its
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partitioning in the emulsion. They showed that «-TOH was
not efficient as an antioxidant when Tween 80 was used
and was only slightly prooxidant when Tween 65 was used.
The same authors calculated that more than 98% of «-TOH
present were located in the oily phase, therefore limiting its
capacity to act as an antioxidant at the interface. Moreover,
they considered that the diffusion of a-TOH from one lipid
droplet to another by their micellization with surfactants
molecule was improbable due to the low affinity of TocOH
for the aqueous phase. These results partially contradict
the results obtained by Kiralan et al. (2014) who observed
TocOH micellization with surfactants. These authors
investigated the effect of increasing concentrations (0.1%,
0.5%, and 1%) of a nonionic surfactant (polyoxyethylene
sorbitol ester) on the partitioning behavior and antiox-
idant activity of various TocOH isoforms («, y, and &;
10-100 uM) in an O/W stripped soybean oil/phosphate
buffer (pH 7.0) system. Whatever the concentration,
the addition of surfactant increased the concentration
of TocOH in the aqueous phase due to the formation
of mixed micelles but without modifying the order of
increasing solubility of the tocopherol isoform, that is,
6- > y- > a-TOH. The addition of surfactants enhanced
the antioxidant activity of the two isoforms & (tested at 10
uM) and « (tested at 35 uM) but the effect on the & isoform
was stronger. The concentration effect of surfactant was
correlated with the increase in the concentration of
tocopherol in the subphase. These authors hypothesized
that surfactant micelles help dissolving TocOH out of
the lipid droplet. In addition, they hypothesized that the
combination of surfactants and TocOH micelles plays the
double role of “vehicles” and also of “reservoir” to restore
oxidized TocOH at the interface (Figure 9).

The discrepancies between the results obtained by
Kiralan et al. (2014) and Lopez-Martinez and Rocha-Uribe
(2018) could be due not only to the different nature of the
emulsifiers used in the two studies but also to the dif-
ference in the type of the emulsion tested, as one study
worked with a 10% oil/water emulsion, whereas the other
used much more oil (around 80%). Such parameters could
favor (or not) the transport of TocOH through the micel-
lization effect. In that context, one can cite the study by
Losada-Barreiro et al. (2013), who evaluated the effects
of the hydrophile-lipophile balance (HLB) and of the
concentration of emulsifier on the distribution of a-TOH
(among other studied antioxidants) in emulsions. They
used an emulsion composed of stripped corn oil stabi-
lized by a mixture of various nonionic surfactants includ-
ing Tween 20, 40, and 80 and Span 20 to fix the global
HLB value, and evaluated the partitioning of the antiox-
idant molecule between the oil, aqueous, or interfacial
regions. They showed that increasing the concentration
of the emulsifier (surfactant volume fractions of 0.04) led

to the presence of more than 50% of a-TOH at the inter-
face and that this incorporation was favored in the case
of lower HLB of surfactants. Although not actually stud-
ied in the work by Losada-Barreiro et al., cited here, their
results emphasize the fact that the efficiency of TocOH as
antioxidants in emulsion can be influenced by their inter-
action with surfactants, and that these interactions depend
on the type of surfactant. Similarly, Panya et al. (2012)
observed that Tween 20 micelles could modify TocOH par-
titioning in emulsions and drag them to the aqueous phase
where their synergistic effect with water-soluble antioxi-
dant (in that case, rosmarinic acid) was optimized, result-
ing in enhanced antioxidant protection.

Other authors have also described the influence of the
nature of the emulsifier on the partitioning of TocOH
in emulsion and TocOH activity. For example, using a
stripped fish oil emulsion with either whey proteins or
Tween 80 as emulsifiers, Pernin et al. (2019) studied the
efficiency of a-TOH and found that a-TOH were efficient
in the presence of whey proteins, but not in the presence
of Tween 80. As an explanation, they suggested that the
more compact organization of Tween 80 at the interface
compared to that of whey proteins would limit the accessi-
bility of a-TOH to the interface in the presence of Tween 80
and thus hinder the potential activity of a-TOH. Similarly,
Yi et al. (2018) evaluated the behavior of a-TOH in corn
oil-in-water emulsions containing anionic (SDS), neutral
(Tween 20), and cationic (CTAB) charged emulsifiers and
studied different types of lipid oxidation using riboflavin
photosensitization, photooxidation, or autoxidation. Their
results showed that, whatever the type of induced oxida-
tion, a-TOH were efficient antioxidants in the presence of
a cationic emulsifier. With a neutral emulsifier, the same
molecule acted as an antioxidant with riboflavin photosen-
sitization, whereas it showed a prooxidant effect at pho-
tooxidation. Concerning anionic emulsifier, «-TOH activ-
ity differed with the concentration and types of oxidative
stress. Finally, one can also cite Schwarz et al. (2000),
who compared the behavior of «-TOH in homogenous or
emulsified systems (oil-in-water or water-in-oil emulsions)
and evaluated their interaction with emulsifiers. In their
study, these authors used different types of emulsion: o/w
emulsion containing cetheareth-15 and glyceryl stearate
(HLB value = 12.1), o/w emulsion containing polyglyc-
eryl glucose methyl distearate (HLB value = 11.5), w/o
emulsion containing polysiloxane polyalcohol polyether
copolymer (HLB value = 5.1), and w/o emulsion con-
tained polyglyceryl-3 oleate (HLB value = 5.1). In contrast
to the other antioxidants tested (gallic acid and its propyl
ester, Trolox, carnosic acid and its methyl ester), «-TOH
inhibited hydroperoxide formation in polysiloxane polyal-
cohol polyether copolymer W/O emulsion and polyglyc-
eryl glucose methyl distearate O/W emulsion to the same
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extent as in bulk oil. However, the inhibition of oxida-
tion by a-TOH was much less pronounced in cetheareth-15
and glyceryl stearate O/W emulsion and in polyglyceryl-
3 oleate W/O emulsion. In the homogenous system, the
authors used a bulk oil containing emulsifiers with the
same emulsifier/oil ratio as in the previous emulsions.
They observed that mixtures of cetheareth-15/glyceryl
stearate and polyglyceryl glucose methyl/distearate emul-
sifiers increased a-TOH activity, whereas polyglyceryl-3
oleate strongly reduced a-TOH activity. To explain their
results, the authors postulated that the emulsifiers they
tested were capable of solubilizing a portion of a-TOH
and of bringing it to the interfacial area to express opti-
mized activity and that this capacity of the emulsifier was
of course influenced by its type. However, to the best of our
knowledge, there is a lack of rational studies that evalu-
ate the molecular interactions between TocOH and emul-
sifiers, and how the type of TocOH and the nature of the
emulsifiers can affect such interactions and participate in
the relocation of TocOH in the interfacial area of emul-
sions or bulk oils (associate colloids). However, one can
cite the work by Pastoriza-Gallego et al. (2009) who used a
“combined linear sweep voltammetry (LSV)/pseudophase
kinetic model” to determine the transfer entropies of a-
TOH between the oil and interface in an emulsion. With
this model, these authors were able to estimate the most
appropriate concentration of surfactant to obtain an opti-
mized a-TOH concentration at the interface. The same
research group (Sanchez-Paz et al, 2008) used the same
pseudophase kinetic model to estimate the constants that
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describe a-TOH partitioning between the oil/interfacial
and water/interfacial regions of tributyrin/Brij 30/water
emulsions. Here again, they were able to determine the
concentration of surfactant that produced the best distri-
bution of the antioxidant in the interfacial region.

The example above illustrates the potential advantage
of using physicochemical interactions to regulate TocOH
partitioning in heterogenous systems, and hence opti-
mize their resulting antioxidant efficiency. In that sense,
Schroeder et al. (2020) conceived an innovative approach
to optimize the antioxidant effects of TocOH in emulsions
by formulating them in Pickering particles that would act
as both emulsion stabilizers and as reservoirs of antiox-
idants that would locate in the interfacial area. These
authors observed that the systems based on Pickering par-
ticles formulation allow TocOH to reside for a substantial
period at the interface during the initiation step of lipid oxi-
dation. The extended location of the antioxidant at the site
of oxidation would favor its effect and limit oxidation dif-
fusion from one lipid droplet to another.

4.3 | Interactions of TocOH with
association colloids in bulk oils and
resulting antioxidant activity

In the case of bulk oil systems, as mentioned previously,
the presence and nature of association colloids strongly
influence the activity and efficiency of TocOH. These
reverse micelles are stabilized by minor surface-active
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components (fatty acids, partial glycerides, phospholipids,
sterols) that are not completely removed during the oil
refining processes and can form reverse micelles in the
presence of small quantities of water (around 300 ppm)
(Chaiyasit et al., 2007; Xenakis et al., 2010). Amphiphilic
substances such as lipid hydroperoxides and prooxidant
metals concentrate colloids within these associations and
favor the production of free radicals from LOOH. Koga
and Terao (1995) were pioneers to set the hypothesis that
“oil-water interface resulting from residual traces of water
in the system” was the main site of oxidation in bulk oil
systems (Koga & Terao, 1995). Indeed, they showed that
the antioxidant capacity of «-TOH in a bulk oil containing
1% (v/v) of water was increased by phospholipids. With a
water-soluble azo compound (AAPH) releasing free rad-
icals in the water phase, increasing the concentrations
of phospholipids decreased the concentration of a-TOH.
They hypothesized that «-TOH are located in the associa-
tion colloids in bulk oils and that phospholipids increase
the exposure of a-TOH to the water phase. The same
kind of observation was made by Chen et al. (2011) who
used a stripped soybean oil to determine the activity of
a-TOH and its polar counterpart (Trolox) in the presence
or absence of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) micelles (Chen et al., 2011). At low concentrations
(10 uM), these authors showed that the activities of both
a-TOH and Trolox were enhanced, whereas at higher con-
centrations (100 uM), they decreased. They highlighted
that the concentration of Trolox increased in the reverse
micelles, so it could explain why it was more efficient than
a-TOH.

In the context of the presence of association colloids
in bulk oils, some authors tried to evaluate the effect of
relative humidity (RH) on the antioxidant properties of
TocOH. For instance, Kim et al. (2015) evaluated the effect
of RH with different concentrations of a-TOH in stripped
corn oil. The same concentration of a-TOH showed
different levels of oxidative stability under different RH
conditions. Generally, lower RH was associated with
higher oxidative stability. In addition, a high concen-
tration of a-tocopherol (84 ppm) had more prooxidative
properties than a low concentration (10 ppm). These
results suggest that both the concentration and moisture
content play an important role in the antioxidant prop-
erties of TocOH in bulk oils. The authors concluded that
at low RH, different forces drive oxidation compared to
high RH, and attributed their result to the number of
association colloids present in the system. Unfortunately,
colloids depending on the RH values were not quantified
in their study. In a comparable work, the same research
group studied the stability of a-TOH in stripped corn oils
with or without added y-TOH quantified under different
levels of RH (0%-93%) (Jung et al., 2016). These authors

have shown that the moisture acts on the stability of both
a- and y-TOH but also on the oxidative stability of the oil.
Moisture, the presence of y-TOH, and the concentration of
a-TOH affect significantly the stability of a-TOH. a-TOH
at a concentration of up to 100 ppm was the least stable at
75% RH; the best stability of a-TOH was obtained at 93%
RH and with concentration of 200 ppm, whereas the worst
stability of a-TOH was obtained under 0% RH with the
presence of y-TOH. Although, here again, the presence
of association colloids was not correlated with RH, the
authors suggested that y-TOH, with only few lipophilic
properties in the chromane ring moiety, may be the best
candidate for the inside positioning into association
colloids. Therefore, y-TOH may not be properly located on
the interface of oils and water. This fact would imply that
more y-TOH can be retained than a-TOH. Accordingly,
y-TOH in lower moisture content environment may more
likely get in the vicinity of prooxidative factors, thereby
reducing their oxidative stability. However, contradictory
results were obtained by Kittipongpittaya, Panya, and
Decker (2016). They used stripped corn oils that were
supplemented with either 400 or 1000 ppm of water and
evaluated the oil’s resistance to oxidation. The lag time
of lipid oxidation did not depend significantly on water
content. In presence of water, the lag time of hydroper-
oxides decreased and hexanal concentration increased in
bulk oil containing oleic acid, stigmasterol, and Trolox.
On the other hand, the antioxidant capacity of a-TOH
did not change significantly with 1000 ppm of water.
The authors hypothesized that, because this antioxidant
was not measured as surface active, it may present in
the oil media and water could not act on the oxidative
stability. Moreover, the same team (Kittipongpittaya et al.,
2014) showed that minor oil surface-active components
such as DOPC, DOPE, stigmasterol, oleic acid, and DAG
were able to get adsorbed at the oil-water interface and
therefore induced a reduction of interfacial tension. In
addition, DOPC and DOPE could aggregate at the critical
micelle concentration (CMC) of 40 and 200 umol/kg oil,
respectively (Kittipongpittaya et al., 2014). Association
colloids appeared with CMC as low as 20 pmol/kg oil
due to a blend with other minor molecules. However, the
authors observed that these physical structures did not
affect the antioxidative efficiency of TocOH at 10 and 50
umol/kg oil. More recently, several studies reported that
the performance of TocOH in bulk oils was correlated
with their interactions with association colloids. Kim et al.
(2019) studied the effect of added lecithin (300-3000 ppm)
on the oxidative stability of nonstripped or stripped corn
oil. The effectiveness of TocOH as antioxidant in non-
stripped oil was highest when lecithin was present near
or above and above CMC (1288 ppm). In this situation,
lecithins with moisture formed association colloids in
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the bulk oil and these colloids were able to incorporate
lipophilic TocOH in their structure, thus making them
efficient antioxidants and resulting in high oxidative
stability. In parallel, more residual TocOH were observed
when the concentration of lecithin was higher than
CMC. Rokosik et al. (2020) investigated the interaction
of canolol (4-vinylsyringol) and a-TOH in rapeseed oil
in the presence of association colloids (reverse micelles)
made of DOPC (Rokosik et al., 2020). Using fluorescence
measurements, the authors were able to show that canolol
was incorporated into the structure of DOPC reverse
micelles, whereas no interactions between a-TOH and
association colloids were demonstrated. Still, the presence
of association colloids was shown to affect the antioxidant
efficiency of both compounds. In the absence of DPOC
micelles, an antioxidant action of «-TOH was observed at
10 and 100 pmol amounts when hexanal concentrations
were measured. Interestingly, the authors reported that
at high concentrations of o-TOH (100 wmol) a prooxi-
dant effect was rapidly observed. They attributed this
phenomenon to the possible association of amphiphilic
lipid oxidation products (hydroperoxides, aldehydes) with
a-TOH to form reverse micelles that would decrease the
antioxidant efficiency. This hypothesis was corroborated
by the fact that reverse micelles formed with a-TOH
were observed by the fluorescence measurements of the
N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-
snglycero-3-phosphoethanolamine, triethylammonium
salt (NBD-PE) probe and this formation is influenced by
the concentration of «-TOH. In the presence of DOPOC
micelles, when primary oxidation compounds were mea-
sured, a-TOH at 10 umol showed a significant prooxidant
effect. The same observation was made at higher amounts
(100 pmol) but the effect was less pronounced. Here
again, a change in the composition of DOPC reverse
micelles was confirmed with NBD-PE probes resulting in
a modification of the efficiency of the antioxidant. These
results are in accordance with the results obtained by Cui
et al (2015) who also reported that reverse micelles with a
combination of DOPC and a-TOH may have prooxidant
capacity (Cui et al., 2015).

5 | CONCLUSION

For many years now, antioxidants have been used to com-
bat lipid oxidation in food, cosmetics, and pharmaceuti-
cal products. Among these additives, tocopherols, either
as natural extracts or in synthetic pure form (mainly as a-
TOH), are probably the most widely used. Although their
efficiency in protecting unsaturated lipids from oxidative
degradation is recognized, their mechanism of action has
still not been completely characterized and depends on
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many factors especially in complex systems such as real
products. In such products, the efficiency of a given antiox-
idant is driven not only by its chemical reactivity but also
by its physical behavior (i.e., its distribution within the
product) and its interactions with other substances present
in the product. The abundant literature on tocopherols
as antioxidants is sometimes contradictory but neverthe-
less underlines the fact that it is strongly system depen-
dent. In terms of chemical reactivity, the antioxidant activ-
ity of tocopherols is principally due to their ability to
donate their phenolic hydrogen and can theoretically be
predicted based on the structure of the four tocopherol
isomers (a, 3, ¥, and 8-TocOH). However, the results of
many published studies show that prediction is impossi-
ble and that in practice, the effectiveness of each toco-
pherol isomer in lipid dispersion systems or in bulk oil is
unpredictable as it depends on many side reactions involv-
ing neighboring molecules. The fate of TocO+ radicals will
depend on various parameters leading to different chem-
ical pathways, and consequently, to different degrees of
efficiency of tocopherols as antioxidants depending on the
product in which they are used. In certain cases, espe-
cially when used at high concentrations, tocopherols may
also be involved in oxidation routes and contribute to
lipid degradation by complex chemical pathways. Nev-
ertheless, the most effective dose of tocopherols beyond
which their antioxidant activity will switch to prooxidant
is still not clear. However, the PCA we performed on
several research articles focused on this topic tends to
show that up to a value of about 200 ppm, TocOH exhib-
ited only antioxidant activity, whereas beyond that value,
TocOH activity very often switched to prooxidant, except
for very low level of oil oxidation. The effects of the inter-
action of tocopherols with other antioxidant molecules
are also crucial to guarantee an effective antioxidant sys-
tem. However, here again, the results reported in the lit-
erature vary between synergistic or antagonist effects and
the chemical interactions involved are complex. When
all the antioxidant molecules are in contact within the
final product, such interactions are difficult to predict.
Finally, the complexity of the physical (micro)structure of
the system may also significantly affect the efficiency of
tocopherols as antioxidants. In particular, the physical dis-
tribution of tocopherols between the different phases of
the systems will influence their activity. Although consid-
erable data exist regarding the interactions between toco-
pherols and phospholipids (mainly in biological mem-
branes), in emulsions, some recent literatures underline
the importance of the micellization phenomena of sur-
factants and tocopherols that affect the partitioning of
the tocopherols and increase or alter their antioxidant
effect. Here again, some results are contradictory mean-
ing more research is required to elucidate the specific
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mechanisms. Yet, these results suggest that the conception
of new antioxidant systems involving interactions between
tocopherols and surfactants could be promising in emul-
sified systems. Similarly, a better understanding of how
tocopherols interact with association colloids present in
bulk oils should also help to optimize activity against lipid
oxidation.
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