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Preface

Knowledge about vitamin E has expanded so rapidly over the past few
decades that it is difficult for anyone to keep up with even a few of the
general areas pertinent to the vitamin—chemistry, nutrition, metabolism,
genetics, functional impact on disease onset and severity, pharmacology,
regulations, food technology, and food composition and analytical
challenges, to name a few. Our careers in food science and technology are
focused on food composition and analysis. We have been privileged to
play a role in improving the availability of food composition information
on vitamin E and, in some ways, the analytical capability for its assay.
Interaction with the food industry, the U.S. Department of Agriculture
Nutrient Data Laboratory, the U.S. Food and Drug Administration, and
various international organizations concerned with food composition has
opened many avenues for research, none of which has been more satisfying
or challenging than work on vitamin E.

The overall objective of this book is to provide insight into the vast
body of scientific information available on vitamin E related to food
science and technology; thus, the emphasis is on food chemistry, food
composition, and food analysis. At the same time, these topics are
intertwined with the food delivery system, basic nutrition, food
regulations, the functional food and pharmaceutical industries, and the
excellent efforts of scientists worldwide who are unraveling the subtleties
of vitamin E biochemistry. While our primary goal is to provide a resource

iii
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useful to food scientists, we hope scientists and students in others fields
will find the book helpful.

ACKNOWLEDGMENT

This book would not have been possible without the help of Ms. Huan
Huan Huang, Dr. Lin Ye, and Dr. Ji-Yeon Chun. We sincerely thank them
for their diligent efforts.

Ronald Eitenmiller
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1

1
Vitamin E: Chemistry and
Biochemistry

1.1. INTRODUCTION

Vitamin E and other antioxidant components of the diet (vitamin C,
carotenoids, selenium, flavonoids, and several others) have been put to
the forefront of the medical and nutrition sciences because of significant
advances in understanding of the relationship of oxidative stress in its
various forms to the onset and/or control of many chronic diseases. Since
these disease states including coronary heart disease and cancer are focus
points for consumer health interests and the medical community, dietary
antioxidant components are highly recognized and sought after by the
consumer. Of the many such dietary components, vitamin E has
commanded most interest because of its availability, strong marketing
potential, overall health impact, and central role in preventing oxidation
at the cellular level.

Vitamin E was discovered and characterized as a fat-soluble nutritional
factor during reproductive studies with rats. Evans and Bishop published
these observations in 1922 (1). First named factor X and the antisterility
factor, the vitamin was later designated vitamin E by Bishop, since its
discovery closely followed the discovery of vitamin D. A vitamin E active
compound was isolated from wheat germ oil in 1936 (2). At this point,
the Evans research group named the compound α-tocopherol (α-T) from
the Greek words tocos (birth) and ferein (bringing), relating to its
essentiality for rats to bear young. The ol suffix denotes that the compound
is an alcohol (3). Other notable events in the early history of vitamin E
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include the isolation of ß- and γ-tocopherol (ß-, γ-T) from vegetable oil in
1937 (4), determination of the structure of α-T in 1938 (5, 6), synthesis
of α-T in 1938 (7), recognition of the antioxidant activity of the
tocopherols (8), recognition that α-T was the most effective tocopherol in
prevention of vitamin E deficiency (4), isolation of δ-tocopherol (δ-T)
from soybean oil in 1947 (9), identification of the four naturally occurring
tocotrienols (α-T3, ß-T3, γ-T3, δ-T3) (10, 11), and documentation of
naturally occurring tocopherols and tocotrienols in foods (12–20). Many
excellent reviews cover all aspects of vitamin E knowledge. Each review
has many outstanding qualities, anyone interested in the early history of
vitamin E should read the publication of the Symposium on Vitamin E
and Metabolism in honor of Professor H.M.Evans (21).

1.2. CHEMISTRY OF VITAMIN E

1.2.1. Structure

Vitamin E is the collective term for fat-soluble 6-hydroxychroman
compounds that exhibit the biological activity of α-T measured by the rat
resorption—gestation assay. Tocol (Figure 1.1) (2-methyl-2-(4',8',12'-
trimethyltridecyl)-chroman-6-ol) is generally considered the parent
compound of the tocopherols. Accepted nomenclature has been set by the
IUPAC-IUB Joint Commission on Nomenclature (22–24).

Naturally occurring vitamin E consists of α-, ß-, γ-, and δ-T and the
corresponding α-, ß-, γ-, and δ-T3 (Figure 1.1). The tocopherols are
characterized by the 6-chromanol ring structure methylated to varying
degrees at the 5, 7, and 8 positions. At position 2, there is a C16 saturated
side chain. The tocotrienols are unsaturated at the 3', 7', and 11' positions
of the side chain. The specific tocopherols and tocotrienols, therefore,
differ by the number and positions of the methyl groups on the 6-
chromanol ring. α-Tocopherol and α-T3 are trimethylated; ß-T, ß-T3, γ-
T, and γ-T3 are dimethylated; and δ-T and δ-T3 are monomethylated
(Figure 1.1). Trivial and chemical names are given in Table 1.1.

1.2.2. Stereochemistry

The tocopherols possess three asymmetric carbons (chiral centers) at
position 2 of the chromanol ring and at positions 4' and 8' of the phytyl
side chain. Synthetic α-T (all-rac-α-T) is a racemic mixture of equal parts
of each stereoisomer. Therefore, each tocopherol has eight (23) possible
optical isomers. Only RRR-tocopherols are found in nature. The eight
isomers of all-rac-α-T (RRR-, RSR-, RRS-, RSS-, SRR-, SSR-, SRS-, and
SSS-) are depicted in Figure 1.2. As discussed more completely in Chapter
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FIGURE 1.1 Structures of tocopherols and tocotrienols.
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2, only the 2R-stereoisomeric forms (RRR-, RSR-, RRS-, and RSS) of α-
T are considered active forms of vitamin E for the human (25). Chemical
synthesis of the tocopherols is discussed in Section 1.2.5.

The tocotrienols arising from 2-methyl-2-(4',8',12'-trimethyltrideca-
3',7',11'-trienyl) chroman-6-ol (nonmethylated ring structure) have only
one chiral center at position 2. Consequently, only 2R and 2S stereoisomers
are possible. Unsaturation at positions 3' and 7' of the phytyl side chain
permits four cis/trans geometric isomers. The eight potential tocotrienol
isomers are given in Table 1.2. Only the 2R, 3'-trans, 7'-trans isomer
exists in nature. Isolation and elucidation of the structural properties of
the tocotrienols were accomplished in the 1960s by the Pennock and
associates and Isler and associates research groups (11, 26). Drotleff and
Ternes (27). examined hydrogenation of oils and biohydrogenation in the
rumen as possible sources for cis/trans isomerization of the tocotrienols
but found little evidence of changes in the 2R, trans-trans configuration.

1.2.3. Nomenclature Rules

Because of the complexity of tocopherol and tocotrienol nomenclature,
the IUPAC-IUB 1981 recommendations are given as presented by the Joint
Commission on Biochemical Nomenclature (23).

1. Terms
a. Vitamin E: The term vitamin E should be used as the generic

descriptor for all tocol and tocotrienol derivatives exhibiting
qualitatively the biological activity of a-tocopherol. This term
should be used in derived terms such as vitamin E deficiency,
vitamin E activity, and vitamin E antagonist.

b. Tocol: The term tocol is the trivial designation for 2-methyl-2-
(4',8',12'-trimethyltridecyl) chroman-6-ol [Compound I (Figure
1.1)], where R1=R2=R3=H).

c. Tocopherol(s): The term tocopherol(s) should be used as a
generic descriptor for all mono, di, and trimethyl tocols. Thus,
the term is not synonymous with the term vitamin E.

2. Compound I (Figure 1.1) (R1=R2=R3=CH3), known as α-
tocopherol, is designated α-tocopherol or 5,7,8-trimethyl tocol.

3. Compound I (Figure 1.1) (R1=R3=CH3; R2=H), known as ß-
tocopherol, is designated ß-tocopherol or 5,8-dimethyl tocol.

4. Compound I (Figure 1.1) (R1=H; R2=R3=CH3), known as γ-
tocopherol, is designated γ-tocopherol or 7,8-dimethyl tocol.

5. Compound I (Figure 1.1) (R1=R2=H; R3=CH3) is known as δ-
tocopherol or 8-methyl tocol.
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FIGURE 1.2 Stereoisomers of α-tocopherol.
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6. Compound II (Figure 1.1) (R1=R2=R3=H) 2-methyl-2-(4',8',12'-
trimethyltrideca-3',7',11'-trienyl) chroman-6-ol is designated
tocotrienol [only all-trans (E,E)-tocotrienols have been found in
nature].

7. Compound II (Figure 1.1) (R1=R2=R3=CH3), formerly known as ζ,
or ζ2-tocopherol, is designated 5,7,8-trimethyltocotrienol or α-
toco-trienol. The name tocochromanol-3 has also been used.

8. Compound II (Figure 1.1) (R1=R3=CH3; R2=H), formerly known
as ε-tocopherol, is designated 5,8-dimethyltocotrienol or ß-
tocotrienol.

9. Compound II (Figure 1.1) (R1=H; R2=R3=CH3), formerly known
as η-tocopherol, is designated 7,8-dimethyltocotrienol or γ-
tocotrienol. The name plastochromanol-3 has also been used.

10. Compound II (Figure 1.1) (R1=R2=H; R3=CH3) is designated 8-
methyltocotrienol or δ-tocotrienol.

11. The only naturally occurring stereoisomer of α-tocopherol
hirtherto discovered [compound III, (Figure 1.1)] has the
configuration 2R,4’R,8’R according to the sequence rule. Its
semisystematic name is, therefore, (2R,4’R,8’R)-α-tocopherol. The
same system can be applied to all other individual stereoisomers of
tocopherols.

12. Trivial designations are sometimes desirable to indicate briefly the
configuration of important stereoisomers of α-tocopherol and
especially mixtures of such stereoisomers. Some of these materials
are of considerable commercial and therapeutic importance. The
use of the following trivial designations for the most important
material of this class is recommended.
a. The α-tocopherol mentioned earlier, which has the configuration

2R,4’R,8’R, formerly known as d-α-tocopherol, should be
called RRR-α-tocopherol.

b. The diastereoisomer of RRR-α-tocopherol, formerly known as l-
α-tocopherol, being the epimer of RRR-α-tocophero at C-2 with
the configuration 2S,4’R,8’R, should be called 2-epi-α-tocopherol.

TABLE 1.2 The Eight Possible RS, Cis/Trans Isomers of the Tocotrienols
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c. A mixture of RRR-α-tocopherol and 2-epi-α-tocopherol
(obtained by synthesis using phytol and the appropriate achiral
hydroquinone derivative) should be called 2-ambo-α-
tocopherol. This mixture was formerly known as dl-α-
tocopherol until the optical activity of phytol was recognized
when dl-α-tocopherol was restricted to all-rac-α-tocopherol. It
is probable that the asymmetric reaction involved in this partial
synthesis would only by chance lead to the formation of
equimolar proportions. The acetate of 2-ambo-α-tocopherol (2-
ambo-α-tocopheryl acetate) was the former international
standard for vitamin E activity.

d. The reduction product of natural 5,7,8-tocotrienol, in which
the double bonds at 3', 7', and 11' are hydrogenated and two
new asymmetric centers are created at C-4' and C-8', is a
mixture in unspecified proportions of four diastereoisometric
α-tocopherols, having the configurations 2R,4’R,8’R;
2R,4’S,8’R; 2R,4’S,8’S; and 2R,4’R,8’S. The material should
be called 4'-ambo, 8'-ambo-α-tocopherol.

e. The totally synthetic vitamin E, obtained without any control
of stereochemistry, is a mixture in unspecified proportions (in
preparations examined, the proportions closely approached
equimolar of four racemates or pairs of enantiomers (i.e., eight
diastereoisomers). It should be called all-rac-α-tocopherol (it
was formerly known as dl—tocopherol, although this
designation was previously used for 2-ambo—tocopherol).

13. Esters of tocopherols and tocotrienols should be called tocopheryl
esters and tocotrienyl esters, respectively (e.g., α-tocopheryl
acetate, α-tocotrienyl acetate).

1.2.4. Spectral Properties

Ultraviolet (UV) and fluorescence properties of several vitamin E
compounds are given in Table 1.3 (28–32). The UV spectra for tocopherols
and tocotrienols in ethanol show maximal absorption between 292 and
298nm. Minimal absorption occurs between 250 and 260nm (29, 33–
36). Esterification at the 6-hydroxyl shifts the absorption to shorter
wavelengths; all-rac-α-tocopheryl acetate shows maximal absorption at
286nm (28, 35, 36). Intensity of absorption decreases with esterification.
E1cm

1% in ethanol for all-rac-α-tocopheryl acetate ranges from 40 to 44,
compared to 75.8 to 91.4 for the tocopherols and tocotrienols (28).

Excitation of the chroman ring at wavelengths near or at maximal
absorption (e.g., 292nm) produces maximal emission at 320nm or slightly
higher wavelengths (28, 29, 37). The tocopherols and tocotrienols,
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TABLE 1.3 Ultraviolet and Fluorescence Properties of Vitamin E

aCommon or generic name; CAS No., Chemical Abstract Service number; bold print
designates the Merck Index (30) monograph number.
bValues in brackets are calculated from corresponding  values, in ethanol.
cIn hexane ε, molar absorptity.
Source: Ref. 28.
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therefore, possess strong native fluorescence that provides an ideal specific
mode of detection for fluorescence-based liquid chromatographic (LC)
methods (Chapter 7). Vitamin E esters show only weak fluorescence
compared to the alcohols; however, the fluorescence is strong enough to
allow quantitation by LC methods (28).

Characterization of other physicochemical properties of vitamin E
including infrared, nuclear magnetic resonance, and mass spectra can be
obtained from a variety of literature sources. Characterization studies
were reviewed in several of the previously cited publications (33–36).

1.2.5. Chemical Synthesis

1.2.5.1. all-rac-ααααα-Tocopherol, 2-ambo-ααααα-Tocopherol, and all-rac-ααααα-
Tocopheryl Esters. Currently used synthesis routes for the commercial
production of vitamin E are based on successful synthesis reactions
published in the 1930s. Synthesis follows formation of the chroman ring
by a Friedl-Crafts alkylation reaction that attaches the alkyl side chain of
phytol, isophytol, or phytyl halides onto the benzene ring of
trimethylhydroquinone (TMHQ) and causes subsequent ring closure (38–
40). Condensation of TMHQ with phytol yields 2RS, 4’R, 8’R-α-T (2-
ambo-α-T), and TMHQ reaction with isophytol yields all-rac-α-T (Figure
1.3) (31, 38, 39). Current industrial syntheses primarily use the isophytol-
TMHQ condensation (38, 39). Approximately, 80% of the world
production (>25,000 tons) of vitamin E is produced by this synthesis route
(39, 40). Acid catalysis of the alkylation reaction is required and
accomplished by ZnCl2, BF3, AlCl3 or other Lewis acids (39, 40). The
reaction proceeds through an intermediate carbonium ion formed by the
interaction of the catalyst with the reactant donating the side chain.
Bonrath et al (40). presented a synthesis of all-rac-α-T from isophytol
and TMHQ using fluorinated NH-acidic catalysts. Compared to
traditional ZnCl2/HCl or BF3 catalysts, the imide catalyst provided higher
selectivity with small amounts of phytadiene and furan dehydration
products, higher yield (up to 94%), milder reaction conditions, lower
catalyst requirement (0.1mol %), decreased waste problems, and higher
recovery of the catalyst.

Synthesis of ß-, γ-, and δ-T can be accomplished by using the same
reaction scheme by altering the placement and number of methyl groups
on the hydroquinone ring. Synthesis of γ-T would, therefore, require 2,3-
dimethyl hydroquinone. However, potential for production of multiple
end products due to lack of selectivity makes isolation of the desired
product difficult (41).

A large percentage of synthetic all-rac-α-T is esterified into all-rac-α-
tocopheryl acetate with conversion of smaller quantities into succinate
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FIGURE 1.3 Chemical synthesis of all-rac- and 2-ambo-tocopherol. (Modified from Refs. 31, 38, 39.)
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and nicotinate esters (39). Fortification of food and supplementation of
animal and poultry rations requires stabilization against oxidation by
esterification of the 6-hydroxy on the chroman ring. Netscher (39).
reported that 71% of the world’s production of all-rac-α-T is utilized by
the feed industry, 24% by the pharmaceutical industry, 3% in cosmetics
manufacture, and 2% in human food production.

1.2.5.2. Vitamin E Concentrates, RRR-ααααα-Tocopherol, and RRR-ααααα-
Tocopheryl Acetate. Raw material for production of vitamin E concentrates
and “natural source” RRR-α-T is deodorizer distillate obtained as a by-
product of the edible oil refining process. The vacuum, high-temperature,
and steam-stripping conditions employed during deodorization lead to
volatilization of small-molecular-weight substances in the oil. Tocopherols
and tocotrienols together with other small-molecular-weight substances

and source for value-added products. The distillate is amenable to further
processing to produce vitamin E concentrates that have a large market
and provide the concentrated material containing mixtures of tocopherols
for conversion into RRR-α-T, the preferred form for vitamin supplements
for human consumption.

Tocopherol and/or tocotrienol concentrations in distillates are quite
variable. The type of oil, the total vitamin E content, and the tocopherol/
tocotrienol profile of the oil determine the content and tocopherol/
tocotrienol profile of the distillate. Processing of soybean oil yields a
distillate similar to the soybean oil in the relative amounts of the
tocopherols that are present. Soybean oil distillate is high in γ-T, and
sunflower oil yields a distillate high in α-T. Likewise, deodorization of
palm oil or rice bran oil produces a distillate high in the tocotrienols.
Analyses of distillates from various oils in our laboratory (University of
Georgia) have shown vitamin E concentrations as high as 1% by weight
(unpublished). Deodorization processes have been optimized to increase
levels of vitamin E in the distillate and to maintain levels in oil sufficient
to ensure oxidative stability of the oil (42).

Deodorizer distillates, because of the high concentration of tocopherols
and/or tocotrienols, provide ideal raw materials for further concentration
to produce commercial vitamin E concentrates. Distillates originating from
the refining of soybean oil are the most common source of vitamin E
concentrates. Vitamin E concentrates are produced by molecular
distillation of the distillate or by various other fractionation processes
including saponification to remove saponifiable material in combination
with molecular distillation (43). Commercial vitamin E concentrates
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usually range from 30% tocopherol by weight to 90% or above. A 70%
concentrate that was analyzed in our laboratory contained 10.6% α-T,
0.8% ß-T, 64% γ-T, and 24.3% δ-T, closely matching the tocopherol
profile of refined, bleached, deodorized (RBD) soybean oil (Chapter 8,
Table 8.3). Such vitamin E concentrates are widely used by the food
industry as natural source antioxidants and by the pharmaceutical and
food supplement industries as vitamin E sources. Because of the instability
of tocopherols and tocotrienols to oxidation, the usual delivery form to the
human is a capsule. Direct addition to food for fortification requires the
use of α-tocopheryl acetate, which is quite stable to oxidation.

Mixed RRR-tocopherols, concentrated and partially purified from the
distillate, are methylated to RRR-α-T. Chemical methylation by halo-,
amino-, or hydroxyalkylation converts ß-, γ- and δ-T into alkylated
intermediates that are reduced to RRR-α-T (Figure 1.4). The industrial
process was reviewed by Netscher (39). The RRR-α-T produced from the
mixed tocopherols originating from the edible oil distillates, usually
soybean oil distillate, can be used directly in the alcohol form or stabilized
toward oxidation by esterification. RRR-α-tocopheryl acetate is the most
common form provided to the pharmaceutical and food industries for
products containing natural source RRR-α-T. Papas (3). provides an
excellent description of the use of the term natural in relation to α-T.
Natural source indicates that the α-T was extracted from natural raw
materials (edible oil distillates almost always) and has maintained the
molecular structure of RRR-α-T. Practically all natural source α-T is used
for human applications. Global usage of natural source RRR-α-T includes
77% in pharmaceutical products, 14% in food applications, 8% in
cosmetics, and only 1% in feeds (39).

1.2.5.3. Synthesis of RRR-ααααα-Tocopherol. The global supply of RRR-α-T
from natural sources (edible oil distillates) does not meet demand. Papas
(3). reported that the present annual production capacity is less than 4000
tons per year. With increased manufacturing capacity, availability of
deodorizer distillate could become a limiting factor in production of RRR-
α-T. Therefore, stereoselective synthesis of RRR-α-T has been intensively
investigated for several decades, since the biological activity of RRR-α-T
was shown to be higher than that of other stereoisomers of α-T and other
tocopherols and tocotrienols (44, 45). Stereoselective synthesis routes for
RRR-α-T were described in detail by Netscher (38). However, even with
a significant research effort, commercially feasible synthesis of RRR-α-T
and other RRR-tocopherols has not been achieved (39).

1.2.5.4. Tocotrienols. Original syntheses of the tocotrienols were
developed by the Isler and colleagues in the 1960s (26, 46, 47). The
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procedures were reviewed in detail by Schudel et al (36) and Kasparek
(34). Synthesis of α-T3 is shown in Figure 1.5. all-trans-Geranyllinallol is
condensed with TMHQ with boron trifluoride etherate catalyst followed
by oxidation with silver oxide to form geranylgeranyl-trimethyl
benzoquinone. Ring closure is completed by boiling pyridine to form the
chromanel ring. Reduction with sodium in boiling ethanol yields 2RS,
3’E, 7’E-α-T3, ß-, γ-, and δ-T3 were synthesized by the same procedure
(26, 34, 46).

FIGURE 1.4 Conversion of ß-, γ-, and δ-tocopherol into α-tocopherol by
methylation. (Modified from Ref. 39.)
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1.2.6. Commercial Forms

Demand for vitamin E products has rapidly increased over the past two
decades. Along with market demand, the number of product types
available to the pharmaceutical, food, feed, and cosmetic industries has
increased. Technology to manufacture products for specific applications
is sophisticated, including microencapsulation and enrobing technologies.
For all applications, oxidative stability of the vitamin E product is
required. Use of microencapsulation or coatings to protect tocopherols
and tocotrienols by forming oxygen barriers allows wider use of
nonesterified delivery forms. Microencapsulation through spray drying
of the vitamin E in the presence of various carriers imparts specific

FIGURE 1.5 Chemical synthesis of α-tocotrienol. (Modified from Refs. 34, 36.)
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characteristics to the application form, including water dispersibility of
powdered products with good flow characteristics. Commercial forms
include the following categories:

1. Pure Standards: Pure standards are readily available for the
tocopherols from major chemical suppliers. Tocotrienol standards
are less commonly available. The United States Pharmacopeia (USP)
standard is all-rac-α-tocopheryl acetate. One USP unit of vitamin
E activity is defined as the activity of 1mg of all-rac-α-tocopheryl
acetate, 0.67mg of RRR-α-T, or 0.74mg of RRR-α-tocopheryl
acetate (48). all-rac-α-Tocopheryl acetate (USP) is the most
commonly used form for fortification of foods and feed and for
pharmaceutical use in vitamin supplements. As synthesized, all-
rac-α-tocopheryl acetate is a viscous, light yellow oil.

2. Oils and Concentrates: Natural source tocopherols, tocotrienols,
RRR-α-T, and all-rac-α-tocopheryl esters are available as pure oils
and concentrates diluted with edible oil. Mixed, natural source
concentrates range from 20% by weight to 90% by weight mixed
tocopherols. Such concentrates are marketed as antioxidants for
foods and supplements. Tocopheryl esters in the oil form are
primarily used for fortification of food and feed because of their
oxidative stability.

3. Dry, Granular Powders: Esters of RRR-α-T or all-rac-α-T can be
absorbed onto silicon dioxide, microcrystalline cellulose, or modified
cellulose or spray-dried with suitable carriers such as gelatin, dextrin,
and sugars to produce dry, granular powders. These powders have
good flow characteristics for use in compressed tablets, chewable
tablets, and gelatin capsules. They are not water-dispersible.

4. Water-Dispersible Free-Flowing Powders: Mixed, natural source
tocopherols, RRR-α-T, and tocopheryl esters are microencapsulated
by spray drying the oils with various carriers including gelatin,
gum acacia, and carbohydrates such as dextrin, sucrose, or glucose.
Vitamin E oil droplets are embedded in a protective matrix that is
water-dispersible. Some products are coated with starch or modified
starch to enhance water dispersiblity. Flow characteristics are
enhanced through addition of silicon dioxide. Water-dispersible
dry products are used in vitamin premixes, for fortification of liquids
and dry products that will be reconstituted. These formulations
are suitable for use in compressed tablets or gelatin matrix
multivitamins and mineral supplements.

5. Gelatin Microcapsules: all-rac-α-Tocopheryl acetate is available in
gelatin microcapsules for cosmetic use.

6. Water-Soluble Vitamin E: Eastman Chemical Company
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manufactures a water-soluble vitamin E. Chemically, the product
is synthesized by esterification of polyethylene glycol 1000 onto
RRR-α-tocopheryl succinate (49). The compound is marketed as
TPGSNF, RRR-α-tocopheryl polyethylene glycol 1000 succinate.
The material is a waxy, yellow solid with the ability, because of its
amphiphilic properties, to form miscible micelles in water.
Applications include modification of thermal properties of miscible
oils, enhancement of vitamin E bioavailability in humans and
animals, drug absorption enhancement and provision of a vehicle
for drug delivery. The role as an absorption enhancer is beneficial
in the treatment of chronic choleostasis (50).

1.3. BIOCHEMISTRY OF VITAMIN E

All 6-hydroxychromanols that constitute the vitamin E family are plant
products of well-defined biosynthetic routes. All photosynthetic organisms
synthesize the vitamin. Synthesis has not been documented in any other
organisms, and plant products provide the only natural dietary sources.
Early studies concluded that α-T is formed in both photosynthetic and
nonphotosynthetic tissue of higher plants, concentrated in the chloroplasts
(51–52). Other tocopherols and tocotrienols are in higher concentration
in nonphotosynthetic tissues (53). In Calendula officinalis leaves, α-T was
only present in chloroplasts, whereas γ-and δ-T were found in the
chloroplasts, mitochondria, and microsomes (54). No tocopherols were
present in Golgi membranes and cytosol. Biosynthesis of the tocopherols
occurred primarily in the chloroplasts (55–58). Most vitamin E partitions
into the lipid phase of the choloroplast membrane with the phytyl side
chain embedded within the membrane bilayer (56). Orientation of the
vitamin E occurs through interaction of the benzoquinone ring with the
carbonyls of triacylglycerol esters (56). Such localization and orientation
have been established in mammalian cells as well.

1.3.1. Biosynthesis

1.3.1.1. Formation of Homogentisic Acid. Synthesis of vitamin E by higher
plants is quite well understood. Early studies that defined the synthesis
were reviewed by Threlfall (52) and Draper (59). Later reviews include
those by Hess (56) and Bramley et al. (60), which provide insight into studies
that characterize the enzymological features of the biosynthesis. Studies
mostly completed in the 1960s identified the shikimic acid pathway present
in plants, algae, and bacteria but not in animals (59) as a key pathway
yielding homogentisic acid. The pathway (Figure 1.6) proceeds through the
p-hydroxyphenylpyruvic acid intermediate, forming homogentisic acid,
which constitutes the p-benzoquinone ring of the chromanol structure.
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FIGURE 1.6 Biosynthesis of homogentisic acid. (Modified from Refs. 52, 59.)
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Homogentisic acid provides the backbone structure for further formation
of the tocopherols and plastoquinones (59). Also, p-hydroxyphenylpyruvic
acid is converted through tyrosine to ubiquinone. Conversion to
homogentisic acid is catalyzed by p-hyroxyphenylpyruvic acid dioxygenase
(HPPDase, p-hydroxyphenylpyruvate: oxygen oxidoreductase,
hydroxylating, decarboxylating, EC 1.13.11.27, EC 1.14.2.2). The HPPDase
inserts two oxygen molecules, oxidatively decarboxylates, and rearranges
the side chain of p-hydroxyphenylpyruvic acid to form homogentisic acid
(60–63). In mammals, HPPDase functions in the degradation of aromatic
amino acids. The subcellular location, purification, and cloning of genes of
HPPDase from carrot cells (63) preceded accomplishment of further research
with Arabidopsis sp. mutants (62).

1.3.1.2. Conversion of Homogentisic Acid to Tocopherols. Conversion
of homogentisic acid to the tocopherols includes the following steps:

1. Polyprenyltransferase Reaction: Addition of the phytyl side chain
results from the reaction of homogentisic acid with phytyl-
diphosphate (pyrophosphate) (Figure 1.7). Polyprenyltransferase
catalyzes with the simultaneous prenylation reaction,
decarboxylation, and release of pyrophosphate to form 2-methyl-6-
phytylbenzoquinol, which constitutes the intermediate for synthesis
of the tocopherols (60, 64). The polyprenyltransferases catalyze
condensation reactions of homogentisic acid with phytyl-
diphosphate, geranylgeranyl-diphosphate, or solanesyldiphosphate
to form tocopherols, tocotrienols, and plastoquinones, respectively
(64). Phytyl-diphosphate also provides the isoprenoid tail for the
synthesis of phylloquinones (vitamin K1) and the chlorophylls (52,
64–66). Collakova and DellaPenna (64) successfully cloned gene
products from Synechocystis sp. PCC6803 and Arabidopsis sp. that
encode polyprenyltransferases specific for tocopherol synthesis. Loci
PDS1 and PDS2 that had previously been characterized
when mutated, decreased the levels of tocopherols and
plastoquinones in Arabidopsis sp. The PDS1 locus encodes for p-
hydroxyphenylpyruvate dioxygenase. Locus PDS2 was proposed to
be responsible for synthesis of a polyprenyltransferase that catalyzes
the conversion of homogentisic acid to either 2-methyl-6-
phytylbenzoquinol or 2-demethylplastoquinol-9 (62). The PDS1 and
PDS2 mutants in Arabidopsis sp. were proved to be deficient in
plastoquinone and tocopherols (62). The PDS2 mutation was thought
to affect a step of the plastoquinone-tocopherol pathway after the
HPPDase reaction, most likely the polyprenyltransferase reaction.

2. 2-Methyl-6-Phytylbenzoquinol Methyl Transferase Reaction: 2-
Methyl-6-phytylbenzoquinol is methylated by a methyltransferase
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to form 2,3-dimethyl-6-phytylbenzoquinol. This compound is the
immediate precursor of γ-T (67). In 2002, Shintani et al. (67)
identified a putative 2-methyl-6-phytylbenzoquinol methyltransferase
gene (SLL0418) from the Synechocystic sp. PCC6803 genome that
encodes the methyltransferase. The enzyme catalyzes methylation
of C-3 of 2-methyl-6-solanylbenzoquinol in the terminal step of
plastoquinone synthesis. The enzyme was described as playing a
more important role in determining the tocopherol profile than in
determining total tocopherol content (67).

3. Tocopherol Cyclase Reactions: Tocopherol cyclase catalyzes the
formation of the δ-T from 2-methyl-6-phytylbenzoquinone and γ-T
from 2,3-dimethyl-6-phytylbenzoquinone (67, 68) (Figure 1.7).
Tocopherol cyclase from Anabaena variabilis (Cyanobacteria) blue-
green algae was studied in depth by Stocker et al. (68–70). Substrate
specificity is imparted through recognition of the -OH group at C-1

FIGURE 1.7 Conversion of homogentisic acid to tocopherols by the action of
polyprenyltransferase and tocopherol cyclase. (Modified from Refs. 60, 64.)
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of the hydroquinone, the (E) configuration of the double bond on
the side chain, and the length of the side chain on 2-methyl-6-
phytylbenzoquinol or 2,3-dimethyl-6-phytylbenzoquinol. Substrates
enter the active site of tocopherol cyclase with the recognition of the
hydrophobic tail. The enzyme is equally effective in converting 2,3-
dimethyl-6-geranylbenzoquinol to γ-T3 and 2-methyl-6-
geranylgeranyl benzoquinol to δ-T3 (68). (Figure 1.8).

4. γ-Tocopherol Methyltransferase Reaction: γ-Tocopherol and δ-T
are methylated by a specific γ-T methyltransferase at the 5 position
of the chromanol ring to yield α-and β-T, respectively. α-And β-
methyltransferases have not been identified in nature, and α- and
ß-T chromanol ring to yield α- and ß-T, respectively. α- And ß-are
considered terminal products of the biosynthesis (67). The enzyme
was purified and characterized from spinach chloroplasts and
Euglena gracilis (71–73). Shintani and DellaPenna (74). showed
that γ-T methyltransferase is a primary determinant of the
tocopherol composition of seed oils. The Vmax values of γ-T
methyltransferase from peppers were similar for γ-, δ-T, and γ-, δ-
T3, but ß-T is not a substrate (75). Overexpression of the γ-T
methyltransferase gene in Arabidopsis sp. increased α-T content
of the oil without decreasing total tocopherol content. A seed of
lines overexpressing the largest amount of γ-T methyltransferase
had more than 95% of total tocopherol as α-T. To accomplish the
preceding research, Arabidopsis sp. was transformed with the
pDC3-A.t. γ-T methyltransferase expression construct containing
the Arabidopsis sp. γ-T methyltransferase complementary
deoxyribonucleic acid (cDNA) driven by the carrot DC3 promoter
(71). Understanding of the role and activity of the γ-T
methyltransferase explains why many seed oils contain low α-T
levels.

1.3.1.3. Biosynthesis of Tocotrienols. Condensation of homogentisic acid
with geranylgeranyl diphosphate, catalyzed by geranylgeranyltransferase,
yields 2-methyl-6-geranylgeranyl benzoquinol, providing the substrate for
formation of the tocotrienols (Figure 1.8). The 2-methyl-6-geranylgeranyl
benzoquinol intermediate is converted to the respective tocotrienols by
action of 2-methyl-6-phytylbenzoquinol methyltransferase. In 2002,
investigation of the γ-T methyltransferase from pepper fruits indicated
that methylation capacity of δ- and γ-T3 is almost equivalent to the capacity
to methylate the corresponding tocopherols (75). It has been postulated
that enzymes participating in tocopherol and tocotrienol biosynthesis after
the phytyltransferase and geranylgeranyltransferase reactions utilize both
the phytylated and geranylgeranylated substrates (64, 75).
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FIGURE 1.8 Conversion of homogentisic acid to tocotrienols by the action of
geranylgeranyl-transferase, methyltransferase, and tocopherol cyclase. γ-T, γ-
tocopherol; γ-T3, γ-tocotrienol; α-T3, α-Tocotrienol. (Modified from Refs. 67, 68.)
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1.3.1.4. Increasing ααααα-Tocopherol Levels in Plant Foods. The more complete
understanding of the biosynthetic steps leading to the synthesis of α-T levels
in plant foods and the availability of cloned genes of the responsible enzymes
have set the stage to increase α-T levels in plant foods. Thus, the nutritional
impact of such foods as sources of vitamin E for the human can be increased.
Approaches to engineering plants to increase concentration of α-T have
been reviewed by Hess (56), Grusak and DellaPenna (76), Hirschberg (77),
and DellaPenna (78). Tocopherol biosynthetic enzymes were classified into
two groups by Grusak and DellaPenna:

1. Enzymes that predominantly affect quantitative aspects of the
pathway (formation and phytylation of homogentisic acid)

2. Enzymes that predominantly affect qualitative aspects of the
biosynthesis (cyclization and methylation enzymes)

DellaPenna (78) emphasized that research to improve the nutritional
quality of plants is limited by a lack of knowledge of plant metabolism.
Because of the breadth of the area, meaningful research requires an
interdisciplinary effort involving nutritional biochemistry, food science,
plant science, and genetics with expertise in human, animal, and plant
molecular biological characteristics. Classical biochemical and genetic
approaches to plant improvement are being combined with genomic
approaches and rapidly developing molecular biology techniques to help
identify genes of plant secondary metabolism pathways significant to
improvement of nutritional quality (78). DellaPenna (78) has defined
nutritional genomics as the interface between plant biochemistry,
genomics, and human nutrition.

γ-Tocopherol methyltransferase that converts γ-T to α-T was considered
to be a good molecular target to have a positive impact on α-T levels in
plants. Successful manipulation of the γ-T methyltransferase was achieved
in Arabidopsis sp (71). Overexpression of the γ-T methyltransferase gene
shifted oil composition strongly toward α-T. Seeds of the lines overexpressing
the gene contained as much as 80 times greater α-T concentrations when
compared to normal seeds. Up-regulation of the γ-T methyltransferase was,
therefore, proved to be a viable approach to increasing α-T levels in plant
foods. The work should be transferable to other oilseed crops that have γ-
T as the primary tocopherol. Likewise, success will most likely be
forthcoming on engineering plants to produce higher amounts of total
tocopherol levels at the quantitative stages of the biosynthesis.

1.3.2. Biological Role of Vitamin E

1.3.2.1. Vitamin E and Oxidative Stress. Vitamin E functions with other
lipid- and water-soluble antioxidants to provide living systems an efficient
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defense against free radicals and the damage that they impart at the cellular
level. Free radicals are defined as chemical species capable of independent
existence that contain one or more unpaired electrons. Free radical
generation occurs when organic molecules undergo homolytic cleavage
of covalent bonds and each fragment retains one electron of the original
bonding electron pair (79). This process produces two free radicals from
the parent molecule with net negative charges with the ability to react
with an electron of opposite spin from another molecule. Free radical
generation also occurs when a nonradical molecule captures an electron
from an electron donating molecule. During normal metabolism, a wide
array of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
are produced (80). The ROS and RNS include both radicals and oxidants
capable of generation of free radicals (81, 82) (Table 1.4). Oxidants and
oxygen radicals formed from triplet oxygen by reaction with other radicals
or by photoexcitation, metabolic reactions, irradiation, metal catalysis,
or heat are the primary prooxidants that induce oxidative stress in living
systems or initiate autoxidative events in raw and processed foods.
Reactive nitrogen species, particularly nitric oxide (NO·), can contribute
to oxidative stress along with ROS. Nitric oxide acts as a biological
messenger with regulatory functions in the central nervous, cardiovascular,
and immune systems (83). Nitric oxide is synthesized by the oxidation of
arginine to NO· by nitric oxide synthetase (NOS; EC 1.14.13.39). The
enzyme is highly active in macrophages and neutrophils, in which NO.

TABLE 1.4 Reactive Oxygen and Nitrogen Species

Source: Modified from Refs. 81, 82.
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and superoxide anion  are produced during the oxidative burst
triggered by inflammation (84).

In cells, ROS are primarily produced in the mitochondria, phagocytes,
and peroxisomes and by the cytochrome P-450 enzymes (59, 80). Bramley
et al. (60) categorized ROS production as follows:

1. Mitochondria: Production of superoxide  and hydrogen
peroxide (H2O2) by normal respiration

2. Phagocytes: Production of , H2O2, nitric oxide (NO·), and
hypochlorite (ClO–) in association with the respiratory burst

3. Peroxisomes: Degradation of various substances including fatty
acids to yield H2O2

4. Cytochrome P-450 enzymes: Catalysis of various oxidation
reactions

5. Low-wavelength irradiation: Generation of hydroxy radicals (OH·)
from water

6. Ultraviolet irradiation: Cleavage of the O-O covalent bond in H2O2

to produce two OH· radicals

1.3.2.2. Availability of Antioxidants. Since generation of free radicals
occurs in hydrophilic and hydrophobic locations, both water- and lipid-
soluble antioxidants are required to limit free radical damage. Important
water-soluble antioxidants include ascorbic acid, glutathione (GSH),
dihydrolipoate, selenium, iron, and copper sequestering proteins and
various enzymes that destroy ROS and oxidants. Specific enzymes that
participate in the antioxidant system include catalase, glutathione
peroxidase, and superoxide dismutase. Catalase is located in the
peroxisomes and catalyzes the conversion of H2O2 to water and oxygen.

2H2O2→2H2O+O2  

Catalase also interacts with lipid hydroperoxides, yielding alcohols and water.

LOOH+2H+→LOH+H2O  

Glutathione peroxidase is a selenoenzyme located in the mitochondria
and cytoplasm (33). It catalyzes the reduction of H2O2 to water. The GSH
provides the protons with formation of reduced glutathione (GSSH).

H2O2+2GSH→2H2O+GSSH  

Glutathione peroxidase also degrades lipid hydroperoxides to alcohols
and water.

LOOH+2GSH→ROH+H2O+GSSG  

Superoxide dismutase is present in the mitochondria and cytoplasm. It
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catalyzes the conversion of superoxide anion to hydrogen peroxide and
triplet oxygen.

α-Tocopherol is the primary lipid-soluble antioxidant in mammalian
and plant cells located in the cell membranes and available to protect
lipoproteins. It functions as a primary, chain-breaking antioxidant,
scavenging peroxy free radicals. Protection of polyunsaturated fatty acids
(PUFAs) is facilitated by the greater affinity of lipid-generated free radicals
for reaction with α-T than with PUFA located in membrane phospholipids.
α-Tocopherol is an efficient chain-breaking antioxidant since it can rapidly
transfer the phenolic H+ to lipid peroxyradicals, while itself becoming a
relatively inactive radical—the α-tocopheroxyl radical, which is resonance
stabilized. The antioxidant mechanisms of vitamin E are discussed in
Chapter 3.

An important aspect of the potency of α-T as an antioxidant centers
on its molecular properties and orientation within the cell membrane. α-
Tocopherol is recognized as a significant membrane stabilizing component
as well as an antioxidant. In the membrane, the phytyl side chain is
embedded within the bilayer (see Figure 3.16, Chapter 3) with the
chromanol ring and the 6-OH positioned toward the surface of the
membrane. Hydrogen bonding and hydrophobic interactions are thought
to occur among the chromanol ring, the phytyl tail, and fatty acids. These
interactions stabilize the membrane and position the chromanol ring to
facilitate hydrogen atom donation to lipid peroxy radicals. Migration of
the α-tocopheroxyl radical from the lipid bilayer to the surface of the
membrane allows regeneration of the α-T through interaction with water-
soluble reducing agents that act as hydrogen donors to the α-tocopheroxyl
radical.

Tappel (85) originally suggested that ascorbic acid might reduce α-
tocopheroxyl radicals back to α-T in vivo. This approach led to the
recycling theory for vitamin E regeneration, which is still the subject of
investigation. Vitamin E recycling by water-soluble reductants explains
why a tocopherol molecule can scavenge many radicals (86); however,
direct in vivo evidence has been difficult to obtain. The extent of recycling
of vitamin E at the cellular level remains unknown (25, 87). The most
likely hydrogen donors that act in vitro to regenerate vitamin E are ascorbic
acid and glutathione (88). Such interactions participate together with α-T
to provide antioxidant defense as the antioxidant “network” (88–90).
Radicals of the water-soluble hydrogen donors would be regenerated
through oxidation-reduction cycles back to their nonradical states. A
depiction of vitamin E recycling in given in Figure 1.9 (56, 90–92).

Copyright © 2004 by Marcel Dekker, Inc.



27Vitamin E: Chemistry and Biochemistry

1.3.2.3. Antioxidant Activity of the Tocotrienols. α-Tocotrienol is
generally considered to be a better radical scavenger than α-T. This
conclusion, as summarized by several researchers working in the area, is
based on the following observations (90, 93–97):

1. α-Tocotrienol scavenged peroxyl radicals more efficiently than α-
T in liposomes, protecting against Fe(II)+reduced nicotinamide
adenine dinucleotide phosphate (NADPH)-induced peroxidation
in rat liver microsomes (93, 97).

FIGURE 1.9 Possible modes of regeneration of the α-tocopheroxyl radical to α-
tocopherol; NADPH, reduced nicotinamide adenine dinucleotide phosphate;
NADP+, oxidized NADP. (Modified from Refs. 56, 89, 90.)
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2. α-Tocotrienol protects cytochrome P-450 from oxidation more
effectively than α-T (93).

3. The α-tocotrienoxyl radical is recycled in membranes and
lipoproteins faster than the α-tocopheroxyl radical. α-T3 is located
closer to the membrane surface than α-T, an arrangement that most
likely improves efficiency of recycling (93).

4. α-Tocotrienol disorders membrane lipids to a greater extent than
α-T. A more uniform distribution of α-T3 within the membrane
increases the chance for collision with free radicals (90).

Preferential selection of 2R"tags-stereoisomers of -T in the liver by the
action of the -T transfer protein (Chapter 2) explains why tocopherols
and tocotrienols have lower biological activity (90). Researchers have
suggested that increased tissue concentrations of -T3 could provide greater
antioxidant protection with increased clinical impact (90, 95).

Antioxidant activities of tocotrienols compared to antioxidant activities
of α-T in a dipalmitoleyl-phosphatidyl choline liposome system as
measured by production of luminol are shown in Figure 1.10 (98). The
half quenching concentrations (K50) were α-T, 200nM; d-P21-T3, 14nM;
and d-P25-T3, 6nM. Compared to α-T, the tocotrienols were 4–33 times
more efficient scavengers of peroxyl radicals in the model system.

FIGURE 1.10 Peroxyl radical scavenging of α-tocopherol and various tocotrienols
found in heat stabilized rice bran. α-T, α-tocopherol; γ-T3, tocopherol; TRF25,
tocotrienol rich fraction. (Modified from Ref. 98.)
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1.3.2.4. Nonantioxidant Functions of ααααα-Tocophcrol and ααααα-Tocotrienol.

Tocopherols. Very specific nonantioxidative roles for α-T that cannot be
fulfilled by other tocopherols or tocotrienols have been quite recently
identified. These functions at the molecular level are under intense study
and suggest that the ability of humans to select α-T from the dietary
mixture of tocopherols and tocotrienols indicates an evolutionary
selection of α-T for nonantioxidant roles (99–101). This evolving aspect
of α-T is highly significant to the understanding of the onset of chronic
disease at the molecular level. Several critical reviews were published in
2001–2002, (90, 99–103). indicating that the knowledge base on
molecular control mechanisms attributable to vitamin E is in its infancy.

The varied, nonantioxidant roles for α-T operate through cell signaling
at the posttranscriptional level or at the gene expression level. As a
modulator of cell signaling, α-T inhibits events leading to inflammation
and atherosclerosis. Many cell signaling functions modulated by α-T are
through inhibition of protein kinase C (PKC), a family of phospholipid-
dependent serine and threonine kinases that participate in regulation of
cell growth, death, and stress responsiveness (104). α-Tocopherol does
not bind with PKC as do most enzyme inhibitors or inhibit its expression.
It acts at the posttranscriptional level by activating protein phosphatase
PP2A, which dephosphorylates PKC (105). Specific physiological
responses regulated, at least in part, by α-T action on PKC include cell
proliferation, platelet adhesion and aggregation, enhancement of immune
response, free radical production, and gene expression.

Regulation of gene expression at the transcriptional stage is now accepted
as a primary regulatory function of α-T. It is recognized to participate in the
up-regulation of the expression of α-topomyosin and the down-regulation
of the expression of several genes including those responsible for α-1 collagen
and collgenase synthesis, formation of foam cells, α-TTP, and of scavenger
receptors of oxidized low-density lipoproteins.

Tocotrienols. Specific nonantioxidant actions of α-T3 that are not
accomplished by α-T have been identified. As early as 1994, Hendrich et
al. (106) suggested that tocotrienols should be considered as a specific
group of food components independent of the tocopherols because of
their proven biological activities that differ from those of α-T. An inhibitor
of cholesterol synthesis in mammalian systems was isolated from barley
and proved to be α-T3 (107). Studies with humans given Palmvittee, a
tocotrienol-rich fraction from palm oil, indicated that supplementation
decreased total cholesterol level in hypercholesterolemic subjects (108,
109). Further studies with pigs (110), rats on atherogenic diets (111), and
chickens (112) substantiated that tocotrienol supplementation could
improve blood lipid profiles.
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The cholesterol-lowering ability of α-T3 is attributed to the
posttranscriptional suppression of 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMG-CoA reductase). Through a cell signaling mechanism,
α-T3 increases cellular levels of farnesol from the precursor, mevalonate,
which signals the degradation of HMG-CoA reductase by proteolytic
processes (113–115, 119).

Qureshi et al. (98, 116–118), in addition to studies on tocotrienols
from palm oil, defined the ability of a tocotrienol rich fraction (TRF25)
from rice bran to modify human blood lipid profiles; TRF25 is a tocotrienol
concentrate prepared from heat stabilized rice bran (180°C under vacuum
for 60 min). It consists of 8.7% α-T, 15.5% α-T3, 1.6% ß-T3, 39.4% γ-
T3, 4.4% δ-T, 5.2% δ-T3, 20.9% desmethyl and didesmethyl tocotrienols,
and 4.3% unidentified materials (98). Supplementation of TRF25 into the
diets of hypercholesterolemic subjects on the American Heart Association
Step 1 Diet decreased several blood lipid parameters. At 100mg TRF25

per day, maximal decreases of 20%, 25%, 14%, and 12%, respectively,
were noted for total cholesterol, low-density lipoprotein (LDL)
cholesterol, apolipoprotein B, and triacylglycerides over 10 weeks. High-
density lipoprotein (HDL) and apolipoprotein A1 significantly increased
during the supplementation period.

The cholesterol lowering ability of the tocotrienols varies to a large
extent by compound. Reported activities are ß-T3<α-T3<γ-T3<δ-T3<
desmethyl-T3<didesmethyl-T3 (116). Desmethyl-T3 and didesmethyl-T3
have been isolated and characterized from the TRF25 concentrate from
heat stabilized rice bran (98). These tocotrienols differ from other
tocotrientols in that no methyl groups are present on the benzene ring of
the chroman (Figure 1.11). The two compounds are present in much
higher concentrations in heated than in nonheated rice bran and constitute
20.9% by weight of the TRF25 concentrate (117). The patented heat
treatment (120) of 180ºC under vacuum for 60 min produces six novel
analogs of the tocotrienols, including the desmethyl- and didesmethyl-T3
forms, which are present in quite large quantities. Chemistry of the heat
conversion effects has not been explained.

The subject of tocotrienol inhibition of cholesterol synthesis and ability
to modify other significant blood lipid markers of cardiovascular disease
has become controversial in recent years with completion of research that
did not substantiate the various effects noted by the Qureshi research
group (121, 122). Mensink et al. (122) reported that tocotrienols did not
modify serum lipids, lipoproteins, or platelet function in men with mildly
elevated serum lipids. Men with total serum cholesterol between 6.5 and
8.0mmol/L or lipoprotein (a) levels >150mg/L were treated with 140mg
tocotrienols plus 80mg α-T or with only 80mg α-T for 6 weeks. Serum
LDL cholesterol in the tocotrienol group did not change. Changes in HDL
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cholesterol, triacylglycerols, lipoprotein (a), and lipid peroxide
concentrations were similar for the tocotrienol-α-T group and the α-T
group. No effects were noted with platelet function. Additional work using
supplementation of diets of hypercholesterolemic individuals with purified
tocotrienyl acetates did not decrease serum or LDL cholesterol and
lipoprotein B after 8 weeks (123). Subjects in this study were stabilized on
an American Heart Association (AHA) Step 1 Diet for 4 weeks before
initiation of the supplementation. The Step 1 Diet was maintained
throughout the study.

Past research by Qureshi et al (112). showed that tocotrienol
preparations that effectively impact HMG-CoA reductase activity contain
15–20% by weight α-T and at least 60% γ-+δ-T3. The Mensink et al.
study (122). used a tocotrienol preparation with 37% α-T and 42% γ-+δ-
T3. This fact could very well explain the discrepancies in the literature
concerning tocotrienol effects on blood lipid profiles. However, Mensink
and colleagues’ research group stated in 2002 in a critical review that it is
“very unlikely that tocotrienols have a cholesterol-lowering effect for the
general population” (124).

FIGURE 1.11 Structures of desmethyl tocotrienol and didesmethyl tocotrienol
from heat stabilized rice bran.
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2
Nutrition and Health
Implications of Vitamin E

2.1. INTRODUCTION

With publication of the Dietary Reference Intakes (DRI) for vitamin E by
the Food and Nutrition Board, National Institute of Medicine (1),
recommended intakes for vitamin E now are based on the 2R-
stereoisomeric forms of �-tocopherol (�-T). Other forms including the
2S-stereoisomers present in synthetic all-rac-�-T preparations and other
tocopherols and tocotrienols in foods do not contribute to the intake
requirement. Although sound scientific evidence backs the decision of the
Panel on Dietary Antioxidants and Related Compounds to consider only
the 2R-stereoisomers when setting optimal human intake
xrecommendations, scientists involved with food science aspects of vitamin
E must take a broader view because of the general antioxidant actions of
the tocopherols and tocotrienols in foods. Likewise, food chemists and
nutritionists involved in nutrient databank operations must decide on
proper presentation of food composition data on vitamin E. Use of the
milligram �-tocopherol equivalent (mg �-TE) has been discontinued in
presentation of the United States Department of Agriculture databank.

2.2. VITAMIN E NUTRITION

Several reviews completed since 1998 cover newer aspects of vitamin E
nutrition.(1, 2, 3, 4) The in-depth and well-referenced DRI report (1)
represents the best source for a current overview of factors affecting human
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requirements for vitamin E. Other highly informative publications include
those by Traber (2), Frei and Traber (3), and Bramley et al. (4). All readers
interested in vitamin E nutrition should access the chapter on vitamin E in
the latest edition of Modern Nutrition in Health and Disease (2) written by
Dr. Maret Traber. It is not the purpose of this chapter to cover all aspects of
vitamin E nutrition; however, we do discuss various aspects of significance
to those involved with food delivery systems. The immense body of scientific
studies developed over the past decade shows that we are just beginning to
understand the impact of vitamin E on human well-being.

2.2.1. Absorption, Transport, and Preferential
Selectivity for �-Tocopherol

Quite recent knowledge about absorption and transport of vitamin E led
to the decision by the Panel on Antioxidants and Related Compounds (1)
to base the DRIs for vitamin E on the 2R-stereoisomers of �-T. The
absorption and transport processes for vitamin E follow the sequence
outlined:

1. Natural and synthetic forms of the tocopherols and tocotrienols
are equally absorbed from the intestinal lumen in the form of mixed
micelles (1, 5–10). Micelle formation relies on proper fat digestion
to yield free fatty acids and mono- and diglycerides that act as
emulsifiers with the bile salts. Disturbances in pancreatic function
or liver secretion of bile, therefore, decrease absorption of the
tocopherols and tocotrienols (2).

2. After passage of the micelles into the intestinal mucosa,
chylomicrons are synthesized from fatty acids, lysophospholipids,
sn-2 mono-acylglycerides, cholesterol, and other fat-soluble
substances including the tocopherols and tocotrienols (11). The
chylomicrons are lipoproteins designed to transport dietary lipids
and lipid-soluble substances from the intestinal mucosa through
the lymphatic system to the circulatory system.

3. In the blood, triaclyglycerol components of the chylomicrons are
hydrolyzed by lipoprotein lipase with the formation of lipid-
depleted chylomicron remnants. At this point, some of the
circulating tocopherols and tocotrienols are transferred to tissue
and to high-density lipoproteins (HDLs). Transfer from the HDL
to other circulating lipoproteins then occurs (2, 6, 11).

4. The chylomicron remnants, containing most of the absorbed
tocopherols and tocotrienols (2), are taken up by the liver.
Triacylglycerols are synthesized and together with other fat-soluble
components are formed into very-low-density lipoproteins (VLDLs)
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that mediate the transport of lipid from the liver to the peripheral
tissue through the circulatory system (12).

5. In the liver, RRR-�-T is preferentially incorporated into nascent
VLDL (13). After secretion of the VLDL into the circulatory system,
�-T is transferred to HDL and to other lipoproteins after delipidation
of the VLDLs. The process selectively enriches plasma and, thus,
tissue with �-T. The overall process is depicted in Figure 2.1.

2.2.1.1. Role of the Hepatic �-Tocopherol Transfer Protein. The preferential
incorporation of �-T into nascent VLDL in the liver is accomplished by
action of the �-tocopherol transfer protein (�-TTP), which has been
identified, isolated, and characterized from rat and human liver cytosol (14–
18). In vitro, the purified �-TPP transfers �-T between liposomes and
microsomes (15, 19). However, the transfer of �-T to nascent VLDL has
not been demonstrated in vivo (2). Hosomi et al. (19) showed that the
relative affinity of �-TTP was greatest for RRR-�-T when compared to
other tocopherols, tocopheryl esters, and �-tocotrienol (�-T3). Calculated
on the basis of degree of competition with RRR-�-T, the relative affinities
were RRR-�-T=100, RRR-ß-T=38, RRR-�-T=9, RRR-�-T=2, �-tocopheryl
acetate=2, �-tocopheryl quinone=2, SRR-�-T=11, and �-T3=12.

It is evident that �-TTP can discriminate between RRR-�-T and other
forms of vitamin E, most likely on the basis of the number and position of
the methyl groups on the chromanol ring (4) and the stereoisomerism at
the 2 carbon of the chromanol ring of �-T. Hosomi et al. (19) concluded
that the biological activity of various forms of vitamin E is dependent
upon tissue delivery and that their affinities for �-TPP limit secretion into
lipoproteins and ultimate delivery to tissues. Affinity for the �-TTP was,
therefore, proposed as a major determinant of biological activity.

2.2.2. Biological Activity

Initial estimations of the biological activity of the tocopherols and some
of the tocotrienols were established by the rat fetal resorption assay.(20,
21) The classical approach follows the ability of vitamin E-deficient rats
to maintain pregnancy. If vitamin E is not provided during the first 10–15
days after conception, the embryos die and are resorbed (22). Feeding of
known levels of various vitamin E compounds and observation of their
effects on fetal survival established relative biological activities. It has been
assumed that values of biological activity determined with test animals
directly apply to humans (23). However, with recognition of the selectivity
for 2-R isomers of �-T through action of the �-TTP, human requirements
are now established by using only the 2-R isomeric forms of �-T (1). Since
the Dietary Reference Intakes refer only to the 2-R isomers, confusion
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FIGURE 2.1 Transport and delivery of vitamin E. LPL, lipoprotein lipase, �-TTP, �-tocopherol
transport protein; LDL, low-density lipoprotein; HDL, high-density lipoprotein; VLDL, very-
low-density lipoprotein. (Modified from Ref. 2.)
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exists about currently used units to report vitamin E activity. Discussion
follows on the various units used for vitamin E in foods and
pharmaceuticals.

2.2.2.1. International Units and United States Pharmacopeia Units and
Conversion to �-Tocopherol (Milligrams). An international unit (IU) of
vitamin E was defined by the United States Pharmacopeia (USP) as 1mg of
all-rac-�-tocopheryl acetate on the basis of biological activity measured by
the rat fetal resorption assay (24). Biological activities of tocopherols,
tocotrienols, and synthetic forms of vitamin E are indicated in Table 2.1.(25,
26) After 1980, the USP discontinued use of the IU and replaced it with USP

TABLE 2.1 Biological Activity of Natural and Synthetic Vitamin E Forms

aUSP, United States Pharmacopeia; IU, international unit; �-T, �-tocopherol.
Source: Modified from Refs. 25, 26.
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units derived from the same biological activity values as the IU (1). Therefore,
1USP unit is defined as the activity of 1mg of all-rac-�-tocopheryl acetate,
which equals the activity of 0.67mg of RRR-�-T or 0.74mg of RRR-�-
tocopheryl acetate. In effect, the IU unit and the USP unit are equivalent
(23). Biological activities relative to RRR-�-T (100%) have been a
convenient way to compare the different forms of vitamin E on a basis of IU
or USP units and were used to calculate milligram �-tocopherol equivalent
(mg �-TE) values for reporting vitamin E values. International units are still
used in food fortification and labeling of supplements (1); however, use
should be discontinued. Most applications in the Code of Federal
Regulations (CFR) rely on the IU to specify regulatory statements pertaining
to vitamin E. For example, IUs are used to specify the vitamin E content of
infant formula (27). The USP units are commonly used by the
pharmaceutical industry to label vitamin supplements (1).

The Institute of Medicine, Panel on Dietary Antioxidants and Related
Compounds (1), recommended that USP units be redefined by USP to take
into account the fact that all-rac-�-T has only 50% of the activity of RRR-
�-T present in nature or with other 2R-isomers found in all-rac-�-T
preparations that are used for food fortification and in supplements (1).
The selectivity for RRR-�-T and other 2R-isomers of �-T provided by �-
TTP and studies showing that 2S-isomers are not maintained by the human
strongly support this approach to establishment of human requirements.
Factors to convert USP units (IUs) to mg RRR-�-T or other 2R-isomers of
�-T are given in Table 2.2. Derivation of the conversion factors given in
Table 2.2 follows the general formula

 

The formula for calculation for RRR-a-tocopheryl acetate is
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where R=2 for synthetic vitamin E and esters, R=1 for natural vitamin E
and esters.

So, the α-T conversion factor for RRR-α-tocopheryl acetate is
determined as follows:

 

2.2.2.2. Milligram ααααα-Tocopherol Equivalents. Milligram α-Tocopherol
equivalents (mg αTEs) were defined for recommending dietary intakes of
vitamin E on the basis of biological activity of tocopherols and tocotrienols
determined by the rat fetal absorption test.(28–32) One milligram of α-
TE is the activity of 1mg of RRR-α-T. Total α-TEs (milligrams) of food
containing only RRR-isomers are determined by multiplying the amount

TABLE 2.2 Conversion Factors to Calculate α-Tocopherol from International Units
or United States Pharmacopeia Units to Meet Dietary Reference Intakes for Vitamin E

aUSP, United States Pharmacopeia; IU, international unit.
Source: Modified from Ref. 1.

Copyright © 2004 by Marcel Dekker, Inc.



Chapter 246

(milligrams) of α-T by 1.0, of ß-T by 0.5, of γ-T by 0.1, of α-T3 by 0.3,
and of γ-T3 by 0.05. In fortified foods, the conversion factors for all-rac-α-
T and all-rac-α-tocopheryl acetate are 0.74 and 0.67, respectively. Use of
the α-TE unit has been the accepted way of reporting vitamin E
concentration in foods for approximately the past two decades. The Panel
on Antioxidants and Related Compounds (1) determined from United States
Department of Agriculture (USDA) food intake survey data that 80% of
the mg α-TE from foods arises from RRR-α-T. Therefore, to convert mg α-
TE to mg RRR-α-T, the conversion factor is 0.8.

The following conversions are fully explained in the Dietary Reference
Intakes report: (1)

1. Milligrams (mg) of RRR-α-T in a meal=mg of α-TE×0.8
2. Milligrams (mg) of RRR-α-T in a food, fortified food, or multi-

vitamin=IU (USP unit) of RRR-α-T×0.67 or IU (USP unit) of all-
rac-α-T×0.45

Anytime both natural and synthetic forms of α-T are present, analytical
procedures must be capable of resolution of the specific compounds in order
to apply the preceding formulas. Almost always in a fat-containing fortified
food, both RRR-α-T and all-rac-α-tocopheryl acetate exist together.

2.2.3. Food Sources and Dietary Intakes

The Second National Health and Nutrition Examination Survey (NHANES
II) has been extensively evaluated to determine dietary sources of vitamin E
in the United States. Major food groups contribute the following percentages
of total vitamin E: fats and oils, 20.2%; vegetables, 15.1%; meat, poultry,
and fish, 12.6%; desserts, 9.9%; breakfast cereals, 9.3%; fruit, 5.3%; dairy
products, 4.5%; mixed main dishes, 4.0%; nuts and seeds, 3.8%; soups,
sauces, and gravies, 1.7% (1, 33). Data in Table 2.3 reported as mg α-TE
show that fortified cereals are the most concentrated source of vitamin E in
the U.S. diet. Other excellent sources are salad and cooking oils, instant
breakfast and diet bars, mayonnaise and salad dressings, and peanuts and
peanut butter. Figure 2.2 shows the distribution of vitamin E intakes for
males and females reported as mg α-TE. The distributions were thought to
be skewed by a few individuals with very high intakes. According to these
data, 69% of men and 80% of women are below the recommended
allowance of 10 (men) and 8 (women) mg α-TE per day (33).

Data collected from the Continuing Survey of Food Intakes by
Individuals (CSFII, 1994) are listed in Table 2.4 (34). The tabulation shows
that high-oil-content foods are major sources; cereals fortified with α-
tocopheryl acetate are also significant sources. Raw tomatoes and tomato
products, because of high consumption, are significant sources of vitamin
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E in the U.S. diet. Data reported in the USDA Nutrient Database for
Standard Reference, Release 16 (35), for selected foods are presented in
Table 2.5. These foods represent the most concentrated vitamin E sources
commonly consumed in the United States.

Using the CSFII and NHANES data as well as other studies, the DRI
committee estimated the median daily intake of �-T from food and
supplements at 9.8mg for men and 6.8mg for women (1). It was
emphasized that data on vitamin E intake from food intake surveys may
be low estimates as a result of potential for underreporting of energy and
fat intake, problems with assessment of fats and oils added during food
preparation, uncertainty about the types of fats added, and the variability
of food composition tables. Plant oils that contain high levels of RRR-�-T
include sunflower, cottonseed, peanut, wheat germ, rice bran, canola, palm,
and safflower (36). These oils, therefore, have more impact on �-T intake

TABLE 2.3 Vitamin E Content in Usual Servings of Foods Reported by the Second
National Health and Nutrition Examination Survey (1976–1980)

amg �-TE, milligram �-tocopherol equivalent.
Source: Modified from Ref. 33.
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than oils or fats with little �-T such as lard, palm kernel, coconut, and
butter.

2.2.4. Dietary Reference Intakes

The Institute of Medicine, Panel on Dietary Antioxidants and Related
Compounds (1), considered hydrogen peroxide-induced hemolysis the best
biomarker used in conjunction with plasma �-T concentrations to estimate
adult human requirements for �-T. For adults, estimated average
requirement (EAR) and recommended dietary allowance (RDA) were set at
12 and 15mg, respectively. Complete DRI information is given in Table 2.6.

2.2.5. Vitamin E Deficiency

Vitamin E deficiency in humans is almost always due to factors other than
dietary insufficiency. Deficiency results from genetic abnormalities in
production of the �-tocopherol transfer protein (�-TTP), fat malabsorption
syndromes, and protein-energy malnutrition (1). Fat malabsorption can
be related to pancreatic and liver abnormalities that lower fat absorption,

FIGURE 2.2 Frequency distribution of vitamin E intakes for adults in the United
States. Alpha-TE, �-tocopherol equivalent. (Modified from Ref. 33.)
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abnormalities of the intestinal cells, length of the intestine, and defects in
the synthesis or assembly of the chylomicrons (37). Genetic abnormalities
in lipoprotein metabolism can produce low levels of chylomicrons, very-
low-density lipoproteins (VLDLs) and low-density lipoprotein (LDL) that
affect absorption and transport of vitamin E (37).

Abetalipoproteinemia is an autosomal recessive genetic disorder that leads
to mutations in the microsomal triglyceride transfer protein (37–39). The
disease is associated with ataxia and impaired intestinal absorption of lipids,
vitamin E, and other fat-soluble vitamins except vitamin D, since the
triglyceride transfer protein participates in the intracellular transport of lipids
and other fat-soluble substances. Deficiency of vitamins E, A, and K results
in clinical symptoms associated with abetalipoproteinemia. The microsomal
triglyceride transfer protein is completely absent from the intestines of
abetalipoproteinemia patients (40). Symptoms include steatorrhea with fat-
engorged enterocytes, absence of apolipoprotein B in the plasma, and

TABLE 2.4 Significant Sources of Vitamin E in the Diet in the United States

aCalculated on the basis of milligram �-tocopherol equivalent (mg �-TE).
Source: Ref. 34.
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TABLE 2.5 �-Tocopherol Content of Foods

(continued)
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TABLE 2.5 Continued

(continued)
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absence of intestinal staining for apolipoprotein B in the intestine (38).
Neurological symptoms including reflex changes, dyspraxia, and abnormal
movements have been observed (38).

Friedreich’s ataxia is an autosomal recessive disease characterized by
cerebellar ataxia, dysarthria, sensory loss in the lower limbs, and other
neurological symptoms (41, 42). Early studies on Friedreich’s ataxia
identified a variant form characterized by normal fat absorption and very
low levels of plasma vitamin E. Neurological symptoms were considered
to be due to vitamin E deficiency (41, 42). Homozygosity mapping showed
that Friedreich’s ataxia is characterized by defects at chromosome 9 (42),
whereas the variant showed defects at chromosome 8 (43). With the
specific differences noted at the chromosomal level, the newly recognized
genetic defect was termed familial isolated vitamin E deficiency (43) or
ataxia with vitamin E deficiency (AVED). Later work showed that AVED

aNutrient Data Bank Number.
Source: Ref. 35.

TABLE 2.5 Continued
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is an autosomal recessive neurodegenerative disease that leads to an
impaired ability to incorporate RRR-�-T into VLDL (44). Therefore,
AVED was attributed to a defect in the �-TTP gene (44). The primary
cause of neurodegenerative symptoms in AVED patients is now known to
be vitamin E deficiency due to the absence of a functioning �-TTP (45, 46)
with inefficient transfer of RRR-�-T from the liver and lack of recycling
of plasma RRR-�-T. Clinical symptoms include many neurological
problems stemming from peripheral neuropathy with degeneration of the
large-caliber axons in the sensory neurons (1). Common symptoms are
ataxia, muscle weakness and hypertrophy, neurological abnormalities,
reproductive disorders, and abnormalities of the liver, bone marrow, and

TABLE 2.6 Dietary Reference Intake Values for the Vitamin E
(Milligrams �-Tocopherol/Day)

aEAR, estimated average requirement: the intake that meets the estimated nutrient needs of
half of the individuals in a group.bRDA, recommended dietary allowance: the intake that
meets the nutrient needs of almost all (97%–98%) of individuals in a group.cAI, adequate
intake: the observed average or experimentally determined intake by a defined population
or subgroup that appears to sustain a defined nutritional status, such a growth rate, normal
circulating nutrient values, or other functional indicators of health. The AI is used if sufficient
scientific evidence is not available to derive an EAR. The AI is not equivalent to an RDA.dUL,
tolerable upper intake level.e�-T, �-tocopherol. Source: Ref. 1.
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brain (47). At the cellular level, increased oxidation can occur as a result
of increased oxidative stress. The progression of vitamin E deficiency
symptoms has been described as follows: hyporeflexia, ataxia, limitation
in upward gaze, strabismus to long-tract defects, muscle weakness, visual
field constriction, and centrocecal scotomata (38, 48, 49).

2.2.6. Toxicity of Vitamin E and the Tolerable Upper
Intake Level

Vitamin E is one of the least toxic vitamins (50), and there is no evidence
of side effects of consumption of vitamin E that occurs naturally in foods.
Studies on toxicity are, therefore, limited to supplemental sources of
vitamin E (1). Kappus and Diplock (51) reviewed the literature on vitamin
E toxicity and concluded that humans show few side effects after
supplemental doses below 2100mg per day of tocopherol. Animal studies
show that vitamin E is not mutagenic, carcinogenic, or teratogenic (52–
54). Adults tolerate relatively high doses without significant toxicity;
however, muscle weakness, fatigue, double vision, emotional disturbance,
breast soreness, thrombophlebitis, nausea, diarrhea, and flatulence have
been reported at tocopherol intakes at 1600–3000mg/day (1, 55–58).

It has been recognized that high intake of �-T can cause hemorrhage,
increase prothrombin time, and inhibit blood coagulation in animals (1).
Such events have been observed in chicks (59) and rats,(52, 60, 61) but
high doses of 500mg/kg/day of RRR-�-tocopheryl acetate were necessary
to induce hemorrhagic events (1). Effects were reversible with
administration of supplemental vitamin K.

Hemorrhagic toxicity in humans has been observed, but large clinical
trials have yielded somewhat conflicting results. However, the DRI panel
considered hemorrhagic effects as the best criterion to set the tolerable
upper intake level (UL) for humans (1). In setting the UL, a lowest observed
adverse effect level (LOAEL) of 500mg/kg body weight/day for all-rac-�-
tocopheryl acetate was identified from the work of Wheldon et al. (60) on
rats. An uncertainty factor (UF) for �-T based on previous studies was
calculated at 36 and used to convert the LOAEL to a no observed adverse
effect level (NOAEL):

 
The great amount of uncertainty involved in the calculation led to
establishment of the same UL for adult males and females (Table 2.6).
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2.3. HEALTH IMPACTS OF VITAMIN E

It is generally accepted that oxidative damage at the cellular level is
significant to the onset of chronic disease. Since vitamin E is the primary
fat-soluble antioxidant in mammalian systems, a logical assumption is
that supplementation of the human diet with vitamin E potentially could
be significant in prevention and/or slowing of the onset of various chronic
disease states. This assumption taken together with increasing knowledge
about the role vitamin E plays and potential roles other antioxidants
available in the food supply might play produced an extremely large body
of scientific literature on antioxidants and health. Unfortunately, the body
of data does not provide for a clear conclusion on vitamin E and its overall
worth when consumed at levels above the recommended dietary allowance
(RDA). Diverse opinions about supplemental use of vitamin E remain.
The fact remains that the Panel on Dietary Antioxidants and Related
Compounds (1), when establishing the DRIs for vitamin E in 2000,
concluded that clinical scientific evidence does not support supplemental
usage of vitamin E. The literature appearing in nutrition and medical
journals evaluating the impact of vitamin E supplementation in various
diseases is, indeed, staggering in its quality and amount. In this section,
some current views and experimental evidence on the value to human
health of vitamin E at supplemental intake levels is presented.

2.3.1. Vitamin E and Aging

Aging is a normal process characterized by morphological and functional
changes, most of which are degenerative, that occur as a living system grows
older. The role of free radicals in the aging process and the ability of vitamin
E to delay the overall process have been topics of intense investigation for
decades. Harman, in a series of papers that began in 1956, presented and
discussed the free radical theory on aging (62–68). This theory is based on the
premise that aging is due to the accumulation of deteriorative changes resulting
from free radical reactions at the cellular level that occur throughout the
lifespan. Harman suggested that the functional life span could be increased by
minimizing free radical events by keeping body weight low, by ingesting diets
adequate in nutrients but containing minimal amounts of constituents that
enhance free radical damage (copper, polyunsaturated fatty acids, etc.), and
maintaining a diet high in antioxidants, including vitamin E (67).

Many theories on aging have been advanced and debated, and the free
radical theory of aging continues to be prominent in such debates. Packer
and Landvik (69) in 1989 stated, “Research has shown that free radical
damage accumulates during the aging process, and evidence is increasing
that lipid peroxidation may be an important factor in making aging the
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long and healthy process that it should be. Animal and human studies
have demonstrated protective effects of vitamin E and other antioxidants
on free radical reactions and peroxidative changes in the aging process.”
Likewise, Pryor (70) emphasized the potential of vitamin E and the need
for continuing research with the following conclusion: “Although the
current literature (up to 1989) gives good hope for a beneficial effect for
vitamin E on the variety of pathologies, the data are not yet complete.”
Taking into account the conclusion of the DRI committee not to
recommend supplementation, we are still at the stage of searching for
scientific documentation that unequivocally proves the long-term benefits
of increased intake of vitamin E. A general consensus is that a balanced
diet, providing a goodly amount of many different antioxidants, is
desirable for optimal health and, possibly, provides for increased longevity
with increased maintenance of good functionality. However, the direct
benefits of supplemental vitamin E to fighting specific disease states, as
discussed in the following sections, are not clear and, in many instances,
evidence of benefit seems to be less conclusive.

2.3.2. Vitamin E and Cardiovascular Disease

Cardiovascular disease (CVD) is a general term for diseases that affect the
heart and/or blood vessels—coronary heart disease, stroke, peripheral
vascular disease, and high blood pressure. Oxidation of low-density
lipoprotein (LDL) is considered to be a major causative factor in
development of CVD (1). As reviewed by the Panel on Dietary
Antioxidants and Related Compounds (1), vitamin E has the following
effects that may impact the in vivo development of CVD:

1. Inhibits LDL oxidation
2. Inhibits smooth muscle cell proliferation by inhibition of protein

kinase C
3. Inhibits platelet adhesion, aggregation, and release reactions
4.  Inhibits the generation of thrombin in the plasma that binds to

platelet receptors, inducing aggregation
5. Decreases monocyte adhesion to the endothelium through down-

regulation of expression of adhesion molecules
6. Decreases production of superoxide by monocytes
7. Increases synthesis of prostacyclin, which acts as a vascodilator

and inhibitor of platelet aggregation
8. Upregulates expression of cytosolic phospholipase A2 and

cyclooxygenase
9. Inhibits the expression of intracellular and vascular cell adhesion

molecules
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Animal studies generally support the antioxidant hypothesis of atherosclerosis
(1). However, review of large-scale epidemiological studies (Table 2.7) (71–
78) and large-scale clinical intervention trials (Table 2.8) (79–83) by the DRI
committee revealed many inconsistencies in end results provided by
supplemental use of vitamin E. Therefore, supplemental vitamin E was not
recommended for the general population as a means to prevent CVD.

Since publication of the DRI report, results of several large clinical
intervention studies that support the DRI Panel conclusion have been
published (Table 2.8). These include the Age-Related Cataract and Vision
Loss Study (AREDS Report No. 9) (84), the Primary Prevention Project (PPP)
(85), the MRC/BHF Heart Protection Study (HPS) (86), the Antioxidant
Supplementation in Atherosclerosis Prevention Study (ASAP) (87–89), and
the Secondary Prevention with Antioxidants of Cardiovascular Disease in
Endstage Renal Disease (SPACE) (90). In each of these large-scale
supplementation studies, no statistically significant effect of vitamin E in
reducing risks of CVD was found (Table 2.8). Only the Antioxidant
Supplementation in Atherosclerosis Prevention (ASAP) study reported that
twice-daily doses of vitamin E (136 IU) when combined with slow-release
vitamin C (250mg) slowed atherosclerotic progression in hypercholesterolemic
adults (87–89). The combined treatment had no effect on inflammatory events
in healthy men with slight hypercholesterolemia (89). Regarding stroke,
Yochum et al. (91) completed a prospective cohort study of 34,492
postmenopausal women to examine the association between antioxidant
vitamin intakes and death of stroke. An inverse association was noted between
death of stroke and vitamin E intake from food, but a protective effect for
supplemental vitamin E, vitamin A, and carotenoids was not noted.

Adding further support to the DRI decision, Vivekananthan et al. (92)
completed a metaanalysis of seven trials involving vitamin E
supplementation and CVD: ATBC (79, 80), CHAOS (81), GISSI (82),
HOPE (83), AREDS (84), PPP (85), and HPS (86). Combined, the studies
represented results from 81,788 subjects. Results (Figure 2.3) reported as
odds ratios (95% confidence interval [CI]) showed that vitamin E
supplementation did not decrease incidence of all-cause mortality, stroke,
or risk of cardiovascular death. The authors concluded the following: “The
lack of a salutary effect was consistently seen for various doses of vitamins
in diverse populations. Our results, combined with the lack of mechanistic
data for efficacy of vitamin E, do not support routine use of vitamin E.”

Health claims for use on nutritional labels of conventional foods and
supplements are of continuing concern and regulatory uncertainty for the
U.S. Food and Drug Administration (FDA). In 1999, the U.S. Court of Appeals
for the D.C. Circuit ruled in reference to dietary supplement labeling that the
First Amendment does not permit FDA to reject health claims that FDA
determines to be potentially misleading unless FDA also reasonably determines
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TABLE 2.7 Vitamin E Intake and Cardiovascular Disease-Epidemiological Studiesa
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in EaCVD, cardiovascular disease; CHD, coronary heart disease.
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TABLE 2.8 Vitamin E and Cardiovascular Disease—Intervention Studiesa
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in Ea�-T, �-tocopherol; IU, international unit; PUFA, polyunsaturated fatty acid; MI, myocardial infarction; CVD, cardiovascular disease.
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FIGURE 2.3 Odds ratios for cardiovascular events for individuals treated with vitamin E or control therapy. CI,
confidence interval; MI, myocardial infarction. (Modified from Ref. 92.)
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that no disclaimer would eliminate the potential deception. The court did not
rule out FDA’s discretion to claim it incurable by a disclaimer and ban it
outright in cases in which evidence in support of the claim is outweighed by
evidence against the claim. This court decision in response to Pearson v.
Shalala, although not encompassing vitamin E and its relationship to CVD,
led FDA to reconsider health claim petitions for consumption of antioxidant
vitamins in relation to cancer, folic acid in relation to neural tube defects, fiber
in relation to colorectal cancer, and omega-3 fatty acids in relation to coronary
heart disease. The decision, in effect, initiated “qualified” health claims for
dietary supplements as opposed to “unqualified” health claims, which must
meet the Significant Scientific Agreement (SSA) standard set by Congress in
the Nutrition Labeling and Education Act (NLEA) of 1990. The decision was
based on a manufacturer’s right to make statements about diet-health
relationships when the science supporting the claim does not meet the SSA
standard, provided that the claim about the relationship is stated or “qualified”
in a way not misleading to consumers. Qualified health claims must, therefore,
be accompanied by a disclaimer.

In order to improve information on food and supplement labels in the
form of health claims and dietary guidance for consumers, FDA established
the Task Force on Consumer Health Information for Better Nutrition
Initiative. In its final report, issued July 10, 2003 (93), the Task Force set
interim procedures that the FDA can use for qualified health claims in the
labeling of conventional foods and supplements (94) and recommended that
FDA promulgate regulations under notice-and-comment rulemaking pertinent
to establishing qualified health claims. The interim procedure provides
processes for filing qualified health claim petitions, prioritization for effective
application of resources, opportunities for public comment, and methods to
obtain third-party reviews of scientific data. On September 1, 2003, FDA
began considering qualified health claims under its interim procedures (95).

In 2001, FDA was petitioned to authorize a health claim about the
relationship between vitamin E dietary supplements and reduced risk of
heart disease (96). Three proposed model claims were presented:

1. “As part of a healthy diet low in saturated fat and cholesterol,
400IU/day of Vitamin E (d-�-tocopherol or dl-�-tocopherol) may
reduce the risk of heart disease. Individuals who take anticoagulant
medicine(s) should consult their physicians before taking
supplemental Vitamin E.”

2. “As part of a healthy diet low in saturated fat and cholesterol,
100–400IU/day of natural Vitamin E (d-�-tocopherol) may reduce
the risk of heart disease. Individuals who take anticoagulant
medicine(s) should consult their physicians before taking
supplemental Vitamin E.”
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3. “As part of a healthy diet low in saturated fat and cholesterol,
200–800IU/day of synthetic Vitamin E (dl-�-tocopherol) may
reduce the risk of heart disease. Individuals who take anticoagulant
medicine(s) should consult their physicians before taking
supplemental Vitamin E.”

The Food and Drug Administration rejected the petition on the basis of
not meeting the SSA standard (96). Subsequently, FDA reevaluated the
petition according to the Pearson v. Shalala decision to determine whether
or not to allow a qualified health claim. They concluded that

there is no significant scientific agreement for a relationship between
vitamin E supplements and CVD risk, and that the scientific evidence
for a relationship is outweighed by the scientific evidence against the
relationship. Should the scientific evidence change in the future, such
that the agency would consider authorizing a health claim or
exercising its enforcement discretion for a qualified health claim,
FDA would consider potential safety concerns at that time. FDA
does not intend to exercise enforcement discretion with respect to
the use of a qualified health claim relating dietary supplement vitamin
E intake and reduced risk of CVD (97).

With a relatively strong case emerging against the routine use of
supplemental vitamin E as protection against CVD, it must be kept in
mind that proper intake of �-T throughout the life span is most likely
significant to one’s well-being. Also, proper intake is an elusive concept
and subject to change as scientific data further document our requirements.
Various interpretive articles including Keaney and coworkers (98), Traber
(99), Dutta and Dutta (100), and Gey (101) explored the roles of vitamin
E in broad perspectives. Significant to CVD, �-T is now recognized as a
controlling factor in the enhancement of the activity of nitric oxide in
maintaining vascular homeostatsis, inhibition of superoxide production
by monocytes and macrophages, and inhibition of platelet aggregation
and smooth muscle proliferation through its inhibitory effect on protein
kinase C. Future DRI recommendations will likely reflect revisions as this
complicated area of human nutrition becomes better understood.

2.3.3. Vitamin E and Cancer

The many forms of cancer are characterized by uncontrolled growth and
spread of abnormal cells, which, if not controlled, results in death. One
mechanism of cancer onset that has received a great deal of scientific
examination has been free radical damage to deoxyribonucleic acid (DNA)
and the accumulation of unrepaired mutations as one ages (1). Much of the
consumer’s interest in antioxidants stems from the fact that dietary

Copyright © 2004 by Marcel Dekker, Inc.



65Nutrition and Health Implications of Vitamin E

antioxidants, including vitamin E, may act as anticarcinogens through their
ability to intercept and destroy free radicals. A diet high in fruits and vegetables
is accepted as a means to lower cancer risks. However, the understanding of
how specific components in the diet interact to lower cancer risk remains
speculative (102–104). The U.S. Food and Drug Administration (FDA)
excepted the association between high intake of fruits and vegetables and
lowered cancer risks with an approved health claim for use on nutritional
labels (105). The approved model claim statement is “Low fat diets rich in
fruits and vegetables (foods that are low in fat and may contain dietary fiber,
vitamin A, or vitamin C) may reduce the risk of some types of cancer, a disease
with many factors.——(name of fruit or vegetable) is high in vitamin A and
C, and it is a good source of dietary fiber.” Vitamin E is not included in this
statement since most fruits and vegetables are quite low in vitamin E content
(see Chapter 8). However, the FDA did not approve a health claim to the
effect that antioxidants in foods may lower the risk of cancer. This point was
extensively debated. All interested in the history of antioxidant health claims
should read Block’s argument for an antioxidant health claim related to cancer
risk (102). The Pearson v. Shalala court decision directed FDA to reconsider
the health claim “Consumption of antioxidants may reduce the risk of certain
kinds of cancer” for labeling use on dietary supplements. In reevaluation of
the supporting data, FDA issued the conclusion that

there is no significant scientific agreement for a relationship between
antioxidant vitamins (i.e., vitamin C or vitamin E, alone or in
combination) and certain kinds of cancer or of individual cancers (i.e.,
cancer of the bladder, breast, cervix, colon, and rectum, oral cavity/
pharynx/esophagus, lung, prostate, pancreas, skin, stomach) and that
the scientific evidence against a relationship outweighs the scientific
evidence for a relationship. Therefore, FDA finds that health claims
relating antioxidant vitamins (i.e., vitamin C or vitamin E, alone or in
combination) and reduced risk of certain kinds of cancer or of
individual cancers (i.e., cancer of the bladder, breast, cervix, colon
and rectum, oral cavity/pharynx/esophagus, lung, prostate, pancreas,
skin, stomach) are inherently misleading and cannot be made non-
misleading with a disclaimer or other qualifying language (106).

This decision became the subject of a lawsuit (Whitaker v. Thompson) that
challenged the FDA rejection of the health claim. In December 2002, the
U.S. District Court of the District of Columbia found that the antioxidant
claim was only potentially misleading and ordered FDA to permit the claim
with a disclaimer. After the court’s decision, the FDA issued on April 1,
2003, a letter (107) with three disclaimers to meet the court’s criteria. The
disclaimers to qualify the claim “Consumption of antioxidant vitamins may
reduce the risk of certain kinds of cancer” are the following:
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1. Some scientific evidence suggests that consumption of antioxidant
vitamins may reduce the risk of certain forms of cancer. However,
FDA has determined that this evidence is limited and not conclusive.

2. Some scientific evidence suggests that consumption of antioxidant
vitamins may reduce the risk of certain forms of cancer. However,
FDA does not endorse this claim because this evidence is limited
and not conclusive.

3. FDA has determined that although some scientific evidence suggests
that consumption of antioxidant vitamins may reduce the risk of
certain forms of cancer, this evidence is limited and not conclusive.

FDA further stated:

FDA intends to exercise its enforcement discretion with respect to
antioxidant vitamin dietary supplements containing vitamin E and/or
vitamin C when:

1. one of the above disclaimers is placed immediately adjacent to and
directly beneath the antioxidant vitamin claim, with no intervening
material, in the same size, typeface, and contrast as the claim itself; and

2. the supplement does not recommend or suggest in its labeling, or
under ordinary conditions of use, a daily intake exceeding the
Tolerable Upper Intake Level established by the Institute of
Medicine (IOM) of 2000mg per day for vitamin C and 1000mg
per day for vitamin E.

Whether or not the use of qualified health claims will be beneficial to the
consumer remains to be seen. Since legal interpretations and scientifically
based opinions can greatly differ, qualified health claims may have a greater
chance of being a source of misinformation than of accurate information.

When establishing the DRIs for vitamin E, the Panel on Dietary
Antioxidants and Related Compounds evaluated nine epidemiological
studies (108–116) and nine intervention studies (79, 117–124) published
through 1998. The panel concluded that the studies did not provide
consistent results and that the effect of vitamin E on cancer risk was less
than the effect of vitamin E on cardiovascular risk. However, the panel
emphasized that results obtained from the ATBC study (79, 117) suggested
that vitamin E supplements might lower risk of prostate cancer. Heinonen
et al. (117) reported a 32% decrease in the incidence of prostate cancer in
male smokers receiving 50mg �-T per day for clinical prostate cancer but
not for latent cancer. Mortality rate of prostate cancer was 41% lower in
the supplemental group. Since the supplementation time was 5–8 years,
the conclusion was that long-term supplementation with �-T substantially
reduced prostate cancer incidence and mortality rates.
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Since establishment of the DRIs, several large epidemiological studies
have been published on bladder and urinary tract cancers (125–128),
colorectal cancers (129–131), stomach and other gastric cancers (132),
and prostate cancer (133) (Table 2.9). Most of these studies support the
view of the Panel on Antioxidants and Related Compounds that evidence
of a relationship between vitamin E intake and a decreased risk for most
cancers is weak (1). In May 2001, the U.S. Food and Drug Administration
provided an in-depth review of epidemiological and clinical studies
completed through 2000, before the Whitaker v. Thompson suit and the
U.S. District Court decision in December 2002 (106). The FDA, at that
point in time, concluded that there was no significant scientific agreement
for a relationship between antioxidant vitamins, including vitamin C and
vitamin E, alone or in combination and certain cancers. This conclusion
was somewhat negated by the court’ s direction to FDA to draft disclaimers
for the health claim “Consumption of antioxidant vitamins may reduce
the risk of certain kinds of cancers” for use on dietary supplements (107).

The Finnish data on male smokers (79, 117) and the U.S. study on male
health professionals (133), which suggested an inverse association between
supplemental vitamin E and risk of fatal prostate cancer among current
smokers or recent quitters, led the National Cancer Institute (NCI) to sponsor
a large trial of the effects of selenium and vitamin E on prostate cancer. The
Selenium and Vitamin E Cancer Prevention Trial (SELECT) is a randomized,
prospective, double-blind study designed to show the effects of selenium and
vitamin E alone and in combination on the incidence of prostate cancer (134–
137). The study, initiated in 2001, will enroll 32,400 men and proceed through
2013. The supplement dosages include 400mg all-rac-�-tocopheryl acetate
(400IU) or 200µg L-seleno-methionine or both or a placebo daily.

2.3.4. Vitamin E and Age-Related Eye Diseases

Cataract and age-related macular degeneration (AMD) represent the two
most frequent disease states leading to vision loss worldwide. Both diseases
usually occur in older adults. Oxidative stress with accumulation of free
radical damage to the lens and retina has been considered causative to
development of both cataract and AMD. Thus, the role of dietary and
supplementary antioxidants, including vitamin E, ß-carotene, other
carotenoids, vitamin C, and selenium, in preventing or slowing such age-
related eye diseases has been extensively investigated. The DRI panel (1)
in 2000 noted the existence of nine epidemiological studies (138–146) and
one clinical intervention study (147) relating vitamin E status and
supplementation to risk of cataract. The epidemiological studies were
inconclusive, and the intervention study (147) showed no effect at 50mg
�-T per day.
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TABLE 2.9 Recent Epidemiological and Intervention Studies on Vitamin E and Cancer Risk
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Several studies published since the DRI report was written are detailed in
Table 2.10 (148–160). Of these, the Age-Related Eye Disease Study (AREDS)
(155–157) and the Vitamin E, Cataract, and Age-Related Maculopathy Trial
(VECAT) (158, 159) have received considerable public and scientific coverage.
Results from the AREDS study (Figure 2.4) showed zinc supplements or a
mixture of zinc, vitamin E, vitamin C, and ß-carotene significantly reduced
the odds of development of AMD. The antioxidant supplement without the
zinc did not significantly reduce the odds of development of advanced AMD.
The strength of the data analysis led the researchers to recommend that “those
with extensive intermediate size druzen, at least 1 druse, noncentral geographic
atrophy in one or both eyes, and without contraindications such as smoking,
should consider taking a supplement of antioxidants plus zinc such as that
used in this study.” In contrast, the AREDS study in the cataract arm (84)
showed no effects of the high-dose antioxidant formulation on development
and progression of cataract.

Earlier studies (161–163) associated eye health with diet. Results of the
First National Health and Nutrition Examination Survey (NHANES I)
showed that the frequency of consumption of fruits and vegetables, vitamin
A, and ascorbic acid as well as other antioxidants was negatively correlated
with AMD after adjustment for demographic and medical factors (161).
They suggested that long-term antioxidant deficiency may be related to
the development of the disease. The Eye Disease Care Control Study
(EDCCS) included an ancillary study that associated dietary intake to risk
of development of AMD in 876 individuals (162) and showed that only
carotenoid intake was associated with lower incidence of AMD. Vitamin
E and vitamin C intakes were not associated with lower risk. The following
is the conclusion of the EDCCS study: “Increasing the consumption of
foods rich in certain carotenoids, in particular dark green, leafy vegetables
may decrease the risk of developing advanced or exudative AMD, the
most visually disabling form of macular degeneration among older people.
These findings support the need for further studies of the relationship.”

Pertinent to cataract development, in the Beaver Dam Eye Study (163)
intakes of foods and specific nutrients were evaluated for associations to
development of cataract. In men, several nutrients, including vitamins E,
A, and C, were associated with 40–50% reduced odds of cataract
development. It was not possible from this study to differentiate the effects
of specific nutrients or other food components. Association with intake of
green vegetables was as strong as those found for individual nutrients.
Taylor and Hobbs (164) in a review of nutritional influences on cataract
development covering the literature through 2001 stated that it is “clear
that oxidative stress is associated with compromises to the lens.” The
author’s conclusions after review of epidemiological studies included the
following: “The overall impression created by the data indicates that

Copyright © 2004 by Marcel Dekker, Inc.



71
N

utrition and H
ealth Im

plications of V
itam

in E
TABLE 2.10 Epidemiological and Intervention Studies on Age-Related Eye Diseasesa

(Continued)

Copyright © 2004 by Marcel Dekker, Inc.



C
hapter 2

72

TABLE 2.10 Continued

Copyright © 2004 by Marcel Dekker, Inc.



73
N

utrition and H
ealth Im

plications of V
itam

in E

aIU, international unit; �-T, �-tocopherol.
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nutrient intake is related to risk for cataract and that nutrition might be
exploited to diminish risk for this debility.” Evaluation of data specifically
relating to vitamin E and cataract development provided “mixed” results.

2.3.5. Vitamin E and Other Diseases

2.3.5.1. Neurodegenerative Diseases. Neurodegenerative disease including
Alzheimer’s and Parkinson’s disease are associated with aging,
inflammatory processes, free radical damage, and other metabolic
processes that influence well-being of the older population (165).
Antioxidant intake has been postulated to influence onset and progression
of many such disease states. Martin et al. (165) exhaustively reviewed the
literature through 2000 on the roles of vitamins E and C on
neurodegenerative disease and cognitive performance. Their general
conclusion was that vitamin E and vitamin C have some protective effects
on age-related deficits in behavioral function when vitamin intake is steady
and started early in life. They further stated, “A rationale for possible
clinical benefits of antioxidants for several degenerative conditions has
arisen from the many years of basic science, including clinical and
epidemiological studies. Substantial evidence implicates nutrition in the
pathogenesis of neurodegenerative disease.”

FIGURE 2.4 Results of the Age-Related Eye Disease Study (AREDS). Probabilities
of age-related molecular degeneration (AMD) of various treatments. (Modified
from Ref. 155.)
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Since publication of the Martin et al. review (165), two significant
epidemiological studies have been published on antioxidant intake and its
relationship to Alzheimer’s disease (166, 167). Results of the Rotterdam
Study (166) of 5395 subjects examined from 1990 to 1999 indicated that
high dietary intake of vitamin E and vitamin C may lower the risk of
Alzheimer’s disease. In the highest tertile, subjects consumed>15.5mg/day
of vitamin E and >133mg/day of vitamin C. ß-Carotene and flavonoid
intakes were not associated with decreased risk. Results of the Washington
Heights-Inwood Columbia Aging Project involved 900 elderly subjects
followed for 4 years. Over the study, Alzheimer’s disease developed in
242. No association was found for intake of carotenoids, vitamin E, or
vitamin C and Alzheimer’s disease onset.

Tardive dyskinesia is characterized by excessive involuntary movement.
Onset is common in individuals treated with antipsychotics. Its cause has
been related to free radical damage associated with the treatment (168),
and vitamin E has been used as a curative-preventative measure. Lohr et
al. (168) reviewed the literature on oxidative mechanisms and tardive
dyskinesia through 2001. Their conclusion was that vitamin E has limited
use for treatment of the disease but that the area deserved further research.

2.3.5.2. Inflammatory Disease. Oxidative mechanisms are significant to
the onset and progression of various inflammatory and autoimmune
diseases including rheumatoid arthritis and systemic lupus
erythematosus. In rheumatoid arthritis, antioxidants are thought to
protect the tissue from damage by destroying reactive oxygen species
produced by activated microphages, monocytes, and granulocytes and
by suppressing the expression of cytokines and collagenase induced by
tumor necrosis factor α-9 (169). Antioxidant therapy has, therefore, been
extensively studied as an alternative to accepted drug therapies (170).
An extensive review of antioxidants and fatty acids in the amelioration
of rheumatoid arthritis and related diseases indicated that combined
supplementation with vitamin E and vitamin C is more effective than
supplementation with either vitamin alone in prevention of inflammation
associated with osteoarthritis (170). In the Iowa Women’s Health Study
supplemental vitamin E and vitamin C were inversely associated with
rheumatoid arthritis. There was no association with total carotenoids,
α- or ß-carotene, lycopene, or lutein/zeaxanthin. Inverse associations
were noted for ß-cryptoxanthin and supplemental zinc. Rennie et al.
(171) in a general review of nutritional management of rheumatoid
arthritis stated that dietary advice should be focused on a varied,
balanced diet containing foods rich in antioxidants and adequate intake
of iron, calcium, vitamin D, and water-soluble vitamins. Emphasis should
be placed on increased intake of n-3 fatty acids.
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2.3.6. Recent Recommendations on Vitamins and
Chronic Disease Prevention

Fletcher and Fairfield (172, 173) reviewed the use of vitamin supplements
for chronic disease prevention and stated that suboptimal intake of some
vitamins, at levels above those leading to classic vitamin deficiencies, can
be risk factors for chronic diseases. They recommended that all adults
take vitamin supplements tailored to their life situation and based on their
doctor’s advice. Specific responsibility was placed on the doctor to learn
about their patients’ use of vitamins to ensure proper supplement usage.
Specific to vitamin E, recommendations for its use for reduction of prostate
cancer were considered “premature.” For use as a preventative against
cardiovascular problems, the authors believed that the literature suggested
that it might be useful in primary prevention when taken throughout long
periods and that some subgroups of the population might benefit more
that the general population.

Various recommendations about supplement use have been made by
organizations associated with health care in the United States:

1. U.S. Preventative Services Task Force (174): Evidence is insufficient
to recommend for or against the use of supplements of vitamins A,
C, or E; multivitamins with folic acid; or antioxidant combinations
for the prevention of cancer or cardiovascular disease.

2. American Academy of Family Physicians (175): The decision to
provide special dietary intervention or nutrient supplementation must
be on an individual basis using the family physician’s best judgment
based on evidence of benefit as well as lack of harmful effects.

3. American Heart Association (176): Vitamin or mineral substitutes
are not a substitute for a balanced, nutritious diet that limits excess
calories, saturated fat, trans fat, and dietary cholesterol. Scientific
evidence does not suggest that consuming antioxidant vitamins can
eliminate the need to reduce blood pressure, lower blood cholesterol
level, or stop smoking.

4. American Cancer Society (177): Antioxidants are substances that
protect the body’s cells from damage caused by free radicals (by-
products of the body’s normal processes). Examples of antioxidants
include vitamin C, vitamin E, ß-carotene, and selenium. If you want
to take in more antioxidants, health experts recommend eating a
variety of fruits and vegetables, which are good sources of
antioxidants. Taking large doses of antioxidant supplements is
usually not recommended while undergoing chemotherapy and
radiation therapy. Talk with your doctor to determine the best time
to take antioxidant supplements.
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3
Oxidation and the Role of
Vitamin E as an Antioxidant in
Foods

3.1. INTRODUCTION

Lipid oxidation is a degradative free radical reaction that causes loss of
shelf life, palatability, functionality, and nutritional quality of oils, fats,
and foods containing unsaturated lipids (1). Moreover, there is growing
interest in the problem of lipid oxidation as related to health status. Lipid
oxidation in vivo is believed to play an important etiological role in
coronary heart disease, atherosclerosis, cancer, the aging process, and many
disease states (2, 3). Therefore, ingestion of foods containing oxidized
lipids is of concern since the products of lipid oxidation may promote in
vivo oxidation.

Vitamin E compounds (tocopherols and tocotrienols) are well
recognized for their effective inhibition of lipid oxidation in foods and
biological systems, and their mechanism as antioxidants is also well
understood. It is widely accepted that the antioxidant activity of the
tocopherols and tocotrienols is mainly due to their ability to donate their
phenolic hydrogens to lipid free radicals. Lesser impact is achieved
through singlet oxygen quenching. Extensive research that has occurred
over many decades has identified natural antioxidants, led to the
availability of many excellent synthetic antioxidants, and provided in-
depth understanding of mechanisms of antioxidant action. Recent
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reviews of food antioxidants include Reische et al. (1), Frankel (2),
Jadhav et al. (3), Nawar (4), Shahidi and Naczk (5) Decker (6, 7),
McClements and Decker (8), Kamal-Eldin and Appelqvist (9), Erickson
(10) and Morrissey et al. (11). One of the most useful reviews, which
specifically deals with the antioxidant properties of tocopherols and
tocotrienols with emphasis on reaction mechanisms, was prepared by
Kamal-Eldin and Appelqvist (9).

3.2. LIPID OXIDATION

Initiation of autoxidation occurs when an a-methylenic hydrogen
molecule is abstracted from an unsaturated fatty acid by exposure of
lipids to catalysts such as light, heat, ionizing radiation, or metal ions or
through the action of lipoxygenase to form a lipid (alkyl) radical (R·)
(Eq. 1) (1, 5).

RH�R·+H· (1)

The high reactivity of lipid radicals with triplet oxygen leads to the rapid
formation of a peroxy radical (ROO·) in a propagation reaction (Eq. 2).

R·+O2�ROO·+H· (2)

Peroxy radicals react with unsaturated fatty acids to form a
hydroperoxide and a new unstable lipid radical (Eq. 3). This lipid
radical then reacts with oxygen to produce another peroxy radical,
resulting in a self-catalyzing oxidative mechanism (Eq. 4), hence, the
name autoxidation. The formation of the alkyl free radical (R·)
represents a significant self-propagating reactant for the autocatalytic
chain reaction.

ROO·+RH�ROOH+R· (3)

R·+O2�ROO·+H· (4)

Hydroperoxides are unstable to chemical and environmental conditions
and can break down to produce radicals that further accelerate
propagation reactions. These reactions are typically referred to as
branching steps or secondary decomposition reactions (Eqs. 5 and 6). The
decomposition of the hydroperoxide is often homolytic in its progression,
rapidly occurring at elevated temperatures.

ROOH�RO·+OH (5)

RO·+RH�ROH+R· (6)

Secondary decomposition products are responsible for causing rancid off-
flavors as well as providing reactants that result in a complex interaction
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with other substances. The overall effects are reduced shelf life, oxidized
off-flavor, and lower nutritional value of foods containing oxidizing lipid
systems (1, 5, 12).

3.3. ANTIOXIDANTS

Antioxidants delay the onset of oxidation or slow the rate at which it
proceeds. These substances can occur as natural constituents of foods, be
intentionally added as a natural or synthetic antioxidant, or, as is the case
for Maillard reaction products, be formed during processing (1). Their
role is not to enhance or improve the quality of foods but to maintain food
quality and extend shelf life by preventing or delaying oxidation of labile
fatty acids and lipid-soluble components (1, 12). The schematic presented
in Figure 3.1 is an overview of lipid oxidation in food and the interaction
of antioxidants (1).

3.3.1. Primary and Secondary Antioxidants

Antioxidants may be classified as primary antioxidants and secondary
antioxidants on the basis of their function. Some antioxidants show more
than one mechanism of activity and are often referred to as multiple-
function antioxidants (1). Primary, or chain-breaking, antioxidants are
free radical acceptors that delay or inhibit the initiation step or interrupt
the propagation step of autoxidation by donating a hydrogen to a radical
originating in the food. At this point, alkyl and peroxy radicals are
converted to more stable, nonradical products by hydrogen atoms donated
by the antioxidant. The antioxidant radicals (A·) that are produced at this
stage are more stable and less readily available to promote further
autoxidation. As hydrogen donors, primary antioxidants have higher
affinities for peroxy radicals than unsaturated fatty acids (6). Therefore,
free radicals formed during the propagation steps of autoxidation are
scavenged by the primary antioxidants (Eqs. 7 and 8). Antioxidants may
also interact directly with lipid radicals (Eq. 9).

ROO·+AH�ROOH+A· (7)

RO·+AH�ROH+A· (8)

R·+AH�RH+A· (9)

The antioxidant radical produced by hydrogen donation has a very low
reactivity with lipids. This low reactivity reduces the rate of propagation,
since reaction of the antioxidant radical with oxygen or lipids is very slow
compared to the reactivity of the lipid free radicals (1). Factors influencing
free radical scavenging of phenolic antioxidants include the following (5, 6):
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1. Antioxidants primarily react with peroxy radicals that are present
in higher concentration than other radical species. Peroxy radicals
react more readily with low-energy hydrogens of the antioxidant
because of their lower energy when compared to other radicals.

2. Antioxidants do not compete effectively with radicals significant
to the initiation stage of the reaction (R·, ·OH).

3. Antioxidant efficiency depends on the ability of the free radical
scavenger to donate hydrogen to the free radical.

FIGURE 3.1 Overview of lipid oxidation in food. (Modified from Ref. 1.)
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4. The hydrogen bond energy of the antioxidant influences its ability to
donate hydrogen. As the bond energy of the antioxidant decreases,
its ability to transfer hydrogen to the free radical increases.

5. The ability of an antioxidant to donate hydrogen can be predicted
from standard one-electron reduction potentials. Compounds with
lower reduction potentials than the reduction potential of a free
radical can donate hydrogen to the free radical. The reduction
potential (E0') of α-tocopherol (α-T) is 500mV compared to
1000mV for the peroxy radical; therefore, α-T can donate hydrogen
to the free radical.

6. The most efficient antioxidants form low-energy free radicals
produced by resonance delocalization of the unpaired electrons
throughout the phenolic ring. Resonance stabilization of the α-T
radical system is depicted in Figure 3.2.

7. Good antioxidants do not produce radicals that react rapidly with
oxygen to form peroxides.

8. Substitution of the phenol ring influences the effectiveness of the
antioxidant.
a. Alkyl groups in the ortho and para positions increase the

reactivity of the hydroxyl hydrogen with lipid radicals.
b. Bulky substitutions at the ortho position increase the stability of

phenoxy radicals.
c. A second hydroxy group at the ortho or para position stabilizes

the phenoxy radical through an intramolecular hydrogen bond.

Antioxidant radicals are capable of participating in termination reactions
with peroxy (Eq. 10), oxy (Eq. 11), and other lipid radicals as well as with
other antioxidant free radicals (Eq. 12). The formation of antioxidant
dimers is possible in fats and oils, indicting that phenolic antioxidant
radicals readily undergo termination reactions.

ROO·+A·→ROOA (10)

RO·+A·→ROA (11)

A·+A·→AA (12)

Termination reactions effectively stop the autocatalytic free radical chain
mechanism as long as the antioxidant remains active. However,
termination reactions involving antioxidant radicals decrease the
antioxidant concentration, since the products cannot be recycled back to
the active antioxidant form. Antioxidant capacity of tocopherol dimers
and trimers is largely unstudied.

Before initiation of autoxidation, there must be an induction period in
which antioxidants are consumed and free radicals are generated. Therefore,
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primary antioxidants are most effective if they are present during the
induction and initiation stages of oxidation before propagation.

The most commonly used primary antioxidants in foods are synthetic
compounds as a result of their cost, availability, and reactivity. Examples

FIGURE 3.2 Resonance stabilization of a-tocopherol. (Modified from Refs. 4 and 6.)
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of important primary phenolic antioxidants include butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), propyl gallate
(PG), ethoxyquin, and tertiary butylhydroquinone (TBHQ) (Figure 3.3).
Tocopherols are the most commonly used natural primary antioxidants.

Secondary, or preventive, antioxidants act through numerous possible
mechanisms. They can chelate prooxidant metals and deactivate them,
replenish hydrogen to primary antioxidants, inactivate hydroperoxides to
nonradical species, quench singlet oxygen, absorb ultraviolet radiation, or
act as oxygen scavengers. These antioxidants are often referred to as
synergists because they promote the antioxidant activity of primary
antioxidants. Citric acid, ascorbic acid, ascorbyl palmitate, lecithin, and

FIGURE 3.3 Structures of commonly used synthetic antioxidants.
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tartaric acid are good examples of synergists (1). Natural secondary
antioxidants such as the carotenoids often possess excellent singlet oxygen-
quenching properties (Figure 3.4). Chemical and physical factors
participating in control of oxidation of foods and other biological systems
are summarized in Table 3.1 (7).

FIGURE 3.4 Structures of commonly occurring compounds with secondary
antioxidant capacity.
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3.3.2. Vitamin E as an Antioxidant

The effectiveness of vitamin E as an antioxidant in a specific matrix is
difficult to predict from published studies because of the variation in
experimental conditions used to conduct such research. Studies often apply
to oxidation in model systems and/or to specific food matrices under highly
variable environmental and chemical conditions. Adding complexity to
the interpretation of results, methods of determining antioxidant action
are quite diverse in what is measured and how the experimental results are
reported. It is often difficult to compare results from investigation to
investigation, even if the same matrix is studied. The relative antioxidant
activities of the tocopherols in vivo are �-T>ß-T>�-T>�-T; however, relative
antioxidant activities in model and food systems are variable (9).
Conditions influenced by experimental design, chemical properties of the
food matrix, and environmental factors all interact to add to the
complexity of oxidation events and to the variability noted for antioxidant
efficiencies of the tocopherols and tocotrienols. Factors that influence the
antioxidant activity of the various forms of vitamin E are discussed in the
following sections of the chapter.

TABLE 3.1 Factors Involved in the Oxidative
Stability of Foods Providing Control Points for Antioxidants

Source: Modified from Ref. 7.
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3.3.2.1. Structural Requirements and Tocopherol Reactions During Lipid
Oxidation. Unsubstituted phenols are inactive as hydrogen donors; thus,
the hydroxyl group at position 6 of the chromanol ring provides the
hydrogen for donation to lipid free radicals (Figure 3.2). Because of this
simple structural requirement, formation of the ester bond at the position
6 hydroxyl eliminates the antioxidant activity of α-T when converted to α-
tocopheryl acetate. Variation in relative antioxidant efficiencies of
tocopherols and tocotrienols is related to the presence and stereochemical
characteristics of electron-releasing substituents in the ortho- and/or para-
position to the hydroxyl substituent (position 6) (9, 13). Kamal-Eldin and
Appelqvist (9) summarized the following antioxidant characteristics of
tocopherols and tocotrienols:

1. Chromanols are believed to be the most efficient natural lipid
antioxidants. The phytyl tails provide excellent lipid solubility.

2. Peroxy radicals react with tocopherols many times faster than with
acyl lipids. Therefore, one tocopherol molecule can protect many
magnitude greater numbers of polyunsaturated fatty acid molecules.

3. Antioxidants must form radicals that are not reactive with stable
molecules such as molecular oxygen, lipids, and lipid peroxides.
Their reactive capability should be limited to donation of hydrogens
to radicals and to termination reactions.

4. The chromanol ring is stabilized by resonance delocalization of the
chromanoxyl radical at position 6 after donation of the phenolic
hydrogen (Figure 3.2).

5. The delocalization of the unpaired electrons induces radical sites
on the ortho- and para-positions relative to the hydroxyl group
(Figure 3.2).

6. Electron-releasing groups at the ortho- and/or para-position to the
hydroxyl at position 6 increase the electron density of the active
centers. This effect facilitates homolytic fission of the O—H bond,
increases the stability of the phenoxyl radical, and improves the
statistical chances for reaction with peroxy radicals (9, 14, 15).

7. α-T, because of the presence of two ortho-methyl groups, is
expected to be a better antioxidant than ß-, γ-, and δ-T.

8. Carbon-centered alkyl radicals have more affinity for the phenoxyl
oxygen, whereas oxygen-centered radicals prefer to add to an ortho-
or para-position of the phenoxyl radical. Substitution at the ortho-
position 5 accounts for the differences in antioxidant activity noted
between α- and ß-T and γ- and δ-T.

9. The ortho-position 7 is sterically hindered. Therefore, ortho-
position 5 is the primary site for radical-radical (termination)
reactions.
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10. Peroxy radicals oxidize α-T primarily to 8a-peroxy-tocopherone,
which degrades to α-tocopherylquinone (Figure 3.5).

3.3.2.2. ααααα-Tocopherol Reactions. Pathways for the interaction of α-T in an
autoxidizing lipid system as presented by Kamal-Eldin and Appelqvist (9)
are shown in Figures 3.5 and 3.6. Some routes for γ-T are presented in
Figure 3.7 (16–18). Antioxidant action for α-T proceeds through the
following steps (9, 19– 22).

FIGURE 3.5 Formation of 8a-peroxy-α-tocopherones, α-tocopherylquinone,
tocopherone, and quinone epoxides. (Modified from Ref. 9.)
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1. �-T reacts with peroxyl radicals with the formation of
hydroperoxides and the �-tocopheroxyl radical, which is resonance
stabilized.

2. The �-tocopheroxyl radical forms 8a-substituted tocopherones
through peroxyl addition at C-8a, yielding 8a-(peroxy)-
tocopherones or 8a-(hydroxy)-tocopherones through electron
transfer and hydrolysis (Figure 3.5).

FIGURE 3.6 Formation of dimers and trimers from �-tocopherylquinone methide
intermediate. (Modified from Ref. 9.)
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FIGURE 3.7 �-Tocopherol reactions with oxygen radicals and nitrogen oxide
species. (Modified from Refs. 16 and 17.)
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3. The tocopherones yield α-tocopherylquinone through hydrolysis and
rearrangement.

4. The tocopheroxyl radical dimerizes through the tocopherol-5-
ethane dimer (Figure 3.6).

5. Further reactions yield various dimers, trimers, spirodimers,
spirotrimers, and epoxides.

6. Tocotrienols are thought to yield radicals and polymers similar to
their respective tocopherols.

3.3.2.3. γγγγγ-Tocopherol Reactions. Excellent studies by Ishikawa and Yuki
(23) and Ishikawa (24) characterized dimerization of the tocopherols
through synergistic reaction with trimethylamine oxide (TMAO). Reaction
products of γ-T in the presence of TMAO during autoxidation of methyl
linoleate were γ-T dipheryl ether dimer and γ-T bipheryl dimers. Inter-
conversion of the γ-T dimers and γ-T occurred during autoxidation. All
tocopheryl dimers were antioxidants (23). Structures of some γ-T dimers
are illustrated in Figure 3.8.

γ-Tocopherol can donate protons to peroxy radicals with formation
of the γ-tocopheroxyl radical (Figure 3.7). Further oxidation yields γ-
tocopheryl quinone and γ-tocopheryl orthoquinone in a manner similar
to oxidation of α-T. Because of the absence of a methyl group at C-5 of
the chromanol ring, γ-T is less capable of donating hydrogen to free
radicals than α-T. It, therefore, is a less effective chain-breaking
antioxidant than α-T in most oxidizing lipid systems. The lack of
substitution at C-5 gives γ-T the ability to trap lipophilic reactive nitrogen
species at the C-5 position. It is established that γ-T detoxifies nitrogen
dioxide more effectively than α-T and probably complements the action
of α-T in this respect (16–18). Further, γ-T undergoes nitrogenation by
peroxynitrite, which is formed by the reaction of nitric oxide with
superoxide (25, 26).

NO·+O2.-→ONOO-  

γ-Tocopherol is thus converted to the stable 5-nitro-γ-T (Figure 3.7). In
this capacity, γ-T acts as a nucleophilic trap for peroxynitrite, which is
considered to be a significant mutagenic oxidant and nitrating species
(25). Peroxynitrite is known to be highly reactive with various
biologically significant cellular components including amino acids,
glutathione, sulfhydryls, low-density lipoproteins, deoxyribonucleic acids
(DNA), liposomes, and microsomes (25–27). Because peroxynitrite is
believed to be an important etiological factor in various chronic disease
states, the role of γ-T as a detoxifying agent is receiving increased
attention.
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Since 5-nitro-�-T is a stable compound, it has been suggested as a
biomarker for the presence of lipid-soluble electrophiles such as reactive
nitrogen species (25). Brannan and Decker (27) examined the potential
use of 5-nitro-�-T as a lipid phase, peroxynitrite biomarker for lipid
oxidation to measure or detect oxidative changes in muscle foods. Since 5-
nitro-�-T is present at low levels in fresh muscle, is easily and rapidly
produced, is stable, and is easily quantified, it would be an ideal biomarker
of lipid oxidation in meat and meat products. However, Brannen and
Decker (27) found very low yields of 5-nitro-�-T under various model
system conditions. They concluded that 5-nitro-�-T was not useful to
confirm the presence of peroxynitrite in muscle foods.

FIGURE 3.8 Structures of �-tocopherol dimers. (Modified from Refs. 23 and 24.)
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3.3.2.4. Prooxidant or Inversion Effects. Many earlier studies completed in
model systems, edible oils, fats, and food matrices showed that tocopherols
are prooxidative above concentrations that provide antioxidant protection
(28–39). More recently, studies completed with pure triacylglycerols have
indicated that the tocopherols are not prooxidants but may act synergistically
with prooxidants already in the system (9, 40–45).

Research by Huang et al. (34), Cillard et al. (28, 29), and Jung and Min
(39) is representative of the demonstration of prooxidation effects produced
by high levels of tocopherols in edible oils. Huang et al. (34) used bulk corn
oil stripped of natural tocopherols to show the effect of known levels of �-
and �-T on hydroperoxide formation. �-Tocopherol had maximal
antioxidant activity at 100ppm and at 250–500ppm in 10% oil-in-water
emulsions, whereas �-T showed maximal antioxidant activity at 250–
500ppm in bulk oil with no difference in activity between 250 and 1000ppm.
�-Tocopherol started showing prooxidant activity at 250ppm in bulk oil
and at 500ppm in emulsions. �-T did not have prooxidant activity in either
bulk oil or emulsions. Both �- and �-T inhibited hexanal formation as the
antioxidant concentration and length of oxidation time increased. This
observation indicated that the ability of tocopherols to inhibit formation of
secondary degradation reactions is an important attribute and that property,
in some cases, could be as significant as the inhibition of hydroperoxide
formation to food quality. Cillard and Cillard (36) reported that at 0.05
mole of tocopherol per mole of linoleic acid, �-T was a prooxidant. Under
similar conditions, �- and �-T maintained antioxidant capacity at this
concentration level. The antioxidant and prooxidant effects, therefore,
depend on tocopherol concentration and on the specific tocopherols present
in the system. The work by Cillard and Cillard (36) is historically significant
in that they were among the first to follow tocopherol degradation during
autoxidation by LC. During the oxidation of linoleic acid in aqueous
solution, the rate of tocopherol loss was �-T>�-T>�-T. Cillard et al. (28, 29)
also reported that �-T was a prooxidant during autoxidation of linoleic
acid in an aqueous medium at pH 6.9 at a concentration of 1.25×10-4 M.
The linoleic acid autoxidation rate was followed by using
spectrophotometric measurement of conjugated dienes and GC
determination of unoxidized linoleic acid. The addition of �-T to the linoleic
acid model system increased the rate of formation of conjugated dienes and
the rate of loss of linoleic acid, especially during the first 4 days of
autoxidation (Figures 3.9 and 3.10). �-Tocopherol was rapidly destroyed
during the prooxidant reaction. These observations agreed with those of
Bazin et al. (37) and Husain et al. (38) who reported that �-T exhibited
prooxidant activity at concentrations of 1.25×10-4 M and 1.25×10-5 M.
However, the prooxidant behavior of �-T was unaffected by surfactants
used in the aqueous system or by the presence of different salts (30).
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The effects of 0, 100, 250, 500, and 1000ppm of α-, γ-, and δ-T on the
oxidative stability of purified soybean oil stored in the dark at 55°C are
listed in Table 3.2 (39). The oxidation was measured by peroxide value
and headspace oxygen consumption. The peroxide value of oil containing
100ppm α-T was lower than that of the control. Peroxide values increased
as the α-T concentration increased from 100 to 250, 500, and 1000ppm
(Table 3.2.). As the concentration of δ-T increased from 0 to 100 and
250ppm, peroxide values decreased. Peroxide values decreased
progressively as concentration of δ-T increased from 0 to 100, 250, and
500ppm. The tocopherols showed significant prooxidant effects at higher
concentrations of 100, 250, and 500ppm of α-, γ-, and δ-T, respectively.
The optimal concentration of the tocopherols for the oxidative stability of

FIGURE 3.9 Conjugated diene measurement during linoleic acid autoxidation in
aqueous medium, , Linoleic acid without α-tocopherol; , linoleic acid with
α−tocopherol (5×10-2 M). (Modified from Ref. 28.)
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soybean oil was related to the oxidative stability of each tocopherol. The
lower the specific oxidative stability of the specific tocopherol, the lower
the optimal concentration required for that tocopherol for maximal
oxidative stability of the oil. This research is often cited as a practical
guide for usage levels for oxidation control by natural tocopherols. In
general, the antioxidant efficacy decreases with increasing concentrations
and reaches a point at which where an apparent prooxidant effect occurs.

Kamal-Eldin and Appelqvist (9) concluded from their work and prior
research by others that the tocopherols are not prooxidants but, at high
concentrations, act as prooxidant synergists with prooxidants already in the
system (transition metals, preformed hydroperoxides, various reactive oxygen
species, heme proteins, and other photosensitizers). The overall effect was
explained as follows: “Each antioxidant/substrate combination has critical

FIGURE 3.10 Linoleic acid measurement by GC after extraction from aqueous
medium and methylation. �, Linoleic acid without �-tocopherol; �, linoleic acid
with �-tocopherol (5×10-2 M). (Modified from Ref. 28.)
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concentration ratios for maximum stability. Below these critical
concentration ratios, inhibition (of oxidation) is below optimum and above
which the antioxidant may invert their effects and synergize the present
prooxidants.”

Recent studies on purified edible oil triacylglycerols support the inversion
of antioxidant activity phenomenon. Research on pure triacylglycerols from
sunflower, butter oil, rapeseed, and fish oil, containing no prooxidants,
indicates that �- and �-T do not exhibit prooxidant effects (40–45).
Representative of this research, Kulås and Ackman (43, 44) compared
formation of hydroperoxides in menhaden oil and in purified menhaden
triacylglycerols. At �-T concentration =250ppm, �-T was a prooxidant in
the unpurified oil but inhibited hydroperoxide formation at all levels in the
purified triacylglycerols. Fuster et al. (40) purified sunflower oil
triacylglycerols to the extent that tocopherols were not detectable by LC.
The stability of the purified triacylglycerols was studied at concentrations
of �- and �-T from 1 to 200ppm at 55°C. Both tocopherols reduced peroxide

TABLE 3.2 The Effect of Tocopherols on Peroxides in Purified Soybean Oil During
Dark Storage at 55°C

Source: Modified from Ref. 39.
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value by more than 90% at levels >20ppm. α-Tocopherol had greater
antioxidant ability than γ-T at concentrations �40ppm. However, at
levels>200ppm, γ-T showed better activity than α-T. Neither tocopherol
acted as a prooxidant at concentrations up to 2000ppm. A protection factor
(PF) (Figure 3.11) was calculated to demonstrate tocopherol concentration
effects on oxidative stability of the sunflower triacylglycerols.

PF=(PVCONTROL-PVSAMPLE)/PVCONTROL  

3.4. ANTIOXIDANT ACTIONS OF VITAMIN E

3.4.1. Model Systems

Use of model systems consisting of free fatty acids, fatty acid methyl esters,
or purified triacylglycerol substrates has been the predominant approach
to the study of factors influencing the antioxidant activity of vitamin E.
Such research was initiated shortly after the discovery of the tocopherols

FIGURE 3.11 Effects of adding α- and γ-tocopherol on the stability of purified
sunflower oil. Peroxide value (PV) was measured, and a protection factor was
calculated as PF (protection factor)=(PVcontrol-PVsample)/PVcontrol. α-T, α-tocopherol;
γ-T, γ-tocopherol. (Modified from Ref. 40.)
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and led to the understanding of the mechanism of lipid oxidation, the
interaction of antioxidants, and the nutritional and technological
significance of vitamin E. Use of simple substrate model systems eliminates
the interaction of vitamin E with other natural antioxidants and
prooxidants that exist in more complex fats and oils, in raw or processed
foods, or in vivo. Model system research summarized in Table 3.3. includes
both historically significant and more recent studies that have led to
increased knowledge about the action of vitamin E in foods.

Advances attributable to model system studies include delineation of
the following:

1. Differences in antioxidant efficiencies of the tocopherols and
tocotrienols (40, 45–56)

2. Temperature effects on oxidation mechanisms and effectiveness of
different antioxidants (33, 36, 46, 47, 53–58, 64)

3. The mechanism of autoxidation (29, 31–33, 38, 50, 61, 63, 64)
4. The role of photocatalysis as an initiator of autoxidation and the

ability of vitamin E to quench singlet oxygen (57, 60, 62, 65)
5. Inversion of antioxidant activity (28, 29, 32, 33, 37, 38)
6. The synergistic effects of food compounds with vitamin E (29, 37,

38, 47–49, 59, 61, 65, 66)

3.4.2. Fats and Oils

In general, the addition of vitamin E to fats and oils depends on the level of
natural antioxidants in the refined product and the intended use of the oil.
Refined, bleached, and deodorized (RBD) vegetable oils seldom require
addition of antioxidants because of the high residual amounts of vitamin E
after the refining process. Added vitamin E in some edible oils could easily
increase concentrations sufficiently to produce inversion of antioxidant
activity. Animal fats, as opposed to vegetable oils, have little naturally
occurring vitamin E and require stabilization with antioxidants. Buck (67)
reviewed the chemical characteristics and practical applications of
antioxidant usage in fats and oils. Guidelines for antioxidant usage in both
animal and vegetable fats and oils given by Buck (67) include the following:

1. Because of low levels of natural antioxidants, addition of
antioxidants is commonly required to increase shelf life of the fats
and the processed foods containing these as ingredients.

2. Antioxidant activity in animal fats and oils is generally TBHQ>
propyl gallate>BHA>BHT>tocopherols.

3. Addition of acid synergists with primary antioxidants to animal
fats increases oxidative stability.

4. Addition of antioxidants to vegetable oils increases oxidative stability.
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TABLE 3.3 Summaries of Research on the Antioxidant Activity of Tocopherols and Tocotrienols in Model Systems, Fats and Oils, and Foodsa
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aα-T, α-tocopherol; HPLC, high-performance liquid chromatography; GC, gas chromatography; BHA, butylated hydroxyanisole; BHT, butylated
hydroxytoluene; MDA, malondialdehyde; TAG, triacylglyceride; HPSEC, high performance size-exclusion chromatography; AnV, p-anisidine value;
TG, triglyceride; MRP, Maillard reaction products; MS, mass spectrometry; PG, propyl gallate; FFA, free fatty acids.

TABLE 3.3 Continued
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5. Antioxidant activity in vegetable oils is generally TBHQ>propyl
gallate>BHT>BHA.

6. Vitamin E is usually not used in vegetable oils when regulations
permit use of more effective synthetic antioxidants.

Effectiveness of various antioxidant treatments for stability of soybean oil
and lard is indicated in Figure 3.12.

Widely varying studies have defined the antioxidant activities of the
tocopherols in fats and oils under many different experimental conditions.
Some of these studies, summarized in Table 3.3, provide the following
conclusions applicable to the antioxidant activity of vitamin E:

1. Antioxidant activity of specific tocopherols and tocotrienols varies
with the type of fat or oil (45–51, 68–73).

2. Antioxidant activity varies with the state of the fat (34, 35, 71, 77–82).
3. Temperature effects can be substantial. Antioxidant efficiencies of

the tocopherols change at varying temperatures. Activity cannot
be extrapolated from cold or ambient to what occurs at frying
temperatures (47, 48, 69, 71, 92).

FIGURE 3.12 Effects of various antioxidants on the stability of soybean oil and
lard as measured by the active oxygen method (AOM). TBHQ, tertiary butyl
hydtoquinone; PG, propyl gallate; BHT, butylated hydroxy toluene; BHA,
butylated hydroxy anisole. (Modified from Ref. 67.)
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4. Concentration effects are of significant practical concern, since
inversion of antioxidant activity usually occurs at concentrations
above 500ppm (28, 29, 34, 35, 39, 51, 83).

5. The presence of other natural antioxidants in complex foods can act
synergistically with vitamin E (57, 61, 66, 78, 80, 84, 86, 89, 91).

As early as 1937, Olcott and Emerson (54) showed that the tocopherols
were effective antioxidants in lard and oleo oil at concentrations of 0.01%–
0.20%. They demonstrated that the antioxidant activities differ, that �-T
has the strongest activity (�-T>ß-T>a-T), and that the esters are inactive.
Later research by Olcott and van der Veer (70) and Parkhurst et al. (83)
further established that �- and �-T were more effective antioxidants than
a-T in fat under the specific conditions of their research. Both of these
studies used tocopherol stripped fats and oils (lard and menhaden oil).
Parkhurst et al. (83) clearly established that antioxidant activity decreased
at increasing concentrations once maximal inhibition of autoxidation was
achieved. Each tocopherol had limited increased activity above 250ppm
(Figure 3.13). Olcott and van der Veer (70) were the first to establish

FIGURE 3.13 Induction period vs. tocopherol concentration in lard at 97°C. �-T,
�-tocopherol; �-T, �-tocopherol; �-T, �-tocopherol. (Modified from Ref. 83.)
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clearly that the hydrogen on position 5 of the chromanol ring in γ- and δ-T
was significant to antioxidant activity.

Chow and Draper (69) found that vitamin E oxidation and peroxide
formation occurred more rapidly in corn oil than in soybean oil, and that
differences could not be explained in terms of differences in the vitamin E and
fatty acid content of these oils. When corn and soybean oils were heated to
70°C with vigorous agitation, the rates of α-T and α-T3 losses were greater
than the rates of γ-T and γ-T3 losses. In soybean oil, γ-T was destroyed faster
than δ-T. In corn oil stripped of naturally occurring tocopherols, the antioxidant
activity of tocopherols added back at 0.02% was in the order of γ-T>δ-T>ß-
T>α-T. The rates of losses for γ- and δ-T in soybean oil did not agree with their
relative antioxidant activities at similar concentrations in corn oil. This work
led to the significant understanding that total vitamin E concentration in an oil
is not a foolproof indicator of oil stability. Further, stability of different oils
can be greatly affected by natural antioxidants and synergists other than
vitamin E and by the presence of prooxidants.

3.4.3. Foods

Maintenance of food quality for extended shelf life requires the use of
antioxidants. Although synthetic antioxidants are more commonly used
in foods because of availability, cost, and activity considerations, use of
natural vitamin E preparations has dramatically increased over the past
two decades. The growth of the natural vitamin E market with respect to
food antioxidant activity is directly linked to the consumer’s positive
perception of natural food ingredients compared to synthetic ingredients
and to the significant advances in nutrition knowledge about benefits of
tocopherols and tocotrienols in the human diet. Increased demand has led
to increased production of natural vitamin E for use in foods and to
increased cost. Studies summarized in Table 3.3 show the effectiveness of
tocopherols as antioxidants under widely varying conditions.

As discussed in Chapter 4, supplementation of α-T to animal rations
increases α-T concentration in vivo and increases oxidative stability of fresh
and processed meats. Further, tocopherols are known to reduce warmed-
over flavor (WOF) in cooked meat products. Research has shown the
practicality of using tocopherols in processed meats as the primary
antioxidant. Representative studies summarized in Table 3.3 include ground
beef, (84–86) ground pork (87), and ground chicken and turkey (88–91).
Lee and Lillard (84) added a mixed tocopherol concentrate containing
12.0% α-T, 1.4% ß-T, 57.4% γ-T, and 29.2% δ-T to ground beef. Cooked
hamburger patties were stored at 4°C for 5 days and lipid oxidation was
measured by thiobarbituric acid-reactive substance (TBARS) and by the
concentration of hexanal in the headspace. At 200ppm, the mixed
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tocopherol preparation dramatically reduced TBARS and hexanal
formation (Table 3.4.). A high correlation was found between hexanal, an
indicator of WOF, and TBARS. ß-Carotene when added to the ground
beef at 200 and 400ppm did not inhibit oxidation or formation of WOF.
The effectiveness of tocopherols as inhibitors of oxidation and formation
of WOF in cooked meats has been documented in several studies with
meat products produced from red meat and poultry (84–91). Effective
levels for α-T range from 50 to 200ppm. α-T at 100ppm inhibited lipid
oxidation in irradiated ground chicken during chilled storage (90). The
addition of antioxidants before irradiation was synergistic in decreasing
the level of free fatty acids. α-Tocopherol and BHT were the most effective
antioxidants, as measured by thiobarbituric acid (TBA), carbonyl levels,
and sensory evaluation (Table 3.5.).

TABLE 3.4 Thiobarbituric Acid Reactive Substances and Headspace Hexanal Peak
Areas in Freshly Cooked or Reheated 2- and 5-Day Stored Beef Patties at 4°C±1°C

aNot detectable; TBARS, thiobarbituric acid reactive substance.
Source: Modified from Ref. 84.

TABLE 3.5 Thiobarbituric Acid Values and Carbonyl Content of Treated Minced
Chicken Meat During Storage at 0°C–3°C

aTBA, thiobarbituric acid; α-T, α-tocopherol.
bumoles/g meat
Source: Modified from Ref. 90.
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Addition of mixed tocopherols from soybean oil improved the
oxidative stability of cooked, minced turkey meat (88–89). At 50,
100, and 150ppm, the mixed tocopherol reduced TBARS and the rate
constant for TBARS development significantly. RRR α-T and RRR δ-
T, when added individually, reduced TBARS values and hexanal
headspace concentration. Without added ascorbyl palmitate, α- and
δ-T had similar antioxidant activity. In the presence of ascorbyl
palmitate (200ppm), α-T produced on additional decrease in hexanal
formation (Figure 3.14).

3.4.4. Regulation for Application of Vitamin E

Various forms of vitamin E are classified as generally recognized as safe
(GRAS) when used in accordance with good manufacturing practices by
the United States Food and Drug Administration in the Code of Federal
Regulations (CFR) (93). Specific sections of the CFR pertaining to vitamin
E include the following:

FIGURE 3.14 The effects of RRR-α-tocopherol and RRR-δ-tocopherol added
individually or in combination with ascorbyl palmitate (AP) to cooked turkey
meat balls based on measurement of (A) thiobarbituric acid-reactive substance
and (B) hexanal in headspace. , 100ppm α-T; Δ, 100ppm δ-T; , 100ppm α-
T+200ppm AP; , 100ppm δ-tocopherol+200ppm; , control batch without
antioxidants added. TBARS, thiobarbituric acid-reactive substance; MDA
malondialdehyde, (Modified from Ref. 88.)
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21CFR 182.3890
 Product—Tocopherols
 Usage—Chemical preservative
 Conditions—GRAS
21CFR 182.8890
 Product—Tocopherols
 Usage—Nutrient
 Conditions—GRAS
21CFR 107.100
 Product—Vitamin E
 Usage—Infant formula specification
 Conditions—Must contain 0.7IU/100 kilocalories
21CFR 184.1890
 Product—RRR-�-tocopherol and all-rac-�-tocopherol
 Usage—Inhibitors of nitrosamine formation for use in pumping bacon
 Conditions—Good manufacturing practices (GMP)
9 CFR 424.21
 Product—Tocopherols
 Usage—Rendered animal fat or a combination of such fat and

vegetable fat
 Conditions—0.03%. A 30% concentration of tocopherols in

vegetable oils shall be used when added as an antioxidant to products
designated as “lard” or “rendered pork fat”

9 CFR 424.21
 Product—Tocopherols
 Usage—Dry sausage, semidry sausage, dried meats, uncooked or

cooked fresh sausage made with beef and/or pork, uncooked or
cooked Italian sausage products, uncooked or cooked meatballs,
uncooked or cooked meat pizza toppings, brown and serve sausages,
pregrilled beef patties, and restructured meats

 Conditions—Not to exceed 0.03% based on fat content. Not used
in combination with other antioxidants

9 CFR 424.21
 Product—Tocopherols
 Usage—Various poultry products
 Conditions—0.03% based on fat content (0.02% in combination

with any other antioxidant for use in poultry, except TBHQ, based
or fat content)

3.5. TOCOPHEROL INTERACTIONS

Because of the complexity of food systems, tocopherols, other antioxidants,
and synergists can interact to produce multimechanistic barriers to lipid
oxidation. The role of vitamin E together with other antioxidants and/or
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synergists is well recognized in controlling oxidative stress in mammalian
and plant systems. Such interactions with tocopherols and tocotrienols play
a significant role in controlling oxidative events in natural and processed
foods. Kamal-Eldin and Appelquist (9) specified four potential mechanisms
that can produce synergistic antioxidant effects in oxidizing lipids:

1. A tocopherol sparing effect when vitamin E is present with another
antioxidant, which can be a free radical interceptor or singlet
oxygen quencher

2. A tocopherol regeneration system that can regenerate the tocopherols
from tocopheroxyl radicals to restore the antioxidant activity

3. The presence of trace metal chelators that remove heavy metal
catalysts from the system

4. The presence of microemulsions formed by phospholipids that
concentrate the tocopherols with the phenolic group positioned
near the polar region where lipid radicals are concentrated

3.5.1. Tocopherols and Ascorbic Acid

Interaction of vitamin E and ascorbic acid regenerates vitamin E in
autoxidizing lipid systems (Chapter 2). Since Tappel (94) first proposed
the significance of the interaction to living systems, much research has
clearly defined the understanding of the event and its significance. Barclay
et al. (95, 96) and Niki et al. (97) were among the first researchers to
demonstrate the interaction and propose mechanisms that suggested
donation of a hydrogen atom by ascorbic acid to tocopheroxyl radicals to
regenerate vitamin E. Location of the tocopheroxyl radical in the micelle
near the aqueous phase interface and proper alignment of ascorbic acid in
the aqueous phase were essential to regeneration. Niki (98), in an early
review, proposed the diagram shown in Figure 3.15 to demonstrate
regeneration of vitamin E by ascorbic acid. Buettner (99) presented the
diagram shown in Figure 3.16 to explain lipid oxidation at the membrane
level. The events occur in the following sequence:

1. Initiation of autoxidation by an oxidizing radical (R·, RO·, ROO·)
2. Oxygenation to form a peroxy radical with conjugation of the

unconjugated fatty acid chain
3. Partitioning of the peroxy radical to the water-membrane interface,

placing it in proximity to the tocopherol
4. Conversion of the peroxy radical to lipid hydroperoxide with

formation of the tocopheroxyl radical
5. Recycling of the tocopheroxyl radical by ascorbate to tocopherol,

readying the ascorbate radical for recycling by various enzyme
systems
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FIGURE 3.15 Regeneration of α-tocopherol from the α-tocopheroxyl radical by
ascorbic acid. (Modified from Ref. 99.)

FIGURE 3.16 Representation of the positions of α-tocopherol and ascorbic acid
at the membrane-water interface. (Modified from Ref. 99.)
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The preceding discussion pertains to the role of vitamin E and ascorbic
acid at the cellular membrane level only in living systems; however,
regeneration of vitamin E by vitamin C bears much practical significance to
control of autoxidation in food commodities and processed foods.
Synergistic activity of vitamin E and ascorbic acid as antioxidants in animal
and vegetable fats and oils was observed before interactions in cellular
membranes (100). Since early observations in foods, a great number of
literature citations indicate the usefulness of ascorbic acid or ascorbyl
palmitate in multicomponent antioxidant preparations. Representative of
such work, Hamilton et al. (101) found that maximal antioxidant effect
occurred with 2% �-T, 0.1% ascorbyl palmitate, and 0.5% lecithin in refined
Chilean fish oil stored at 20°C under air (Figure 3.17). However, delay in
oxidation as measured by PV did not improve flavor stability of the oil. Yi
et al. (78) had previously reported that at 0.01%–0.02% ascorbic acid was
required in refined sardine oil to obtain synergism with �-T.

3.5.2. Tocopherols and Carotenoids

Carotenoids act as antioxidants by quenching singlet oxygen and
scavenging radicals.(102–104)

 
Carotenoids synergistically act with vitamin E and ascorbic acid (104). A
regeneration cycle, similar to that thought to be operative with vitamin E and
ascorbic acid, has been postulated for regeneration of the tocopheroxyl radical
by interaction with carotenoids (Figure 3.18) (105). Synergistic inhibition of
lipid oxidation in rat liver microsomes has been documented (61).

In foods, carotenoids are added after other processing to enhance color
(105). Inherent susceptibility to oxidation can limit their usage. Additionally,
carotenoids are prooxidants under various environmental conditions. Haila
et al. (106) studied interactions of several carotenoids including lutein,
lycopene, ß-carotene, and annatto with �-T in triacylglycerides prepared
from low-erucic acid rapeseed oil. Lutein, lycopene, and ß-carotene were
prooxidants, and annatto and �-T inhibited formation of hydroperoxides.
Addition of �-T inhibited the prooxidant effect of the carotenoids and color
changes. A combination of lutein and �-T was synergistic in the inhibition
of oxidation. The authors thought that �-T retarded formation of carotenoid
radicals and further degradation products. Elimination of color loss and the
prooxidant effect were achieved at a �-T concentration of 3µg/g.
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Lee and Lillard (84) determined effectiveness of a tocopherol mixture
and ß-carotene in preventing lipid oxidation in cooked beef patties. Ground
meat was treated with one of the following: 200ppm of ß-carotene, 400
ppm of ß-carotene, 200ppm of spray-dried mixed tocopherol concentrate,
or a mixture of ß-carotene and tocopherol concentrate (each 200ppm).
The tocopherol mixture reduced TBARS values, but ß-carotene alone at
both 200 and 400ppm had no antioxidant activity. The mixture of
tocopherols and ß-carotene reduced TBARS values, but there was no
significant difference between the tocopherol and tocopherol-ß-carotene

FIGURE 3.17 The effect of �-tocopherol (�-T) on peroxidation in air of Chilean
fish oil that contained lecithin (0.5%) and ascorbyl palmitate (0.1%) at 20°C. PV,
peroxide value. (Modified from Ref. 101.)

FIGURE 3.18 Interaction of tocopherols, carotenoids, and ascorbic acid.
(Modified from Ref. 105.)
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treatment. They concluded that synergistic antioxidant activity between
the tocopherol isomers and ß-carotene could not be determined. Heinonen
et al. (80) reported a synergistic effect of �-T and ß-carotene on oxidation
of 10% oil-in-water emulsions of rapeseed oil. In this system, �-T (1.5µg/
g) showed antioxidant activity, inhibiting both the formation and
decomposition of lipid hydroperxoides. At concentrations of 0.45, 2, and
20µg/g, ß-carotene acted as a prooxidant, in terms of the formation of
lipid hydro-peroxides, hexanal, or 2-heptanal. However, the combination
of ß-carotene and �-T was significantly better in retarding oxidation than
�-T alone.
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4
Dietary Vitamin E
Supplementation for
Improvement of Oxidative
Stability of Muscle Foods,
Milk, and Eggs

4.1. INTRODUCTION

Animals cannot synthesize vitamin E, and, therefore, the levels of vitamin
E in animal tissues vary according to the dietary intake of the vitamin. α-
Tocopheryl acetate (α-TAC) is widely used for dietary supplementation by
the animal and poultry feed industries because the ester form is more stable
to oxidation than the corresponding alcohol form. Muscle levels of α-
tocopherol (α-T) are increased by dietary supplementation and, in turn,
increase oxidative stability of the muscle, meat products, milk, and eggs
during processing and refrigerated or frozen storage. Additionally, such
products then become a more significant source of α-T to the consumer.

Oxidation of lipids is a major cause of deterioration in the quality of
muscle foods that affects many quality characteristics, including flavor,
color, texture, nutritional value, and safety. The rate and extent of lipid
oxidation are influenced by several factors, e.g., the balance between
antioxidant and prooxidant levels, the content and fatty acid composition
of muscle fat, the degree of mechanical processing, the methods of
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packaging, and storage conditions (1). Supplementation of poultry, animal,
and fish diets with vitamin E is a highly effective method to delay lipid
oxidation of meats and meat products during processing, storage, and retail
display. Several recent reviews on this topic include Jensen and associates
(1), Frigg and associates (2), Morrissey and associates (3), Buckley and
associates (4), Liu and associates (5), Sheehy and associates (6), Faustman
and associates (7) and Morrissey and associates (8). This chapter focuses
on the effects of vitamin E supplementation of poultry, animal, and fish
diets as a means to increase the α-T levels in food products to improve
quality through retardation of oxidation, improve other quality factors,
and increase availability of α-T to the consumer.

4.2. BROILERS

As early as 1948, Kummerow and colleagues (9) showed that the stability
of turkey skin as measured by peroxide value over an 18-month storage
period at -13°C increased when the birds were fed a tocopherol
concentrate. Early work with broilers proved that supplementation of
poultry diets with vitamin E increased the α-T concentration in carcass fat,
muscle, plasma, and various organs and increased oxidative stability of
adipose tissue and muscle (10–17). More recent research on feeding
supplemental levels of vitamin E to broilers is discussed in the following
sections and summarized in Table 4.1.

4.2.1. Vitamin E Supplementation and Tissue Levels

Bartov and Bornstein (18–19) found that the α-T levels in plasma, liver,
and adipose tissue of broilers markedly increased as dietary α-TAC
increased. Also, content of α-T in abdominal fat increased as the duration
of α-TAC supplementation increased. In 1991, Sheehy and coworkers (20)
investigated the effect of feeding α-T on the concentrations of α-T in various
tissues of chicks. One-day-old male ISA Brown chicks were fed a vitamin
E-deficient corn-soy-based starter diet or that diet supplemented with all-
rac-α-TAC to concentrations of 25, 65, and 180mg α-T/kg diet for 24 days.
Concentrations of α-T in plasma, liver, lung, heart, and thigh muscle
increased as the dietary content increased. Concentrations of α-T in tissues
responded to dietary intake in the order of heart≈lung>liver>thigh
muscle>brain. Also, a linear relationship existed between the concentration
of α-T in the diet and the tissue levels of α-T. α-T deposition did not reach
saturation in tissues with dietary α-T content up to 180mg/kg diet. Morrissey
and associates (21) fed broilers 200mg α-TAC/kg diet for 5 weeks before
slaughter. The basal diet contained 30mg α-TAC/kg diet. They found
increased α-T content in plasma and all tissues studied.
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aα-TAC, α-tocopherol acetate; BHT, butylated hydroxytoluene; TBA, thiobarbituric acid; α-T, α-tocopherol; MetMb, metmyoglobin; BHA,
butylated hydroxyanisole; HSE, heated sunflower oil supplemented with α-TAC; HSO, heated sunflower oil; TBARS, thiobarbituric acid-reactive
substance; MUFA, monounsaturated fatty acid; WOF, warmed-over flavor; COP, cholesterol oxidation products; PSE, pale, soft, exudative.

TABLE 4.1 Continued
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The order was heart>lung>liver>thigh muscle>breast muscle>brain, an order
very similar to the results reported by Sheehy and colleagues (20). The
duration of supplementation time required to approach saturation differed
from tissue to tissue (Figure 4.1). Saturation levels of α-T were reached at
1 week for liver and plasma, 3 weeks for heart, lung, and thigh muscle,
and 4 weeks for breast muscle. Both Sheehy and coworkers (20) and
Morrissey and associates (21) suggested that the low concentrations of α-T
in brain tissue were due to either poor tissue uptake or high turnover. A
higher amount of α-T in lung and heart is required to protect these tissues
against the high oxygen tension and freshly oxygenated blood (21). In
order to optimize α-T levels in muscle and retard oxidation, a supplemental
dietary level of 200mg α-TAC/kg diet was recommended to be fed at least
4 weeks before slaughter.

Other research confirmed that dietary supplementation of broiler diets
with α-TAC increased α-T levels in cooked muscle and in raw, cooked, and
stored chicken meat (22, 23). α-T concentrations in breast and thigh muscle
increased 4.1-and 2.0-fold with supplementation of 200mg α-TAC/kg feed
and 10- and 4.7-fold with supplementation of 800mg/kg feed, respectively
(22). The 200- and 800-mg supplemental levels significantly decreased
formation of cholesterol oxidation products in breast and thighs stored at
4°C. A diet supplemented at the 200-mg α-TAC/kg level increased α-T in
broiler tissue four- to seven-fold compared to that of a control diet (23).

FIGURE 4.1 α-Tocopherol concentrations in heart, ( ), liver ( ), lung ( ), brain
( ), thigh (Δ), and breast ( ) muscle of chicks fed a basal diet up to slaughter at 6
weeks, or chicks fed an α-TAC-supplemented diet for 1 to 5 weeks. α-TAC, α-
tocopherol acetate. (From Ref. 21.)
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4.2.2. Effect of Dietary Vitamin E on Oxidative Stability

The primary objective of supplementation of broiler diets with vitamin E
is to prevent and/or delay lipid oxidation in fresh or processed products.
Positive effects include prevention or delay of rancidity in uncooked meats
and warmed-over flavor in cooked meats, cholesterol oxidation in
processed and stored poultry products, and color deterioration and drip
loss in fresh meats. Increased incorporation of α-T into membranes presents
a first-line defense mechanism against the initiation of oxidation of the
unsaturated lipids present in the membrane and the negative effects
oxidation has on quality (5, 24)

One of the earliest studies showing the ability of dietary vitamin E to
improve oxidative stability in broiler meat was by Webb and colleagues
in 1972 (25). They investigated the effects of feeding α-TAC at concentrations
of 11 (7.4mg α-T), 22 (14.8mg α-T), and 220IU (147.8mg α-T)/kg feed for
36 days along with ethoxyquin (EQ) and butylated hydroxytoluene (BHT)
on rancidity development in broiler meat. Feeding 11 or 22IU/kg feed for
36 days or feeding 220IU/kg feed for 12 days held thiobarbituric acid
(TBA) numbers below those of the control. Feeding BHT at 0.01%, 0.02%,
or 0.04% of the diet did not significantly reduce rancidity development,
but 0.04% EQ reduced TBA numbers. Bartov and Bornstein (26) also studied
the effect of vitamin E, BHT, and EQ on the stability of abdominal fat and
muscle tissue of broilers. Supplementation of α-TAC at 10 and 20mg/kg
diet for about 30 days improved the stability of abdominal fat and thigh
and breast muscle in terms of TBA numbers. Effects of various dietary
supplementation approaches on the quality of frozen chicken meat evaluated
by sensory as well as by instrumental techniques using gas chromatograph-
mass spectrometry (GC-MS) showed significant effects on off-flavor scores
(27). Samples from vitamin E-supplemented birds had a fresher flavor when
compared to the control samples. Analysis of the constituents in the aroma
concentrates of meats from control and supplemented birds indicated that
levels of aldehydes, which are markers for rancid flavor of meats, were
much higher in the control samples when compared to the supplemented
samples. The muscles from chickens fed a basal diet were more susceptible
to induced oxidation than the muscles from chickens fed a supplemented
diet, including a finisher diet, containing 200mg α-TAC/kg. Oxidative
changes of dark meat (leg) from the control group were much more extensive
than those of white meat (breast) from the same control group even though
α-T level of leg muscle was higher than that of breast muscle. This result
confirmed previous findings that lipid peroxidation rate was higher in
microsomes from dark muscle tissue of broilers when compared to white
muscle microsomes (28, 29). The higher oxidation rate in dark broiler
meat is due to higher total lipid content compared to that of white meat.
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Lauridsen and coworkers (30) also found that oxidative changes were much
more extensive in subcellular membranes isolated from thigh muscles
compared to membranes from breast muscles.

Bartov and Frigg (31) determined the effect of feeding pattern of vitamin
E on the performance and the oxidative stability of the drumstick meat of
7-week-old broiler chicks. They evaluated the five feeding treatments listed
in Table 4.2. Food intake, weight gain, and food efficiency were not
significantly affected by the vitamin E feeding pattern. The TBA values
were significantly negatively correlated with the amount of vitamin E
consumed during induced oxidation of the tissue by incubation in a water
bath at 37°C for 1h under constant shaking (Table 4.2). The oxidative
stability of the meat of birds fed the various combinations of vitamin E
(treatments 3, 4, and 5) was significantly higher than that of birds that did
not receive additional vitamin E (treatment 1). The muscle of birds that
received vitamin E continuously (treatment 2) showed the best oxidative
stability.

Synthetic α-TAC is as effective as a mixture of natural sources of RRR-
α-, γ-, and δ-TAC for dietary vitamin E supplementation in protecting the
live chicken (32, 33). Blood analyses including packed cell volume and in
vitro hemolysis to indicate erythrocyte fragility and plasma enzyme levels,
including those of aspartate aminotransferase, creatine kinase, and
glutathione peroxidase, showed only small differences between control
chicks and groups supplemented with vitamin E, either natural or
synthetic. Excretion of ethane and pentane was not evident, confirming
minimal in vivo peroxidation and oxidative stress in the live birds. A
mixture of natural source RRR-α-, γ-, and δ-TAC was as efficient as all-rac
α-T at levels of 100 or 500mg/kg feed. Vitamin E supplementation at these
levels also protects heat stressed birds from development of pale, soft,
exudative (PSE) meat (34).

Supplementation above the basal diet level that contained 72mg/kg α-T
from natural ingredients and a supplementation rate of 46mg all-rac-α-
TAC/kg feed had little effect on the oxidative stability of raw, chilled, or
frozen muscles. Addition of 100mg of either mixed natural source TAC
or all-rac-α-TAC increased oxidative stability of precooked muscles over
those of the control (33) (Figure 4.2). Increasing the supplementation rate
from 100 to 500mg/kg feed of all-rac-α-TAC did not significantly improve
oxidative stability of the precooked muscle; however, addition of 500mg/
kg of natural source mixed tocopherols did slightly improve oxidative
stability from the 100-mg/kg rate. The study conclusively showed that
the mixture of natural source RRR-tocopherols was less effective on a
weight basis when compared to the all-rac-α-T, confirming the role of α-T
as an antioxidant in chicken muscles. A supplementation of 200mg/kg
with all-rac-α-TAC to give a final feed content approximating 200mg/kg
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TABLE 4.2 Effect of Dietary Vitamin E Concentration and the Age Period of Its Supplementation on the Plasma α-Tocopherol Level and
on the Meat Stability of Broiler Chicksa

Source: Modified from Ref. 31
aMeans of ± standard error of 12 birds (three of each of the four replicates). TBA, thiobarbituric acid; α-T, α-tocopherol.
bData based on the analyzed values of the diets and amount of food intake.
cExpressed as milligrams sodium salt of malonaldehyde bis-bisulfite per kilogram meat.
dIn water bath at 37°C for 1h under constant shaking.
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FIGURE 4.2 Progression in oxidation in precooked, chill stored (a) breast muscle
and (b) thigh muscle from broilers fed basal feed ( ), basal feed supplemented
with 100mg mixture of natural source RRR-α-, γ-, δ-TAC/kg feed ( ), basal feed
supplemented with 100mg all-rac-α-TAC/kg feed ( ), basal feed supplemented
with 500mg mixture of natural source RRR-α-, γ-, δ-tocopheryl acetate/kg feed
( ). α-TAC, α-tocopherol acetate; TBARS, thiobarbituric acid-reactive subtance.
(From Ref. 33.)
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α-T was recommended (33). This level was thought to be sufficient to
protect precooked broiler meat during chill storage and processing.

Since chicken dark meat tends to be oxidized more rapidly than breast
meat, the effect of supplemental vitamin E on the stability of processed
and/or frozen dark meat products is significant. Research published in 1999
and 2001 (35–37) indicated that dark meat from vitamin E-supplemented
birds is significantly more stable than that from nonsupplemented birds
during frozen storage. Also, α-TAC at 200mg/kg counteracts the prooxidant
effect of NaCl in salted products (Figure 4.3) (35).

4.2.3. Effect of Dietary Fat and Vitamin E on Lipid Oxidation

Oils and other fats are commonly added to broiler diets to meet high
energy demand of the fast growing broilers and to improve the efficiency
of feed utilization. Since dietary recommendations for humans stress
intake of low levels of saturated fats, research has focused on the
production of chicken meat with modified fatty acid profiles. However,
as the degree of unsaturation of the muscle lipid increases, the oxidative
stability of the muscle decreases. This relationship presents a need to adjust
the antioxidant capacity of the muscle to compensate for the higher muscle
levels of unsaturated fatty acids. Increased antioxidant capacity can be
easily achieved by dietary vitamin E supplementation. α-Tocopherol from
the supplementation incorporates into membrane-bound phospholipids,

FIGURE 4.3 Effect of 1% salt on the oxidative stability of refrigerated, cooked
thigh patties from broilers fed 30mg/kg or 200-mg/kg diet α-TAC. α-TAC, α-
tocopherol acetate; MDA-TBA, malonaldehyde-thiobarbitaric acid values.
(Modified from Ref. 35.)
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acting as an antioxidant (24) where oxidative changes are initiated in
meat and meat products.

4.2.3.1. Fat Composition. Significant research has determined the influence
of dietary fat supplementation on fatty acid composition of carcass fat
and on the oxidative stability of the fat and meat of the chicken. Evaluation
of the effect of different oils (coconut, olive, linseed, and partially
hydrogenated soybean oils) on lipid composition of the neutral lipids and
the phospholipids of white and dark broiler meat showed that different
oils significantly affected the fatty acid composition of the neutral lipid
and, to a lesser extent, the fatty acid composition of the phospholipids
(Table 4.3) (38). The modified fatty acid composition, in turn, influenced
the oxidative stability of the meat during refrigerated (4°C) and frozen (-
20°C) storage (Table 4.4). The neutral lipids from broilers fed linseed oil
contained a much higher amount of linolenic acid (C18:3) than the lipids
from other broiler groups, and the neutral lipids from broilers fed coconut
oil showed much higher levels of C12:0 and C14:0. α-Tocopherol
supplementation had no effect on the fatty acid composition of the neutral
lipids. The meats from the broilers fed linseed oil had higher thiobarbituric
acid-reactive substance (TBARS) numbers than the corresponding samples
from the control group fed partially hydrogenated soybean oil (HSBO).
These higher numbers were reflective of the higher polyunsaturated fatty
acid (PUFA) concentrations in both the neutral lipids and the phospholipids
from the broilers fed the linseed oil diet. On the other hand, the meat
samples from the group fed coconut oil showed smaller PUFA contents
and were more stable to oxidation than the samples from the HSBO-fed
group. This observation agrees with the results of Asghar et al. (39). Meat
from broilers fed linseed oil contained relatively high amounts of C18:3,
C22:5ω3, and C22:6. The meat from broilers fed coconut oil contained
higher amounts of C12:0 and C14:0.

Nam et al (40). investigated the influence of dietary linseed oil and vitamin
E on fatty acid composition, α-T content, and lipid peroxidation of breast
and thigh muscles in broiler chicks. The broilers were fed 10% linseed oil
and 10% linseed oil containing 100IU vitamin E (67.1mg α-T/kg feed).
Linseed oil supplementation significantly reduced saturated fatty acid (SFA)
levels in both breast and thigh muscles, and α-T contents and oxidative
stability of breast and thigh muscles were significantly increased by vitamin
E supplementation. Feeding olive oil compared to feeding tallow resulted in
approximately a twofold increase in the monounsaturated fatty acid
(MUFA)/saturated fatty acid (SFA) ratio (41). Vitamin E supplementation
increased α-T content of the muscles and oxidative stability of minced thigh
meat patties during refrigerated (4°) and frozen (-20°C) storage, confirming
prior observations that changes in the fatty acid composition of the
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TABLE 4.3 Percentage Fatty Acid Composition of Neutral Lipids and Phospholipids Isolated from Dark Meat of Broilers Fed Different
Dietary Oils and a-Tocopherol

aHSBO, hydrogenated soybean oil; α-T, α-tocopherol.
bThe values in parentheses represent the percentage fatty acid in phospholipids.
Source: Modified from Ref. 38.
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membrane-bound lipids and/or the supplementation of α-T through feeding
can be helpful to increase the stability of the membrane-bound lipids and,
in turn, stabilize the meat during storage.

4.2.3.2. Quality of Dietary Fat. Oxidized fats or abused fats from frying
operations or by-products such as distillation residues from edible oil refining
processes are often used for animal feeding. The consumption of the abused
fats from the ration is low and not believed harmful (3). However, there is
a concern that feeding the abused fats may cause various types and degrees
of abnormalities including low growth rate, vitamin E deficiency, and
nutritional encephalopathy (42, 49). In general, feeding oxidized oil to
chicken results in a reduced concentration of α-T in muscle tissues. As a
consequence, the susceptibility of the muscle tissue to oxidation is increased.
This effect can be alleviated by dietary vitamin E supplementation.

Investigations on the effects of feeding fresh, heated, or α-TAC-
supplemented heated vegetable oils show effects on growth, α-T status, fatty
acid composition, and oxidative stability of muscle lipids (42). Diets
containing 80g/kg fresh sunflower oil (FSO), fresh linseed oil (FLO), heated
sunflower oil (HSO), heated linseed oil (HLO), α-TAC-supplemented (50mg/
kg), heated sunflower oil (HSE), or α-TAC-supplemented (50mg/kg), heated
linseed oil (HLE) produced a slight, but not significant depression in body
weight in chicks compared to those FSO. Growth was significantly depressed
by feeding HLO and HLE compared to feeding FLO. Other studies also
reported that oxidized oil caused a significant reduction in broiler body
and carcass weights, suggesting that oxidation impaired the nutritional value
of the oil and, in turn, the efficiency of nutrient utilization (43, 44).

TABLE 4.4 Thiobarbituric Acid-Reactive Substance Numbers of Dark Meat Stored
at 4°C and -20°C from Broilers Fed Dietary Oils and α-Tocopherola

aMilligrams malonaldehyde per kilogram meat; HSBO, hydrogenated soybean oil.
bα-T, α-tocopherol.
Source: Modified from Ref. 38.
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Evaluation of the effects of feeding diets with various fresh or heated oils on
α-T concentrations in plasma and muscle of broilers showed that the α-T
concentrations in plasma, thigh, and breast muscle from chicks fed FSO or
FLO were significantly greater than those from chicks fed HSO or HLO (42).
Concentrations of α-T from the chicks fed HSE or HLE were significantly
higher than those from chicks given HSO and HLO. Levels of α-T were
significantly lower in chicks fed heated oils compared to those of chicks given
fresh oil even though α-T supplementation compensated for the difference
between the fresh and heated oil. The work suggested that certain oxidation
products in heated oils may be absorbed and destroy α-T in the tissues; therefore,
higher levels of α-T are needed in the diet. In plasma TBARS were significantly
elevated in chicks fed on HSO and HSE compared to TBARS in FSO-fed
chicks. A similar trend was observed in chicks fed the corresponding linseed
oil diet. After incubation of thigh and breast muscle homogenates with iron
ascorbate to induce oxidation, the muscles from HSO group was most
susceptible to peroxidation, followed by that of the HSE group. The muscles
from chicks fed FSO showed the greatest oxidative stability (Figure 4.4). These
results agree with the earlier findings (29) that oxidized oil in broiler diets
induced rapid oxidation of membrane-bound lipids, but supplementation of
the broiler diet with α-T stabilized the membrane-bound lipid against oxidation.

FIGURE 4.4 Iron ascorbate-induced lipid peroxidation in breast muscle of chicks
fed on diets containing fresh sunflower oil (FSO) (Δ), fresh linseed oil (FLO) ( ),
heated sunflower oil (HSO) ( ), heated linseed oil (HLO) ( ), heated α-TAC-
supplemented sunflower oil (HSE) ( ), or heated α-TAC-supplemented linseed oil
(HLE) ( ). *p<0.05 versus FSO or FLO group. MDA, malondialdehyde; TBARS,
thiobarbituric acid-reactive substances. (From Ref. 42.)
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Studies on the effects of oxidized dietary sunflower oil and α-TAC
supplementation on α-T concentrations in broiler muscle and storage stability
of refrigerated, cooked, minced muscle showed similar results (45). Feeding
oxidized oil resulted in reduced muscle α-T concentrations, increased oxidation
in raw and cooked muscle, and reduced oxidative stability of the muscle
during refrigerated and frozen storage. Supplementation with 200–400mg/kg
α-TAC improved the stability of the muscle, stability increased as muscle α-T
concentration increased (Table 4.5).

The overall body of literature clearly shows that the consumption of abused
and/or oxidized oil by chicks depresses growth, reduces α-T level in plasma
and muscles, and alters fatty acid composition with concomitant decreased
oxidative stability of the muscle during storage. Such adverse effects can be
at least partially overcome by the supplementation of diets with vitamin E.

4.3. TURKEY

Turkey muscle and further processed products from turkey are more
susceptible to the development of rancidity and/or warmed-over flavor
during storage as a result of higher concentrations of PUFA compared to
those of chicken. Vitamin E supplementation in diets increases tissue
tocopherol levels, resulting in retardation of the onset of rancidity in a
fashion similar to that previously discussed for broilers. Research showing
the effects of dietary vitamin E supplementation in turkey diets is
summarized in Table 4.6.

TABLE 4.5 Lipid Oxidation in Raw and Cooked Minced Breast and Thigh Muscle
from Broilers Fed on Diets Containing Fresh Sunflower Oil and 30 (FS30) or 200
(FS200) mg α-Tocopheryl Acetate/kg or Oxidized Sunflower Oil and 0 (OS0), 30
(OS30), or 200 (OS200) mg α-Tocopheryl Acetate/kg

aValues are means of six analyses performed in duplicate.
bValues in the same column that are followed by the same letter are not significantly different
(P<0.05).
Source: Modified from Ref. 45.
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TABLE 4.6 Continued

aα-T, α-tocopherol; α-TAC, α-tocopherol acetate; TBA, thiobarbituric acid; TG, triglyceride, TBARS, thiobarbituric acid-reactive substance; RBC,
red blood cell; NRC, National Research Council; δ-α-TAC, RRR-α-tocophenol acetate; δ-α-T, RRR-α-tocophenol.
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4.3.1. Vitamin E Supplementation and Tissue Levels

It is well demonstrated that dietary vitamin E supplementation increases
α-T concentration in turkey tissues. In 1947, Criddle and Morgan (50)
found that the α-T level in liver was increased six times after feeding of
32.9g mixed tocopherols per bird during 21 days of feeding. α-Tocopherol
concentrations in other tissues increased twofold. Peroxide development
in the fat of the vitamin E-treated birds during storage decreased as the α-
T content of the tissues increased. Significant increases of α-T levels in
breast, thigh, and tissue composites were found as dietary α-TAC levels
increased (51). However, no significant differences were noted for skin
and subcutaneous fat levels. α-Tocopherol levels of burgers from turkeys
fed on the supplemental diets (300 and 600mg α-TAC/kg for 21 weeks)
were greater than those from turkeys fed on the basal diets (30mg α-TAC/
kg) for both fresh and cooked samples (Table 4.7) (52). α-Tocopherol levels
in tissues from birds fed a diet containing 600mg α-TAC/kg feed
significantly increased compared to those from birds fed the basal diet
(20mg α-TAC/kg feed) (53).

Variations occur in tocopherol deposition among tissue types (51). The α-
T levels in thigh tissue were significantly higher than in breast tissue in all
treatments. Sheldon (51) postulated that a greater amount of α-T is deposited
in thigh tissue than in breast tissue because the more highly developed
vascular system of the thigh tissue provides for greater tocopherol deposition
than possible in other tissues. Other studies confirmed the variations in α-T
deposition among various tissues (54, 55). Vitamin E contents in sartorius
muscle (thigh) were higher than in pectoralis major (breast) (55). These
results were similar to those noted by Morrissey and coworkers (21), who
found higher vitamin E level in thigh muscle than in breast muscle in broilers.
Mercier and associates (54) also pointed out that the accumulation of vitamin
E in turkey is low compared to that in broilers. α-Tocopherol levels in turkey
liver and breast muscle were considerably lower than those in broilers after

TABLE 4.7 Effect of Dietary Vitamin E Fed to Turkeys for 21 Weeks on α-
Tocopherol Contents of Burgers Made from Breast Muscle

aMilligrams α-TAC/kg feed. α-T, α-tocopherol acetate.
bWithin columns, numbers having different letters are significantly different to at least P<0.01.
Source: Modified from Ref. 52.
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supplementing the same amount of vitamin E for similar feeding periods
(Table 4.8) (56). In addition, the time required to reach a plateau in response
to dietary vitamin E supplementation is longer for turkeys than for broilers.
Approximately 13 weeks is required to reach the plateau for thigh and breast
muscle in turkeys fed 300 and 600 mg α-TAC/kg (52), whereas 1 to 4 weeks
is required for α-T to plateau in various tissues, including liver, lung, heart,
thigh, and breast muscle, in broilers fed 200mg α-TAC/kg (20). Therefore,
higher levels of α-T and longer periods of supplementation are required to
optimize tissue concentration in turkey compared to broilers (52).

4.3.2. Effect of Dietary Vitamin E on Oxidative Stability

Early studies showing the ability of dietary vitamin E to improve oxidative
stability in turkey meat include Criddle and Morgan (50), Webb and
colleagues (57–59). and Marusich and coworkers (56). These studies
showed that increasing vitamin E content in diets improved the oxidative
stability of the turkey meat as measured by peroxide development and
increases in TBA values during storage.

The effects of increased dietary vitamin E and the length of the period of
its supplementation on the stability and the sensory quality of different
turkey tissues have been thoroughly investigated. Inverse correlations
usually exist between TBA numbers and tocopherol levels in breast and
thigh meat (51, 60). Dietary supplementation with α-TAC (300 and 600mg/
kg feed) significantly reduced TBARS values in both raw and cooked burgers
during refrigerated and frozen storage (Figure 4.5) (52). The mean values
of α-T in raw and cooked burgers stored at 4°C did not change during
storage, whereas the mean values of α-T decreased in both raw and cooked
burgers during frozen storage (Figure 4.6). Supplementation of diets with
300mg α-TAC/kg feed as an effective dietary concentration for turkeys when
fed from day 1 to slaughter (21 weeks) has been recommended (52). These
results are consistent with other reports by Sheldon and associates (61) and

TABLE 4.8 Liver and Breast Muscle Concentration of α-Tocopherol in Chickens
and Turkeys

Source: Modified from Ref. 56.
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Walsh and colleagues (53). Vitamin E supplementation (600mg α-TAC/kg
feed for 147 days) significantly reduced TBARS numbers and increased the
stability of meat color and intensity measured by Hunter a values (a measure
of red color intensity) in turkey hams and patties produced from
supplemented meat during storage at 4°C (53).

Ahn et al (62). determined the effects of dietary vitamin E supplementation
on the oxidative stability and development of volatiles in irradiated cooked
turkey meat (leg and breast) with different packaging during storage at
4°C. Turkeys were fed diets containing from 25 to 100mg α-TAC/kg feed
up to 105 days of age. At 105 days, the turkeys were randomly assigned

FIGURE 4.5 Effect of feeding diets containing 20 ( ), 300 ( ), and 600 ( ) mg α-
TAC/kg on the oxidative stability of (a) raw and (b) cooked turkey burgers during
refrigerated storage and (c) raw and (d) cooked turkey burgers during frozen (-
20°C) storage. TAC, α-tocopherol acetate; TBARS, thiobarbituric acid-reactive
substance. (From Ref. 52.)
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diets containing 200, 400, and 600mg α-TAC/kg feed to increase tissue
vitamin E content in the short term from 105 to 122 days. Turkeys fed
25mg α-TAC/kg feed from 1 to 122 days were used as a control. The
TBARS values gradually decreased as the dietary α-TAC level increased
(Table 4.9). Total volatiles were highly correlated with lipid oxidation of
the meat measured by TBARS. These results confirm earlier findings by
Sheldon (51) and Ahn et al. (63), who reported that production of total
volatiles in turkey meat was reduced by dietary vitamin E supplementation.
The TBARS values of leg meat were much higher than those of the breast,
probably because of higher fat content in leg meat than in breast meat,
even though the α-T levels in leg muscles are higher than those in breast.
The amount of α-TAC (100mg α-TAC/kg feed) was not enough to control
lipid oxidation of the cooked meat stored under aerobic conditions. A
combination of dietary α-TAC and vacuum packaging could be a good
strategy to minimize oxidation of the cooked meat (62).

FIGURE 4.6 Changes in α-T content (µg/g) of burgers from turkeys supplemented
with 20 ( ), 300 ( ), or 600 ( ) mg α-TAC/kg diet during storage. (a) raw
muscle stored at 4°C, (b) cooked muscle stored at 4°C, (c) raw muscle stored at -
20°C, (d) cooked muscle stored at -20°C. (From Ref. 52.)
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4.3.3. Effect of Dietary Fat and Vitamin E on Lipid Oxidation

Sklan et al (64). determined the effects of dietary fat supplements (tallow
and soybean oil) and vitamin E supplementation on the oxidative and
hydrolytic changes in turkey meat during frozen storage. Turkeys were
fed commercial diets until they were 15 weeks old. The birds were then
randomly divided into three groups fed diets containing either beef tallow,
soybean oil, or soybean oil with an additional 60mg α-TAC/kg feed for 9
weeks before slaughter. Triglyceride levels in both breast and thigh muscle
reflected the dietary fatty acid composition, whereas fatty acid
composition of phospholipids was less influenced by the diet (Table 4.10).
These observations follow those reported for broilers (38). The meat from
the turkeys fed soybean oil had significantly greater levels of conjugated
oxidation products, oxodienes, and hydroxydienes than meat from
turkeys fed other diets. Oxidative changes in the meat during storage
were affected by initial PUFA levels in the tissues and by α-T levels.
Oxidation rates were influenced by lipolysis rates and indicated an
interaction between lipolysis and oxidation in the development of
deterioration of turkey during frozen storage.

Investigation of the effect of dietary fat and α-TAC supplementation on
lipid and protein oxidation during refrigerated storage of turkey muscle
showed that muscles of supplemented turkeys fed more saturated tallow
had a higher α-T content than those fed rapeseed or soybean oil (54).
However, there was no effect on vitamin E deposition in broiler meats
when effects of dietary oils of coconut, olive, or linseed were compared
(38, 39). More unsaturated oils such as rapeseed and soybean oil
compared to tallow in the diet induced greater oxidation and/or destruction
of the additional, supplemental vitamin E (54). Vitamin E supplementation
decreased TBARS values compared to control values for all dietary fats

TABLE 4.9 Effect of Dietary Vitamin E and Storage Time at 4% on the
Thiobarbituric Acid-Reactive Substance Values of Vacuum-Packaged Turkey
Breast and Leg Meat Patties

Source: Modified from Ref. 62.
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(Figure 4.7). The α-T content of muscles was negatively correlated with
TBARS values.

4.4 PORK

Dietary supplementation with α-T improves the oxidative stability of pork
by increasing the endogenous vitamin E level. In addition, dietary vitamin
E supplementation is closely associated with an improvement in some
other meat qualities, including color, drip loss, and cholesterol oxidation
of the pork during storage or retail display. The effects of dietary vitamin
E supplementation to pigs on the oxidative and storage stability and on
the other quality parameters of pork and pork products are discussed in
the following section and summarized in Table 4.11.

TABLE 4.10 Fatty Acid Composition of Breast and Leg Muscle Triglycerides and
Phospholipids of Turkey Fed Diets A (Tallow), B (Soybean Oil), or C (Soybean
Oil+Tocopherol)a

aTG, triglyceride; PL, phospholipid.
Source: Modified from Ref. 64.
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FIGURE 4.7 Mean TBARS values, for 1, 3, or 9 days of storage (mg MDA/kg
feed) in control and supplemented m. sartorius from turkeys fed different fats. α-
T, α-tocopherol; α-TAC, α-tocopherol acetate; TBARS, thiobarbituric acid-
reactive substance; MDA, malondialdehyde. (Modified from Ref. 54.)
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aα-T, α-tocopherol; α-TAC, α-tocopherol acetate; LD, M. longissimus dorsi; LT, M. longissimus thoracis; PSE, pale, soft, exudative; TBARS,
thiobarbituric acid-reactive substance; TBA, thiobarbituric acid; PM, M. psoas major; PUFA, polyunsaturated fatty acid; WOF, warmed-over
flavor; MUFA, monounsaturated fatty acid; SFA, saturated fatty acid.
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4.4.1. Vitamin E Supplementation and Tissue Levels

The effects of feeding pigs supplemental α-TAC and the deposition of α-T
in plasma and muscle have been extensively studied. In pigs fed diets
containing 200mg α-TAC/kg feed for 2 weeks before slaughter, the mean
α-T level in plasma and muscle increased from 2.4 to 6.0µg/mL and from
3.2 to 7.0µg/g, respectively (67). This report is in agreement with the
results reported in other studies (68–72). The α-T level in plasma increased
from 2.03 to 5.48µg/mL by increasing the dietary α-T level to 159.1mg α-
TAC/kg feed. The α-T levels in tissue samples taken from pigs fed the
supplemented diet were found to be two-or threefold higher in lung, heart,
kidney, and muscle (Table 4.12) (68). The α-T content of adipose tissue
(milligrams per kilogram [mg/kg] of tissue) from pigs fed 200mg α-TAC/
kg feed was 20.3 compared to 12.0 for unsupplemented pigs (70). A linear
decrease in α-T content of the adipose tissue occurred during 14 days of
storage at 4°C. The α-T content of muscle tissue from the supplemented
group was higher than that from the control group and did not change
during the storage period (70).

Levels of α-tocopherol in adipose tissue, M. longissimus dorsi (LD)
muscle, and mitochondrial and microsomal fractions of the muscle
significantly increased with increasing levels of dietary vitamin E (73).
The greatest amount of α-T was present in the mitochondria, followed by
the microsomes. α-Tocopherol in the intact tissues and subcellular fractions
significantly increased with the level of α-TAC supplementation in the diet
(74). This observation agrees with later research that showed that α-T

TABLE 4.12 α-Tocopherol Content of Plasma and Tissue Samples of Pigs Fed
Basal and α-Tocopherol Acetate-Supplemented Diets

aMean values of six analyses performed in duplicate.
bα-Tocopherol levels differ significantly (p<0.01) from basal group levels.
cα-Tocopherol levels differ significantly (p<0.05) from basal group levels.
Source: Modified from Ref. 68.
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concentrations in muscles were significantly increased by increasing the
concentration of α-TAC of the diet (75, 76).

Increased α-T level has been noted in processed products from vitamin
E-supplemented pigs (77, 78) α-Tocopherol levels in cured cooked hams of
pigs fed the control diet and the supplemented diet (200mg α-TAC/kg feed)
increased from 0.54 to 2.87µg/g of muscle tissue, respectively. The α-T
levels of the fresh meat from the control and supplemented groups were 1.3
and 6.7µg/g of tissue, respectively (77). α-T concentrations in thigh muscle,
unprocessed thighs, and final products (dry-cured ham) were higher in pigs
fed 200mg α-TAC/kg feed than in those fed basal diet (10mg α-TAC/kg
feed) (78).

4.4.2. Effect of Dietary Vitamin E on Oxidative Stability

It is well known that the rate and extent of lipid oxidation in meats and
meat products depend on the concentration of α-T in the tissues (4). Jensen
and coworkers (75) studied the effect of feeding supplemental levels of α-
TAC on its deposition in two porcine muscles, LD and M. psoas major
(PM), and the effect on lipid oxidation of raw and cooked meats. Pigs
were fed 100, 200, and 700mg α-TAC/kg feed. Muscle α-T levels of the
two muscles were linearly related to the logarithm of dietary vitamin E
supplementation in both raw and cooked meat. The oxidative stability of
lipids in LD and PM muscles and cooked meat during chill storage at 4°C
was positively correlated to the levels of dietary α-TAC and to the
concentration of endogenous α-T. Similar results were also presented by
others in evaluation of the effect of three levels of dietary vitamin E in the
diet of pigs on the oxidative stability of meats (73, 74). Pork chops from
the pigs fed 100 and 200IU/kg feed had significantly lower TBARS values
than those from the control pigs (10IU/kg feed) when exposed to
fluorescent light at 4°C for 10 days (Table 4.13) (73). Porcine
mitochondria, microsomes, and intact tissue from the pigs fed the higher
levels of α-TAC (200 and 1000mg α-TAC/kg feed) had significantly lower
TBARS values than those from the control group fed 30mg α-TAC/kg feed
(Figure 4.8) (74). The TBARS values of the samples from the pigs fed
1000mg α-TAC/kg feed were consistently lower than those from the pigs
fed 200mg α-TAC/kg feed. Improvement of oxidative stability of minced
pork (79), cured and dry-cured ham (72, 77, 78, 80, 81) cured pork
sausage (82), restructured pork (83), bacon (84), and cooked pork (71,
85) was noted with α-TAC supplementation.

Evaluation of the effect of feeding high levels of vitamin E on oxidative
stability and sensory quality of cured and cooked hams showed that 200mg/
kg feed inhibited oxidation (77). The GC-MS analyses of the volatile
compounds of the cooked hams stored at 6°C for 3 weeks and -18°C for 3
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months indicated higher concentrations of the aldehydes and sulfur components
in the control samples when compared to the supplemented samples for both
storage conditions (Figure 4.9) (77).

Walsh and associates (80) investigated the effect of reducing residual
nitrite levels on the oxidative stability of cured pork products (bacon and
ham) manufactured from meat containing high and low levels of dietary
α-TAC. Sodium nitrite is used in the preparation of cured meat products to
kill bacteria, to form pink color of cured meat, and to maintain meat
flavor by acting as an antioxidant. However, it is desirable to reduce the
level of nitrite in cured meat products because of its implications for
nitrosamine formation, a known carcinogen. Dietary supplementation
(500mg α-TAC/kg feed) in combination with 100mg residual nitrite/kg
meat in bacon and ham retarded lipid oxidation during refrigerated
storage for 8 weeks. The bacon and hams processed from the meat of the
control group (10mg α-TAC/kg feed) containing 100mg residual nitrite/kg
meat had similar TBARS numbers to those produced from supplemented
vitamin E meat containing 50mg residual nitrite/kg meat. Therefore,
dietary vitamin E supplementation may be used to reduce the level of
nitrite in cured pork products. Use of pork muscle from animals
supplemented with the 410mg α-T/kg ration to produce a cured pork
sausage did not have an effect on TBARS development during storage
under various conditions compared to that of control sausage (82).
However, the authors attributed the lack of an increase in antioxidant
effect to the strong antioxidant capacity of residual nitrite in the sausage.

TABLE 4.13 Influence of Dietary Vitamin E Supplementation on the Oxidative
Stability (Thiobarbituric Acid-Reactive Substance, mg Malonaldehyde/kg Sample)
of Pork Chops and Ground Pork Stored at 4°C Under Fluorescent Light

aThe values in the table are the group mean; in a row mean values that have the same letter
are not significantly different (p>0.05).
Source: Modified from Ref. 73.
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FIGURE 4.8 Effect of feeding diets containing 30 ( ), 200 ( ), and 1000 ( ) mg
α-TAC/kg on iron-induced lipid oxidation of porcine (α) mitochondria, (b)
microsomes, and (c) intact tissue. α-TAC, α-tocopherol acetate; TBARS,
thiobarbituric acid-reactive subtance. (From Ref. 74.)
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Harms and colleagues (82) stressed that further research is needed to define
limits for the reduction of nitrite concentration in cured sausages in the
presence of antioxidants.

Kingston et al (71). examined the individual and combined effects of
muscle vitamin E levels, cooking conditions (duration, temperature, and
rate), and packaging on lipid oxidation in refrigerated cooked pork. The
oxidation stability of cooked pork was higher in samples containing 4.3µg/
g α-T when compared to muscles containing 1µg/g α-T (control group).

FIGURE 4.9 Sum (expressed as nanograms per gram meat) of the lower saturated
aldehyde, the unsaturated aldehydes, and the sulfur components as a function of
storage in the refrigerated unit (6°C) and the freezer (-18°C). (From Ref. 77.)
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The vitamin E effect was observed regardless of the cooking conditions or
types of packaging. Oxidative stability was higher in pork cooked at a
lower temperature, for a shorter time, at a faster rate and stored in vacuum
packs. A combination of approaches is likely to be more effective than a
single approach to limit oxidation of cooked chilled pork. Increased
muscle α-T levels and improved packaging systems were recommended as
practical and easily implemented industrial applications.

4.4.3. Effect of Dietary Fat and Vitamin E on Lipid Oxidation

4.4.3.1. Fat Composition. Increasing the proportions of unsaturated fatty
acids and/or decreasing the levels of saturated fatty acids in pork can be
beneficial to the consumer; however, increased levels of the PUFA in pork
increase the susceptibility of the meat to lipid oxidation, leading to quality
deterioration. Modification of the diet along with supplementation of α-
TAC to the diet can neutralize the negative effects of increased PUFA level
in the muscle. Monahan and associates (69) investigated the effects of
dietary fat on the fatty acid profiles of porcine muscle and adipose tissue
lipid levels and on the susceptibility of muscle tissue to lipid oxidation in
combination with dietary vitamin E supplementation. Pigs were fed diets
containing 3% soybean oil or 3% beef tallow with either a basal (10–
15mg/kg feed) or supplemented (200mg/kg feed) level of α-TAC. The
neutral lipids of muscle had significantly lower proportions of C16:0 and
C18:l and a higher proportion of C18:2 in animals fed the soybean oil
diet than in those fed the tallow diet. Polar lipid fractions from pigs fed
the soybean oil diet had a significantly lower level of C18:l and
significantly higher levels of C18:2 and C20:5 than those from pigs
receiving tallow. In adipose tissue, total lipids from pigs fed the soybean
oil diets had significantly lower levels of C14:0, C16:0, C16:1, and C18:l
and significantly higher levels of C18:2 and C20:4 compared to pigs
receiving tallow (Table 4.14). Dietary α-TAC supplementation did not
influence the deposition of fatty acids in the muscle or adipose tissue of
pigs fed either the tallow or the soybean oil diet. α-Tocopherol
concentrations in plasma and muscle from pigs fed the soybean oil diet
were lower than those from pigs fed the tallow diet with the basal level of
α-TAC. Increased linoleic acid in tissues of pigs receiving the soybean oil
diet was thought to decrease the absorption of α-T. Muscle homogenates
from pigs fed the soybean oil diet with a basal α-TAC level were
significantly more susceptible to iron-induced lipid oxidation than those
from pigs fed the tallow diet with the same level of α-TAC because of the
increased proportions of unsaturated fatty acids and the decrease in the
concentration of α-TAC in the muscle. Dietary α-TAC supplementation
significantly increased the oxidative stability of muscle in both cases. The
same trend was observed for the cooked muscle samples (Figure 4.10).
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Investigation of the influence of dietary fat (100g/kg diet rapeseed or
200g/kg full-fat soybean) on fatty acid composition indicated that feeding
rapeseed increased the percentage of C18:2 and C18:3 and lowered the
proportions of saturated fatty acids of the backfat (86). A full-fat soybean
diet significantly decreased the percentage of C16:1. This result was
confirmed by Jensen et al. (87), who reported that a 6% rapeseed oil diet
slightly increased the content of monounsaturated and polyunsaturated
fatty acids and slightly reduced the amount of saturated fatty acids in
meat patties. Susceptibility of precooked patties to lipid oxidation
increased during chill storage as a result of the rapeseed. Supplementation
of 200mg α-TAC/kg feed effectively counteracted the effects of the rapeseed
oil on lipid oxidation by increasing α-T concentration in the patties from
3.31 to 6.26mg α-T/kg dry matter. Similar results were obtained with
dietary linseed oil (88).

TABLE 4.14 Fatty Acid Profiles of the Neutral, Polar, and Total Lipid Fraction of
Muscle from Pigs Fed Tallow and Soybean Oil Diets

aMeans in the same row within the same lipid fraction followed by different letters are
significantly different (p<0.05).
bPercentage of total peak area of fatty acid listed.
Source: Modified from Ref. 69.
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FIGURE 4.10 Effect of dietary fat and α-T supplementation on (a) iron-induced
lipid peroxidation in porcine muscle and (b) the TBARS numbers of cooked pork
patties stored at 4°C; tallow with basal α-TAC ( ), tallow with supplemented α-
TAC ( ), soy oil with basal α-TAC ( ), soy oil with supplemented α-TAC ( ). α-
T, α-tocopherol; TBARS, thiobarbituric acid-reactive substance; α-TAC, α-
tocopherol acetate; MDA, malondialdehyde. (From Ref. 69.)
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The effect of copper intake on the quality of pork in relation to dietary
fats and vitamin E has been extensively studied. Copper salt is often added
to pig diets as a growth promoter to ensure maximal growth rate.
However, increased dietary copper levels may decrease the stability of the
pork meat by interacting with reducing agents including cysteine,
glutathione, ascorbate, and α-T; oxidizing them, and decreasing the
antioxidant capacity of the meat (89). Jensen et al (90). studied the effect
of addition of rapeseed oil, copper sulfate (CuSO4), and vitamin E on
pork meat quality. Pigs were fed either a control diet (no supplementation)
or a 6% rapeseed oil diet supplemented with CuSO4 and vitamin E. The
diet supplemented with rapeseed oil and vitamin E increased the
concentration of α-T in muscle, and CuSO4 did not affect the α-T level
(Table 4.15). Feeding increased levels of CuSO4 and vitamin E did not
influence color of chops from pigs fed rapeseed oil diets as measured by
the Minolta a value. However, the color of chops from the pigs fed
rapeseed oil had significantly higher a values compared to that of chops
from pigs fed the control diet (Table 4.15). Dietary levels of CuSO4 did
not affect the development of lipid oxidation in the pork chops. The
addition of rapeseed oil or CuSO4 did not adversely affect the quality of
chilled and stored pork chops. Other research (91, 92) supports these
findings; however, Lauridsen and associates (93) reported reduced
susceptibility to lipid oxidation with increasing level of dietary copper.

4.4.3.2. Dietary Fat Quality. Evaluation of the effects of dietary vitamin E
and oxidized oil on the oxidative stability of membranal lipids in porcine
muscles and pork products during refrigerated and frozen storage showed
that microsomal and mitochondrial lipids from pigs fed a supplemental
diet (200mg α-TAC/kg) for 10 weeks (long-term α-T group) were much
more stable to oxidation than those from the control pigs (94). Feeding
pigs a 200-mg α-TAC/kg diet only for the last 4 weeks of feeding (short-
term α-T group) did not influence the stability of the lipids. Long-term
supplementation (10 weeks) with natural mixed tocopherols (200mg/kg
diet) had no effect on the stability of the microsomal and mitochondrial
lipids. Feeding oxidized corn oil (3% for 10 weeks) increased rates of
lipid oxidation compared to those of the control group (Figure 4.11).
Oxidized oils in the diet became a source of free radicals that could reduce
the stability of the lipids of subcellular membranes to oxidation. Similar
trends were observed for pork products, pork patties, and pork chops.
Monahan and colleagues (95) also studied the effect of oxidized corn oil
and α-TAC in pig diets on oxidation of lipids in raw and cooked pork. Pigs
were fed either 3% fresh corn oil or 3% oxidized corn oil with 10, 100, or
200mg of α-TAC/kg of diet. Plasma and muscle α-T levels were
significantly influenced by dietary α-TAC (Table 4.16). The α-T
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TABLE 4.15 Concentration of α-Tocopherol in Feed and Muscle and Color Stability Measured as Minolta a Values During Chill
Storage of Chops from Pigs Fed Different Levels of Rapeseed Oil, CuSO4, and Vitamin E

aChops from pigs fed control diet (no rapeseed oil addition) had significantly (p<0.01) lower a values during storage than chops from pigs fed feed 1 (6%
rapeseed oil). No difference in color stability was observed between pigs fed rapeseed oil diets (feed 1–9). α-TAC, α-tocopherol acetate.
bNumbers with a different letter within a column are significantly different (p<0.01).
Source: Modified from Ref. 90.
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FIGURE 4.11 Metmyoglobin/hydrogen peroxide-initiated peroxidation in (a) mitochondria and (b) microsomes isolated from the
semitendinosus muscles of pigs fed various diets. (From Ref. 94.)
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concentrations in plasma and muscle were increased by increasing the
level of dietary vitamin E, but dietary oil had no effect. The TBARS values
were significantly influenced by dietary vitamin E but not by the dietary
oil. Supplemental vitamin E significantly increased the stability of raw
and cooked pork chops. Lipid oxidation of porcine muscle microsomal
fractions and pork chops was significantly influenced by dietary α-TAC
but not by the degree of oxidation of dietary corn oil (96, 97).

4.4.4. Effect of Vitamin E on Other Meat Quality Parameters

4.4.4.1. Color Stability. Dietary supplementation with α-TAC increases
the color stability of pork meat, exact mechanisms for the increased color
stability are not known. L (luminance, whiteness) and b (yellowness)
values of pork chops decreased along with storage period regardless of
the levels of dietary vitamin E (73). The a values (redness) of pork chops
also decreased with length of storage at 4°C; however, changes in a values
were relatively slow in pork chops from the pigs fed 100 and 200IU α-
TAC/kg feed compared to those in pork chops from the pigs fed the control
diet containing 10IU α-TAC/kg feed (Table 4.17). Other studies show
increased color stability of pork and pork products that is due to vitamin
E supplementation (97–100).

Whereas the studies described show a positive effect of vitamin E
supplementation on color stability, other research shows little impact.
Studies on vacuum-packed ham (101), low-oxygen modified atmosphere
packaged ham (101), minced pork (79), and cured pork sausage (81)
showed limited ability of vitamin E supplementation to improve color
stability of the products.

TABLE 4.16 Mean α-Tocopherol Content of Pig Diets and of Plasma and Muscle
from Pigs Fed Diets Containing Oxidized or Fresh Corn Oil with 10, 100, or
200mg of α-Tocopherol Acetate/kg of Dieta

aα-T, α-tocopherol.
Source: Modified from Ref. 95.
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4.4.4.2. Drip Loss. Dietary supplementation of α-TAC affects drip loss of
fresh and thawed pork. Frozen pork chops from pigs fed three levels of
dietary vitamin E showed significantly different rates of drip loss on
thawing during storage at 4°C under fluorescent light for 10 days (Table
4.18) (73). Pork chops from the pigs fed 200IU α-TAC/kg feed had decreased
drip loss compared to those from pigs fed 10 or 100IU α-TAC/kg feed.
Protection of the integrity of cell membranes by α-T by preventing
phospholipid oxidation and destruction of membranes by phospholipase

TABLE 4.17 Changes in Color (Hunter L, a, b Values) in Pork Chops from Vitamin
E-Supplemented Pigs When Stored Under Fluorescent Light at 4°C

*Mean values having the same letter in the same row are not significantly different (p>0.05).
Source: Modified from Ref. 73.

TABLE 4.18 Percentage Drip Loss from Frozen Pork Chops
from Pigs Fed Vitamin E-Supplemented Diets When Stored
Under Fluorescent Light at 4°C

*Mean values having the same letter in the same row are not significantly
different (p>0.05).
Source: Modified from Ref. 73.
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action was suggested. Dietary supplementation of 500mg α-TAC/kg feed
for 46 days reduced drip loss by 54% and 46% in unfrozen Longissimus
thoracis (LT) (102). Reduced erythrocyte fragility and phospholipase A2

activity was noted, suggesting that dietary vitamin E stabilizes membranes
by inhibiting the activity of phospholipase A2, which decreases the stability
of membrane integrity of erythrocytes and water-holding capacity.
Monahan and coworkers (103) found that lipid oxidation and drip loss
are not directly related, although dietary vitamin E supplementation led
to a reduction in both lipid oxidation and drip loss. The drip loss and
lipid oxidation were reduced by dietary vitamin E supplementation (200
α-TAC/kg feed). However, drip loss increased at a more rapid initial rate
than TBARS in control pork, and in the supplemented pork, considerable
drip loss occurred even though lipid oxidation was negligible (Figure 4.12).
They suggested that measurement of primary oxidative changes, such as
the formation of peroxides, would give a better estimate of lipid oxidation
to evaluate the relationship between lipid oxidation and drip loss. Other
research indicated that dietary vitamin E supplementation did not
influence drip loss of fresh pork even though supplementation significantly
reduced lipid oxidation. (75, 104)

4.4.4.3. Cholesterol Oxidation. Cholesterol is believed to function as an
integral part of the lipid bilayer of cell membranes. Its close association
with phospholipids in the membrane where initiation of lipid oxidation
occurs has led investigators to postulate that cholesterol oxidation
proceeds concomitantly with phospholipid oxidation (95). Research has
shown that supplementation of animal diets with vitamin E is effective in
inhibiting the formation of cholesterol oxidation products such as 5ß, 6ß-
epoxycholestan-3ß-ol, cholest-5-ene-3ß, 7ß-diol, and 7-oxocholest-5-ene-
3ß-ol. Studies on ground pork showed that cholesterol oxidation was
significantly influenced by dietary α-TAC but not by the type of dietary oil
(Table 4.19) (95). Lipid oxidation and cholesterol oxidation were linearly
related. Increasing the α-T content of muscle by diet supplementation
appears to be an effective way to reduce cholesterol oxidation in pork (82,
85, 95, 105).

4.5. BEEF

Lipid oxidation, overall meat color changes, including metmyoglobin
formation, and drip loss are the most important attributes influencing the
display life of retail beef. Research suggests that the supplementation of
cattle rations with α-TAC increases tissue α-T levels and appears to be an
effective way for improving the color and oxidative stability of beef and
its products. Pertinent research that shows the effects of feeding
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FIGURE 4.12 Effect of dietary α-T supplementation on (a) lipid oxidation and (b)
drip loss from pork steaks in refrigerated storage. TBARS, thiobarbituric acid-
reactive substance; MDA, malondialdephyde. (From Ref. 103.)
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supplemental levels of vitamin E on the oxidative and storage stability and
on the other quality parameters of beef is discussed in the following sections
and summarized in Table 4.20.

4.5.1. Vitamin E Supplementation and Tissue Levels

Faustman et al (112). reported higher α-T levels in ground sirloin from vitamin
E-supplemented Holstein steers compared to ground sirloin from the control
group after feeding 370mg α-TAC/animal/day throughout the feeding period.
In a later study, Holstein calves were fed whole milk twice a day (control
group) while supplemented animals received 500mg α-TAC powder added
directly to the milk for 12 weeks after birth (113). Concentrations of α-T in the
plasma, liver, heart, lung, kidney, adipose tissue, muscle, mitochondria, and
microsomes from supplemented animals were significantly higher than those
in the corresponding parts from the control group. The concentrations of α-T
for organs from the supplemented group decreased in the following order:
adipose tissue>liver> kidney>lung>heart. Other research reported increased
α-T levels in muscles from supplemented animals compared to those from
control animals (114–116)

Liu and colleagues (117) investigated the effects of four levels of α-TAC
(0, 250, 500, and 2000mg/head/day) and duration of supplementation (24
and 126 days) on α-T concentrations in fresh and cooked muscle. Tissue α-
T levels of supplemented steers were higher than those of nonsupplemented
steers for both fresh and cooked muscle M. gluteus medius (GM). Both
level and duration of dietary α-TAC supplementation significantly affected
muscle α-T concentration (Figure 4.13). Cooking did not affect
concentration of α-T in the muscle. Garber and coworkers (118) also

TABLE 4.19 Effect of Dietary Oil and α-Tocopherol Supplementation on
Cholesterol Oxide Content (µg/g) of Cooked Pork During Storage at 4°C

*For each oil type, means in the same column bearing different letters are significantly
different (p<0.05). COPs, cholesterol oxidations products; α-TAC, α-tocopherol acetate.
Source: Modified from Ref. 95.
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aα-TAC, α-tocopherol acetate; α-T, α-tocopherol; LL, M. longissimus lumborum; MetMb, Metmyoglobin; ST, M. semitendinosus; PM, M. psoas
major; TBARS, thiobarbituric acid-reactive substance; MAP, modified atmosphere packaging.

TABLE 4.20 Continued
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examined dose-response effects of dietary α-TAC supplementation on α-T
concentrations. Steers were fed a ration supplemented with 0, 250, 500,
1000, or 2000mg α-TAC/head/day. The levels of α-T in serum, muscle (M.
gluteus medius), M. semimembranosus muscle, perirenal and subcutaneous
fat, and liver increased linearly with increasing levels of dietary vitamin E
(Table 4.21).

FIGURE 4.13 α-Tocopherol concentrations in fresh (n=24) and cooked (n=24)
GM muscle from Holstein steers fed four dosages of vitamin E for 42 or 126 days.
Across both fresh and cooked meat, means with different letters differ (p<0.01).
GM, glutens medius. (Modified from Ref. 117.)

TABLE 4.21 The α-Tocopherol Concentration in Serum, GM and SM Muscles,
Liver, and Subcutaneous Fat of Finishing Beef Fed Various Supplemental Levels of
Dietary Vitamin E

aGM, Gluteus medius; SM, M.Semi Membranosus.
Source: Modified from Ref. 118.
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Supplementation of all-rac-α-T, RRR-α-T, all-rac-α-TAC, and RRR-α-
TAC showed that the RRR-α-T and its acetate ester increased plasma α-T
concentration faster than the racemic forms of tocopherol (119). The
greatest increase was observed with RRR-α-T supplementation. The α-T
concentration in adrenal gland, kidney, liver, and lung was higher for
cattle fed RRR-α-T than for those fed the racemic forms of tocopherol
(Table 4.22).

4.5.2. Effect of Dietary Vitamin E on Oxidative Stability

Dietary vitamin E supplementation of veal showed TBARS values were
lowered in both raw and cooked steaks stored at 4°C (Table 4.23) (113).
Mitochondrial and microsomal membranes of the control animals
oxidized to a greater extent than those from calves fed the vitamin E
supplement. These results agree with other findings that supplemental
vitamin E retarded lipid oxidation of fresh, frozen and vacuum-packed
beef during frozen storage (Figure 4.14).[116, 120, 121] Formanek and
associates (115) examined the effect of dietary vitamin E supplementation,
packaging, and storage time on oxidative stability of ground beef stored
at refrigerated (4°C) display conditions. Friesian cattle were fed a diet
supplemented with 2000mg α-TAC/kg feed/day for 50 days. After frozen
storage (-20°C for 8 weeks), semimembranosus muscles from the basal
and supplemented groups were minced and vacuum packaged, aerobically
packaged, or packaged under modified atmosphere packaging (MAP, 30%
O2:70% CO2; 70% O2:30% CO2; 80% O2:20% CO2). Samples were
stored under refrigerated display (fluorescent lighting, 616 lux) for 8 days.
The changes in TBARS values during storage at 4°C are shown in Table

TABLE 4.22 Tissue α-Tocopherol Concentrations in Cattle Fed Various Vitamin
E Preparationsa

aα-TAC, α-tocopherol acetate; α-T, α-tocopherol.
Source: Modified from Ref. 119.
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4.24. Increases in TBARS values were significantly lower for vacuum-
packed minced beef samples compared with samples packaged aerobically
or in MAP. In all cases, the supplemented beef with 2000mg α-TAC/kg
feed/day had lower TBARS values than meat from animals fed the basal
diet (20mg α-TAC/kg feed/day).

Dietary supplementation with vitamin E at four dosage levels (0, 250,
500, and 2000mg/head/day) and two durations (42 or 126 days) showed
that dietary α-TAC delayed TBARS accumulation during refrigerated
display (Figure 4.15) (117). The TBARS responded to dietary α-TAC
supplementation levels linearly, although no difference was observed
between the control group and the group supplemented with 250mg α-
TAC/head/day. Dosage duration showed no effect. Other research showed
that lipid oxidation rates were decreased by dietary vitamin E
supplementation in beef, and oxidation rates decreased with increasing
levels of vitamin E supplementation (118, 122, 123). Dietary vitamin E
supplementation to cattle greatly improved lipid stability in ground beef
compared with that in the control, and postmortem vitamin E treatment
was slightly effective in retarding the oxidation of lipid. Postmortem
addition of α-T to beef in amounts equivalent to those deposited in beef by
dietary vitamin E supplementation was ineffective in controlling lipid
oxidation and suggested that a much higher postmortem addition of α-T
would be needed to obtain better oxidative stability (123).

4.5.3. Effect of Vitamin E on Other Meat Quality Parameters

4.5.3.1. Color Stability. Control of discoloration of fresh beef is most
important in maintaining a stable display of retail meat because the
consumer’s perception of beef quality is strongly influenced by the color.
The undesirable brown metmyoglobin results from oxidation of the red

TABLE 4.23 Thiobarbituric Acid-Reactive Substance Values (mg Malonaldehyde/
kg Meat) for Raw and Cooked Veal Steak from Control and Vitamin E-
Supplemented Animals Held at 4°C for 4 Daysa

aControl different from supplemented (p<0.001).
Source: Modified from Ref. 113.
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FIGURE 4.14 Effect of α-T supplementation on TBARS formation in (a) fresh, (b)
vacuum-packaged, and (c) frozen beef LD, GM, and PM muscles after 7-day
storage at 4°C. TBARS, thiobarbituric acid-reactive substance; LD, M. longissimus
dorsi; GM, M. gluteus medius; PM, M. psoas major. (Modified from Ref. 116.)
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oxymyoglobin and purple deoxymyoglobin. Various attempts have been
made to extend the stability of the desirable pigments by dietary vitamin
E supplementation (124–132).

Faustman et al (7). summarized the role of vitamin E in beef color
stability as follows:

1. Delivery of α-T through dietary supplementation with α-TAC is
effective in stabilization of red meat color.

2. The relative color stability of different muscles is not changed by α-
T. Compositional and metabolic differences that are not directly
related to oxidative stability of microsomal fractions influence
color stability.

3. Several potential mechanisms enable vitamin E to stabilize oxy-
myoglobin. However, α-T most likely exerts an indirect effect on
oxymyoglobin stability by direct inhibition of lipid oxidation.
Products of lipid oxidation are more water-soluble than

TABLE 4.24 Effect of Feeding of Beef Cattle Basal (20mg/head/day) or
Supplemented (2000mg/head/day) Diets Containing α-Tocopherol Acetate and
Various Packaging Conditions on the Oxidative Stability (Thiobarbituric Acid-
Reactive Substance mg Malonaldehyde/kg Meat) of Raw Mince Held Under
Refrigerated (4°C) Display Conditions for 8 Days

Different letters within the same column (α–e) and across the same row (w–x) indicate
significant (p<0.05) differences.
Source: Modified from Ref. 115.
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nonoxidized lipids and enter the cytoplasm, where they interact
with oxymyoglobin.

4. Low-oxygen partial pressure (4–10mm Hg) favors oxidation of
oxymyoglobin. Formation of metmyoglobin at low-oxygen partial
pressure can be delayed by supplemental vitamin E.

Figure 4.16 (124) shows color changes in sirloin steak from vitamin-
supplemented and control animals under refrigerated storage. Figure 4.17
(129) shows changes in oxymyoglobin and metmyoglobin under dark
and illuminated storage. Effects of vitamin E dosage on storage duration
life under vacuum are given in Table 4.25 (130).

Faustman and colleagues (112) investigated the effect of dietary vitamin
E supplementation (370mg α-TAC/animal/day for 10 months) of Holstein
steers on pigment and lipid oxidation of fresh ground sirloin. During 6
days of storage at 4°C, metmyoglobin accumulation and lipid oxidation
(TBA) were greater for control animals than for those supplemented with

FIGURE 4.15 Effects of level (0, 250, 500 or 2000mg/head/day) of all-rac-α-
tocophenyl acetate E on lipid oxidation in cooked GM muscle during illuminated
display at 4°C. MDA, malondialdehyde; GM, M. gluteus medius. (From Ref. 117.)
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vitamin E. The TBA values and metmyoglobin percentage (%
metmyoglobin) were highly correlated in the control (r=0.91) and
supplemented (r=0.72) groups. These results correspond with other studies
that reported that dietary vitamin E supplementation retarded
metmyoglobin formation of LD muscles and highly suppressed lipid
oxidation compared to those from nonsupplemented animals (131, 132).
Faustman et al (112). concluded that dietary vitamin E supplementation
should be maintained at a level that produces 3.5-mg α-T/kg meat.

FIGURE 4.16 Objective color measurements of sirloin steaks, from control and
vitamin E-supplemented Holstein steers, during storage at 4°C. (A) a value
(redness) and (B) chroma (color intensity); n=17 for each treatment group. (From
Ref. 124.)
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FIGURE 4.17 Oxymyoglobin ( , ) and metmyoglobin ( , ) concentrations
during (a) aerobic storage in the dark and (b) aerobic illuminated display at -20°C
of control ( , ) and supplemented ( , ) LL packaged in polyethylene. Solid
and dashed lines represent pigment concentrations predicted by the kinetic model
for the respective treatments. LL, M. longissimus lumborum. (From Ref. 129.)
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Therefore, the accumulation of sufficient levels of α-T in muscle seems to
be the critical factor to reduce pigment oxidation.

Studies (133, 134) in 2000 and 2002 did not show an effect of
supplemental vitamin E on color stability, in this research, α-T levels in
control animals were quite high. Yang and associates (135) reported that
cattle grazed on good pasture can maintain α-T levels in muscles
comparable to levels found in vitamin E-supplemented, grain-fed cattle.

4.5.3.2. Drip Loss. Various studies indicated positive effects of dietary
vitamin E supplementation on drip loss of beef during refrigerated display
(136–140). However, the influence of supplementation on drip loss of
muscles is not always consistent and can vary among different muscles.
The differences on a percentage weight loss basis comparing meat cuts
from supplemented and nonsupplemented animals are usually quite low.
Mitsumoto and colleagues (136) concluded that vitamin E supplementation
shifted weight loss from drip loss to cooking loss and could be beneficial
to meat retailers. Increased concentrations of α-T most likely stabilize
membrane stability and enhance the ability of cells to retain sarcoplasmic
components during refrigerated shore display. Effects of vitamin E
supplementation for muscle from steers supplemented with 5000mg α-T/
day for 7 days before slaughter are shown in Figure 4.18 (137).

4.5.3.3. Cholesterol Oxidation in Beef. Relatively few studies have been
published on the effects of dietary supplementation on cholesterol
oxidation in beef. Engeseth and coworkers (113) and Engeseth and Gray
(141) showed that vitamin E supplementation was effective in controlling
the development of cholesterol oxides in raw and cooked muscles during

TABLE 4.25 Dosage and Duration Effects of Supplemental Vitamin E
on Color Display Life of Bovine Longissimus Muscle Held in Vacuum
Storage for Three Periods

aDose duration.
bColor display life.
Source: Modified from Ref. 130.
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storage (Table 4.26). Cholesterol oxidation in vacuum-packaged cooked
beef steaks was inhibited during refrigerated and frozen storage; however,
the effect varied with muscle type (142).

4.6. MILK AND EGGS

4.6.1. Milk

Oxidation of milk fat and development of spontaneous oxidized flavor are
widespread problems in the milk and dairy industry. They may be caused
by an imbalance in levels of pro-and antioxidants in milk or by physical or
chemical alteration of the structure of the fat globule membrane during

FIGURE 4.18 (A) Effect of vitamin E supplementation, muscle, and day on drip
loss percentage. Least-squares means and standard error bars are shown. Within
main effects, means with different letters differ (p<0.05). CNTRL, no vitamin E
supplementation; SUPPL, vitamin E supplementation. (B) Dietary vitamin E
supplementation multiplied by muscle interaction for drip loss percentage. PM,
M. psoas major; LT, M. longissimus thoracis. (From Ref. 137.)

Copyright © 2004 by Marcel Dekker, Inc.



217Oxidative Stability of Muscle Foods

processing (143). As early as 1967, Dunkley and associates (144) studied
the effect of supplementing cow rations with vitamin E to control oxidized
flavor in milk. Cows were fed an alfalfa-hay-concentrate ration
supplemented with α-TAC at a rate of 0.0025% of dry matter intake for 4
weeks. Supplementary α-TAC increased the concentration of α-T in the
milk and increased the oxidative stability of the milk and of the milk fat as
measured by TBA test and flavor scores (Table 4.27). More recent research
has confirmed these results (145–147).

TABLE 4.26 Cholesterol Oxide Concentration (µg/g Sample) in
Cooked Veal Held at 4°C for 4 daysa

aMean of four samples.
b500mg α-TAC per day.
cND, not detected (detection limit: 1ng).
Source: Modified from Ref. 113.

TABLE 4.27 Influence of Supplementary Tocopherol on
Tocopherol Content of Milk and Oxidative Stability of Milk
and Milk Fat for 5-Day Storage

aTBA, increase in absorbance of the thiobarbituric acid test, A×103.
bCu, copper added to milk at 0.1µg/g.
cFlavor score: 0, no oxidized flavor; 4, strong oxidized flavor.
Source: Modified from Ref. 144.

Copyright © 2004 by Marcel Dekker, Inc.



Chapter 4218

St. Laurent and colleagues (148) determined the effect of α-T
supplementation to lactating dairy cows on milk and plasma α-T
concentrations. Holstein cows (n=12) were assigned to one of three dietary
α-TAC levels, 0, 700, or 3000mg/cow/day for 5 weeks. The highest levels
of milk α-T were observed at week 1 for the 700-mg α-TAC group and at
week 2 for the 3000-mg α-TAC group. During weeks 2 to 5, milk α-T
concentrations were the highest for the 3000-mg α-TAC group and peaked
at 22.0µg/g lipid; plasma α-T levels increased by 0.7 and 1.3µg/mL for the
700- and 3000-mg α-TAC groups. By the end of posttreatment phase, in the
animals that had no supplementation, milk α-T concentration had returned
to week 0 levels.

4.6.2. Eggs

The micronutrient and PUFA contents of egg yolk are easily modified by
supplementation of the diet. Various studies have shown the ability of
laying hens to respond to supplemented α-T and produce eggs with
increased α-T content with improved oxidative stability of yolk lipids (149–
155). Increases in α-T and ß-carotene levels were noted after feeding
supplemental α-TAC up to 400mg α-TAC/kg diet together with ß-carotene
(149). α-Tocopherol level in the yolks increased from 144 (control) to
477mg/g (400mg α-TAC). Egg production and weight were not changed
(Table 4.28). Pál and colleagues (155) noted that ß-carotene level in egg
yolk did not increase with increasing levels of ß-carotene in non-α-TAC-
supplemented hens fed pumpkin seed oil.

Increased dietary intake of α-T decreases PUFA and cholesterol oxidation
(149–154). The increase in oxidative stability is particularly significant in
eggs produced with increased PUFA or n-3 fatty acid levels. However, a
prooxidant effect was noted in yolk when hens were fed quite high levels of
α-T (152, 153). A prooxidant effect occurred with 120mg α-T/kg (150). A
vitamin E supplementation rate of 80IU/kg diet has been recommended to
protect eggs produced with increased content of n-3 fatty acids (153).

4.7. FISH

4.7.1. Vitamin E Supplementation and Tissue Levels

In general, vitamin E is recognized as the primary antioxidant defense
mechanism to prevent oxidative stress in fish. Tocher and coworkers (156)
reported on the effects of dietary vitamin E on antioxidant defense
mechanisms in turbot, halibut, and sea bream. In each species,
relationships were observed in tissue vitamin E and the ratio of PUFA to
vitamin E levels in response to levels of vitamin E in the diet. Liver catalase,
superoxide dismutase, and glutathione peroxidase levels were the highest
in fish fed the lowest levels of vitamin E. The TBARS and isoprostane
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levels used as indicators of oxidative stress were lowest in fish fed the
highest level. Because of higher dietary and tissue PUFA levels, the minimal
requirement for vitamin E for cold water fish is 50mg α-TAC/kg diet (156,
157). The dietary requirement for vitamin E increases with increasing
PUFA intake (158, 159).

Hamre and Lie (160) showed that α-T concentration in the whole body
of Atlantic salmon could be increased five to seven times with a diet
supplemented with 300mg α-TAC/kg. Whole body α-T levels were above
7.5 compared to <1.5mg/100g for nonsupplemented fish. Several other
studies have shown the ability of supplemented vitamin E to increase tissue
and organ α-T concentrations (154, 159, 161–163).

4.7.2. Effect of Dietary Vitamin E on Oxidative Stability

Various studies show the importance of dietary supplementation of vitamin
E to quality maintenance of fresh and processed fish (159, 162, 163).
Supplemental vitamin E becomes more essential for quality maintenance
if the species contains normally high n-3 fatty acid levels or the diet has

TABLE 4.28 Influence of α-Tocopherol and ß-Carotene on Deposition,
Production, Yield, and Egg Weight of Yolk Throughout 5 Weeks of Feeding

Source: Modified from Ref. 149.
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been modified to increase n-3 tissue levels. Waagbo and associates (159)
found that in fillets of Atlantic salmon fed a high-n-3 fatty acid diet and
low vitamin E levels an oxidized, rancid flavor developed to a greater
extent than in those fed a high-PUFA-high-vitamin E (300mg α-TAC/kg
diet) diet. Oxidative stability of trout and channel catfish fillets is
significantly improved by feeding diets containing up to 200mg α-TAC/kg
diet for trout (163) and 400mg α-T/kg diet for channel catfish (164).
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5
Stability of Vitamin E During
Food Processing

5.1. INTRODUCTION

Because of the interaction of tocopherols and tocotrienols with oxidative
events in foods through their function as antioxidants, physical handling
associated with harvesting and storage of raw commodities and, then,
further processing and marketing can produce significant changes in
vitamin E levels. Depending on environmental factors and the oxidative
stress placed on the commodity by the required chain of events necessary
to deliver the fresh or processed food to the consumer, these changes can
be quite severe with the potential for complete loss. Such events leading
to loss of vitamin E can be initiated at any point during the harvesting,
storage, processing, and marketing chain. Likewise, storage of the product
and food preparation by the consumer can have dramatic effects on the
retention of vitamin E in the food at the point of consumption. Because of
vitamin E’s relative instability, a large degree of variability exists in
reported vitamin E contents for similar products. Many researchers have
documented the stability of tocopherols and tocotrienols under various
agronomic, storage, processing, and food preparation conditions for many
commodities and their processed foods.

One of the first reviews that summarized effects of varietal differences,
harvesting, processing, and storage on vitamin E levels was published in
1973 by Kivimäe and Carpena (1). This review included 45 references
covering 1942–1969. These authors provided the following observations
regarding the stability of vitamin E in foods and animal feeds:
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1. The level of vitamin E is variable, depending on stage of growth,
time of harvesting, genetic variety, processing, and storage.

2. The level in green fodder falls as growth proceeds.
3. Different cultivars have different natural levels of tocopherols.
4. Losses during harvesting depend on the weather and drying

conditions.
5. High temperature, prolonged storage, and high moisture content

increase losses.
6. All processing steps produce some loss of vitamin E.
7. Milling, flaking, and shredding produce large losses.
8. Oil refining leads to small losses.
9. Losses during storage depend on time and temperature conditions.

Later reviews (2, 3) covering the period through the mid-1970s to 1980,
included drying, organic acid treatment, milling, expanding, puffing,
rolling and shredding, irradiation, fumigation, refining of edible oils, food
preparation methods, and conventional processes of dehydration,
canning, and freezing. More recent reviews provide updates on processing
effects, including milling, refining steps, irradiation, and heating (4, 5).
This chapter provides information on the stability of vitamin E under
various processing and handling conditions significant to the current food
processing industry. However, it is evident that observations and
conclusions drawn from earlier research (2, 3) were accurate, providing a
sound basis for understanding factors that influence the stability of
vitamin E in edible oils and processed foods.

5.2. EDIBLE OILS

5.2.1. Edible Oil Refining

It is generally recognized that oxidative events in raw commodities during
harvesting and storage lead to considerable variation in vitamin E levels
in crude oil before refining. Bauernfeind’s reviews (2, 3) showed that some
tocopherol loss inevitably occurs during refining and that deodorization
and bleaching processes were points at which substantial losses can occur.
However, research reports on refining losses are difficult to compare
because studies are completed on different oils under different conditions.
Eitenmiller (6) stated that up through 1997 studies on the effects of
refining were difficult to interpret, ranging from highly significant losses
to minimal (7, 8). Again, the highly variable nature of the oil, the initial
oil quality, and processing parameters studied in the available literature
make generalizations difficult.

Table 5.1 provides summaries of pertinent literature showing the effects
of refining on the vitamin E content of edible oils. Excellent studies on
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soybean oil (8–10) show that vitamin E content decreases throughout the
refining process and that largest losses can be expected at the
deodorization stage. A well-presented study by Jung et al. (9) followed
the refining process from the crude oil through the deodorization stage
and reported tocopherol content at each stage. Total losses (percentage)
at each stage were degumming, 5%; alkaline refining, 7%; bleaching,
12%; and deodorization, 32%. Similar orders but varying magnitudes of
losses were reported for soybean oil by Ferrari et al. (8) and Gutfinger
and Letan (10). Relative ratios of α-, β-, γ-, and δ-tocopherol (T) remained
almost constant throughout the refining process (9). Each of the three
studies cited showed minor changes in tocopherol content of soybean oil
due to degumming and alkali refining.

Studies on the refining of other oils also indicate that all stages produce
some loss of tocopherols (8, 11–28). Prior et al. (13) reported relatively
large losses of vitamin E through degumming and bleaching of canola press
oils. α-Tocopherol was lost to a greater extent than other tocopherols,
representing 8%, 30%, and 33% of the total tocopherols on a weight basis
in bleached, degummed, and crude oils, respectively. Large losses of α-T
can dramatically decrease the nutritional worth of the oil to meet α-T
requirements of the human. Prior et al. (13) noted that the higher loss of α-
T compared to that of the other tocopherols could be due to a selective
adsorption of α-T on the bleaching clay and/or greater sensitivity to the
processes leading to preferential destruction. The observed loss of α-T,
whether induced chemically or physically, during refining of canola oil
agrees with earlier work (12) that indicated greater loss of α-T compared to
γ-T in rapeseed oil processed to the refined, bleached, deodorized (RBD)
stage. Gogolewski et al. (14) reported on the effects of refining of low—
erucic acid rapeseed oil. Changes in tocopherols due to the refining process
are listed in Table 5.2. In this study, δ-T was lost to a greater extent on a
percentage basis when compared to α- and γ-T. However, losses of α- and
γ-T, although not as great on a percentage basis, represent almost all of the
total tocopherols lost on a weight basis. Losses due to the deodorization
step account for approximately two-thirds of the processing loss. Overall,
the refining process led to a 30% decrease in total tocopherol content.
Losses noted for α- and γ-T were similar (Table 5.2).

In oils containing primarily α-T at low levels such as coconut and
marine oils, refining can have quite significant effects on residual
tocopherols. Effects of various processing conditions on α-T stability
in coconut oil showed that a combined degumming and bleaching
process led to reduced losses of total tocopherol (7.4%) (15).
Sequential degumming and bleaching produced losses of 46% for citric
acid degummed and bleached oil and 58% for phosphoric acid
degummed and bleached oil. Alkali refining used with degumming and
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TABLE 5.1 Continued

aRB, redefined, bleached; RBD, refined, bleached, deodorized; SBO, soybean oil; α-T, α-tocopherol.
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Source: Modified from Ref. 14.
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deodorization to produce a RBD oil resulted in almost complete loss of
vitamin E (92%). Unlike in results noted for most oils, deodorization of
the coconut oil produced small tocopherol losses.

Commonly used alkali refining, bleaching, and deodorization steps
decreased α-T levels in marine oils. A 46% loss of α-T was noted for the
processing of menhaden oil to the RBD stage (16). Slightly over one-half
of the loss occurred during deodorization. Primary losses of α-T occurred
at the deodorization stage for seal blubber and cod liver oil (17, 18).
However, total losses were quite low for both oils (14% for seal and 32%
for cod). Refining of olive oil decreased α-T level by up to 50% (19).

Rice bran oil, because of its high initial levels of free fatty acids (2–20%),
waxes, and color, requires modified refining processes to decrease processing
losses and production of large amounts of soap stock (20). Steam or physical
refining is used as either a partial or a complete replacement for alkali refining
to remove free fatty acids. Since steam refining is similar to a conventional
deodorization step although at higher temperature, losses of vitamin E would
be expected. If alkali refining is eliminated completely from the process, then
increased vitamin E retention might occur. Early work on steam refining of
rice bran oil showed quite higher levels of vitamin E in steam-refined compared
to alkali-refined oil (21). De and Bhattacharyya (20) reported that more than
70% of total vitamin E was lost through application of physical or steam
refining using steam purging at 235°C to 265°C under 5-mm Hg pressure.
Conventional refining with deodorization at 185°C, 5-mm Hg pressure, and
alkali refining caused a somewhat higher loss of vitamin E (82%).

Rice bran is processed by extrusion (expansion) with steam injection to
inactivate lipoxygenase to improve oxidative stability of the oil. Lloyd et al.
(22) followed changes in tocopherol and tocotrienol contents during
commercial milling and steam expansion of rice bran (Figure 5.1). Rice
bran collected from the various milling breaks had varying levels of
tocopherols and tocotrienols. Of significance, steam expansion did not
decrease tocopherol and tocotrienol levels in the rice bran. Concentration
of oryzanol, another natural antioxidant in rice bran oil, decreased by 26%
during steam expansion of the rice bran. Wide variations have been noted
in the vitamin E content of commercially available rice bran oil as a result
of problems with handling of the bran and variations in processing.(6, 22)

Because of the low molecular weight of tocopherols and
tocotrienols, the temperature and vacuum used during deodorization
of edible oils lead to slight volatilization and steam stripping. Vitamin
E is, therefore, concentrated in the distillate. Such distillates are now
the source of value-added vitamin E and sterol concentrates used for
pharmaceuticals and food fortification. Because of the impact of
deodorization and combined steam refining on the quality of RBD oils, Maza
et al. (29) optimized deodorization processes for free fatty acid removal
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and tocopherol retention for several commercial oils. For soybean oil,
optimization of the process at 246–256°C for flow rates of 40,000–
50,000lb/h produced tocopherol retention rates of 82% to 88% (Figure
5.2). With the rapidly increasing natural vitamin E market, the process
can be optimized to produce greater vitamin E concentration in the
distillate, while maintaining adequate vitamin E levels in the oil to fulfill
antioxidant requirements. The authors emphasized that oil quality is
the result of multiple characteristics imparted to the oil by the refining
process. Parameters used to judge oil quality were free fatty acid content,
≤0.02%; tocopherol retention, >50%; initial flavor strength (F0)=2.0
maximum (AOCS Intensity Scale); flavor strength after 4-wk storage
with light exposure (F1)=4.0 and after 8-wk storage in the dark (F2)=3.6
maximum.

Nitrogen gas stripping can be used in place of conventional steam
stripping at higher temperatures to produce a deodorizer distillate of
higher quality.(30–32) N2 gas stripping at 150°C for 1h produced
soybean oil with similar total tocopherol levels, free fatty acid levels,
and colors to those of a conventionally deodorized oil (32). Under the
laboratory scale treatments, none of the deordorization processes,
including conventional deordorization, decreased total tocopherol
levels as might be expected. The authors attributed the lack of effect

FIGURE 5.1 Tocopherol and tocotrienol content of rice bran at various processing
stages. (Modified from Ref. 22.)
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on residual tocopherols on the short residence time of the laboratory scale
deordorizer (9min at 265°C). Prior work with N2 stripping of olive oil showed
that α-T level was decreased significantly by both N2 and steam stripping (31).

5.2.2. Interesterification and Enzyme Modification

Interesterification is commonly used in the edible oil industry to modify
physical properties by rearranging the distribution of fatty acids on the
glycerol. This process might become an alternative to hydrogenation to
produce plasticized fats with low or zero trans isomers (33). Chemical
interesterification is catalyzed most commonly by sodium methoxide.
Since the temperature (>70°C) and chemical environment of the reaction
are quite severe, effects on vitamin E content could be appreciable.
However, few data clearly show the effects of chemical interesterification
on vitamin E levels. Park et al. (34) interesterified soybean oil with sodium
methoxide and reported that randomization of the glyceride composition
had no significant effect on oxidative stability of the oil. Vitamin E levels
were, however, decreased substantially by purification procedures after
the interestification process to the point that the oil was less stable to
autoxidation. The primary loss of tocophoerols occurred at the
purification step after interesterification, when soaps and colored
materials formed by the process were removed. Overall tocopherol loss
was almost complete after purification.

Few reports describe the effects of various enzyme modifications used by
the fat and oil industry to produce structured lipids on vitamin E. Production
of structured lipids high in eicosapentaenoic acid and docosahexaenoic acid

FIGURE 5.2 Optimization of deodorization parameters for retention of tocopherols
in soybean oil. Percentages are retention of vitamin E. (Modified from Ref. 29.)
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by incorporation of capric acid into fish oil by immobilized lipase from
Rhizomucor miehei decreased vitamin E to low levels (35). Tocopherols and
other antioxidants should be added back to enzymatically modified oils to
protect the unsaturated fatty acid from oxidation.

5.2.3. Hydrogenation

Few studies have been completed to define adequately the effects of
hydrogenation on vitamin E content of edible oils. Available literature up
to 1979 indicated that little or no destruction occurred under ordinary
hydrogenation conditions (36). However, a more recent study by
Rabascall and Riera (19) showed that degradation of vitamin E proceeds
in a first-order reaction with time of hydrogenation. With olive oil,
approximately, 60% of α-T was lost after 5h of hydrogenation at 2atm of
hydrogen at 180°C with nickel catalyst. Tocotrienols exist as R, trans,
trans isomers in nature and would theoretically be subject to isomerization
during hydrogenation to cis isomers. However, cis isomers of γ-tocotrienol
(γ-T3) were not detected in hydrogenated palm oil (37). Drotleff and
Ternes (37) incorporated liquid chromatography (LC) methodology using
two columns (ET 200/4 NUCLEODEX β-PM) in series to resolve the
four potential cis-trans side chain isomers of γ-T3. α-Tocodienol and α-
tocomoneol, reduced forms of α-T3, were identified in the hardened palm
oil. These compounds were previously identified.(38, 39) The study
indicated that hydrogenation may cause loss of γ-T3 but does not
significantly influence the geometric structure of the double bonds in the
T3 side chain. Clearly, not enough work has been completed to define the
effects of hydrogenation on the vitamin E content and forms of vitamin E
present in hardened edible oils adequately.

5.2.4. Effects of Frying on the Vitamin E Content of Oils and Fats

Bunnell et al. (40) in one of the first literature references to loss of vitamin
E in edible oil during deep-fat frying indicated that little loss occurs. Later
studies clearly showed that this is not the case. McLaughlin and Weihrauch
(36) in their 1979 review of the vitamin E content of food cited only five
references showing the effects of heating on vitamin E loss in vegetable oils.
This work was primarily conducted on oils under carefully controlled
heating conditions without the introduction of foods for frying. The results
of the research showed that different oils lost varying amounts of vitamin
E, ranging from 9% in safflower oil to 100% in coconut oil, under similar
heat treatments for 10h. Rate of loss was rapid when oxygen was available
during early stages of heating and decreased with prolonged heating. Other
factors influencing vitamin E loss included the oil-surface-to-air ratio and
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physical mixing of oxygen into the oil during heating. Some volatilization
of vitamin E can occur during prolonged frying operations, further
decreasing the antioxidant capacity of the oil. Table 5.3 summarizes some
pertinent literature on the effects of frying on vitamin E stability.

Since vitamin E loss in frying oils indicates its capacity as an antioxidant is
being overcome, the loss is critical to oxidative stability of the oil and to the
shelf life of the fried product. Hence, rate and extent of loss of tocopherols
and tocotrienols have been extensively studied during frying processes, and a
highly complex picture influenced by many parameters has been revealed.
Lehmann and Slover (41). applied gas chromatography to the quantitation
of vitamin E in model oxidative systems and edible oils and provided early,
definitive information on the oxidative stability of the individual tocopherols
and tocotrienols. During autoxidation of methyl myristate, stabilities were
α-T=α-T3<β-T3<γ-T3<β-T3<δ-T3<γ-T<δ-T. α-Tocopherol was the least
stable in both systems. The relative stabilities were similar to those reported
earlier for antioxidant activities for lard and methyl linoleate (γ-T>δ-T>β-
T>α-T) (42) α-Tocopherol protected γ- and δ-T in mixtures, but γ- and δ-T
had no appreciable protective effect for α-T. From these observations,
Lehmann and Slover (41) theorized that stabilities and antioxidant activities
during protection of fats and oils vary in the same direction, the most stable,
δ-T, is the best antioxidant. However, when considering interactions among
the tocopherols, α-T is the better antioxidant, protecting γ- and δ-T. It was
assumed that α-T level would decrease first during cooking and storage of
vegetable oil because of its protective role for other forms of vitamin E. Various
studies indicated more rapid loss of α-T than of other tocopherols in model
systems and frying oils.(43–47) Barrera-Arellano et al. (47), in a 2002 study
of several vegetable oils and oils stripped of natural antioxidants that were
supplemented with known levels of tocopherols, found that α-T was the
least stable at 180°C for 2h. Formation of polymeric and polar compounds
was more dependent on the natural content and type of tocopherol than on
the degree of unsaturation of the oil. For natural oils, tocopherols were less
stable in the oils with lower degrees of unsaturation.

α-Tocopherol is not the least stable form of vitamin E under all frying
conditions. Frying of potato chips in cottonseed and peanut oil on an
industrial scale over 5 days showed that rates of loss of α- and γ-T vary
with time of heating and with the oil (48). In peanut oil, γ-T loss was
greater than that of α-T at 26h but less at the end of the frying time
(103h). In cottonseed oil, γ-T loss was greater than α-T loss over the
entire time of heating. Over time of use, losses of α- and γ-T in cottonseed
oil decreased and stabilized (Figure 5.3) with apparent stabilization of the
oil. Then, vitamin E levels increased, apparently from oil added as
replacement oil. Carlson and Tabacch (49) studied the relationship between
α- and γ-T losses in partially hydrogenated soybean oil containing tertiary
butylhydroquinone (TBHQ), citric acid, and dimethyl siloxane. Oil was
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TABLE 5.3 The Effects of Frying on the Vitamin E Content of Fats and Oilsa
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aα-T, α-tocopherol; γ-T3, γ-tocotrienol.

TABLE 5.3 Continued

Copyright © 2004 by Marcel Dekker, Inc.



245Stability of Vitamin E

sampled under commercial frying of french fries at 177°C over a 4-day
period. During the frying, oil was added to replenish oil lost during use.
Tocopherols were monitored on each day over 4 days of continuous use,
which represented frying of more than 310kg of frozen french fries in the
larger of two replicate studies. At the end of the study, γ-T retention was
slightly higher than α-T retention. The authors concluded that the type of
food being fried, the duration of the use of the oil, and the addition of
fresh oil during food service operations affect the rate of vitamin E loss.
α-Tocopherol loss in various heated oils held at 177°C without
introduction of food was decreased by use of partially hydrogenated oil
and addition of antioxidants. In later work, Miyagawa et al. (50) studied
tocopherol stability in a mixture of soybean and rapeseed oils used for
deep-fat frying of tempura-coated and -noncoated potato slices.
Decomposition rates were γ-T>δ-T≥α-T for both procedures over repeated
fryings (32 times, 17min per frying, 180°C±10°C) for a total of 9h, 4min.
Introduction of the tempura coating changed the rate of loss of the
different tocopherols but not the order. Changes in vitamin E levels and
increasing amounts of fluorescent substances in the oil correlated with
other quality characteristics of the used oil.

In another large study of the stability of tocopherols and tocotrienols in
frying oils, vitamin E changes in soybean oil, corn oil, and palm olein were
followed during simulated frying over 30h using wet cotton balls (185°C)
and frying of various breaded products (176°C) (51). In the simulated frying

FIGURE 5.3 Changes in α- and γ-T and TBHQ in peanut and cottonseed oils during
frying (160°C). α-T, α-tocopherol; TBHQ, tertiary butylhydroquinone. (Modified
from Ref. 48.)
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study, the relative stabilities of the vitamin E homologues in the oils were α-
T>δ-T>β-T>γ-T (soybean oil), α-T>γ-T>δ-T>γ-T3 (corn oil), and α-T>δ-
T3>α-T3>γ-T3 (palm olein) (Table 5.4). α-Tocopherol equivalent (α-TE)
levels decreased significantly in each oil; vitamin E was completely absent
in palm olein after 30h of frying. Corn oil retained 63.3% of the α-TE after
30h, whereas soybean oil retained only 11.8% of the α-TE activity. The
stabilities of the specific vitamin E homologues under simulated frying
conditions vary according to the oils under study and the experimental
parameters. The relative stabilities of the vitamin E homologues after 6h of
simulated deep-fat frying were α-T>δ-T>β-T>γ-T (soybean oil), α-T> β->T>δ-
T>γ-T3 (corn oil), and α-T>δ-T3>α-T3>γ-T3 (palm olein).

It appears that the tocotrienols are less stable under thermal oxidation
than the tocopherols. Thus, it can be assumed that they are interacting as
more effective antioxidants in the simulated frying environment. The
complexity of the simulated frying curves (time versus concentration)
prohibited calculation of accurate half-lives for the total vitamin E activity
or for the individual vitamin E homologues. Reaction rates did not follow
first-order kinetics. Under the conditions of the study, the stabilities of
vitamin E homologues were not directly related to the degree of unsaturation
of the oils. The rapid loss of vitamin E in palm olein was not unexpected
because Frankel et al. (52) showed tocopherol loss to be less in highly
unsaturated oils than in more saturated oils during auto-oxidation at 60°C
and 100°C. These authors suggested that polyunsaturated fat
hydroperoxides decomposed quickly during initial autoxidation and that
the decomposition products did not appear to react with tocopherols. Yuki
and Ishikawa (53) also reported greater tocopherol stability in more highly
unsaturated oils during simulated deep-fat frying. They postulated that
decreasing stabilities of more saturated oils as temperatures approach frying
temperature led to rapid tocopherol loss during thermal oxidation. Studies
on the formation of degradation compounds in model systems (triolein,
trilinolein, and a 1:1 mixture of both) during heating at 180°C indicated
that the antipolymerization effect of tocopherols at high temperature
depends on the degree of unsaturation, which affects the less unsaturated
substrate, triolein, to a greater extent (54). In this study, α-T losses were
very rapid and dependent on the unsaturation of the triacylglycerol system,
although degradation of substrate was higher as the degree of unsaturation
increased. Yoshida et al. (45) also found that after 8–10min of microwave
heating, the amount of tocopherol decreased substantially in linseed, olive,
and palm oils, whereas 90% of tocopherols remained in corn and soybean
oils. They concluded that the reduction in level of tocopherols in oils is not
necessarily in agreement with chemical properties of the oils.

Evaluation of the oxidative stability of fried potatoes in oils with varying
levels of unsaturation and degree of degradation due to use showed that the
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TABLE 5.4 Total Vitamin E (mg/100g), Vitamin E Homologues (mg/100g), and α-Tocopherol Equivalents (mg) of Soybean Oil,
Corn Oil, and Palm Olein During Simulated Frying
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aRounded means of four observations.
bOne milligram α-TE is equal to 1mg of α-T; activities of other homologues are β-T, 0.5; γ-T, 0.1; δ-T, 0.03; α-T3, 0.3; β-T3, 0.05. Activities of γ- and δ-T3
are unknown.
α-T, α-tocopherol; α-TE, α-tocopherol equivalent; α-T3, α-tocotrienol.
Source: Modified from Ref. 51.

TABLE 5.4 Continued
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length of the induction period for oxidation in the fried product could not be
explained by the levels of unsaturation of the oil or polar compounds in the
oil (55). However, low levels of α-T in the oils led to rapid oxidation in the
fried product. α-Tocopherol was lost more rapidly in more saturated oils
during frying. In the products, α-T level decreased more rapidly in those fried
in more highly unsaturated oils. Pan frying is known to be more destructive
to frying oil quality because of large surface area exposure compared to that
for deep-fat frying. α-Tocopherol in olive oil exposed to pan-fry operations
using potatoes decreased from 29 to 3.1mg/100g during 10 fryings compared
to 8.7mg/100g after the same exposure to deep-fat frying.(56, 158)

Studies on canola oil, high-oleic canola oil, high-oleic low-linolenic
canola oil, and low-linolenic canola oil showed that intermittent frying of
french fries at 175°C produced varying rates of vitamin E degradation
among the oils (57). Regular canola with the lowest level of tocopherols
had the slowest degradation rate (Table 5.5). An inverse relationship was
found between total polar compounds and tocopherol loss. Oils with
higher rates of tocopherol degradation showed higher rates of total polar
compound formation. It was emphasized by the authors that plant
breeders should not ignore changes in tocopherol content of modified oils
resulting from modification of fatty acid profiles.

Edible films on raw products reduced γ-T losses in peanut oil used to fry
marinated and nonmarinated chicken strips (58). Hydroxypropylmethyl
cellulose was an effective protector of γ-T when applied as a coating or as
an ingredient in the breading. The authors believed that the edible film
acted as a hydrophilic barrier to migration of acetic acid (prooxidant) from
the product to the oil. Changes in the vitamin E content of frying oils occur
rapidly in fresh, high-quality oils on use. Suknark et al. (59) reported
measurable losses in vitamin E content in soybean oil after frying one batch
of extruded fish or peanut half-products at 200°C for 1.5min, including a
30-min heating time to reach the frying temperature.

TABLE 5.5 Degradation Rates of Tocopherols in Canola Oils

aTime (h) required to reduce original levels by 50%.
bRate of degradation, ppm/h.
Source: Modified from Ref. 57.
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5.3. VITAMIN E STABILITY DURING PROCESSING

5.3.1. Dehydration

Kivimäe and Carpena (1) summarized the effects of dehydration of fresh
green animal fodder as reported by early studies completed before 1966.
Losses reported ranged from 30% to 68% in common animal feeds when
artificially dried at temperatures of 60°C or higher.(60–62) Sun drying
was shown to produce higher vitamin E losses when compared to artificial
drying.(63, 64) Thalvelin and Oksanen (64) provided an in-depth study
of the production of hay from red clover, timothy, and tufted hair grass,
showing that vitamin E levels depended on the method of drying and the
length of the drying period. Tocopherol and linolenic acid contents were
shown to be closely related, highest levels were found in short-term
artificially dried (not sun-dried) hays.

Because of the significance of alfalfa hay to animal agriculture, older
studies (Table 5.6) report the effects of drying on the vitamin E content of
alfalfa (65, 66). Again, as noted in other early work, artificial drying
produced a product with higher vitamin E levels when compared to sun-
drying. Mean tocopherol levels were 11.5 and 20.1mg/100g for sun-cured
and dehydrated alfalfa meal, respectively. α-Tocopherol losses ranged
from 5% to 33% for dehydration of fresh alfalfa into meal (66). Largest
loss occurred in production of low-moisture meals (<3%). Dehydration
of fresh, green animal feeds can lead to oxidative losses of vitamin E, and
use of ethoxyquin can reduce vitamin E loss (66).

One of the first reports on the effects of freeze drying on the vitamin E
content of human foods was completed in conjunction with studies on
military rations completed at the Nutrition Branch of the Armed Forces
Quartermaster Food and Container Institute (67). Results of this study
are given in Figure 5.4. For beef and chicken, α-T level decreased
significantly as a result of freeze drying. Little decrease in α-T content
was noted for pork. Freeze-dried foods must be carefully packaged to
prevent oxidation during storage since the porous structure allows easy
penetration of oxygen and rapid rates of oxidation.

Dehydration of Capsicum annuum L. to produce paprika leads to quite
significant losses of vitamin E. Daood et al. (68) reported vitamin E losses
attributable to dehydration ranging from 12.4% to 41.2%. Vitamin C
losses approximated 70%. Highest retention of α-T was obtained by
drying overripe fruit with high dry matter content, and lowest retention
was found with forced-air drying of fresh high-moisture fruits. Carvajal
et al. (69) reported that drying of red pepper fruit to produce paprika by
forced-air drying at 50°C for 2 days led to a 25–30% decrease in α-T
level. Retention of the red paprika color was directly related to the total
antioxidant capacity of the dehydrated product.
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TABLE 5.6 The Effects of Processing on Vitamin E
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α-T, α-tocopherol; UV-B, ultraviolet B; RH, relative humidity; α-TE, α-tocopherol equivalent; TBARS, thiobarbituric acid-reactive substance.
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5.3.2. Canning and Freezing

Whereas extensive data exist on the effects of commercial canning and
freezing on water-soluble vitamins, few definitive data exist for vitamin
E. Bauernfeind’s reviews of early studies (2, 3) cited two studies that
showed greater than 50% loss of vitamin E in canned beans, corn, and
peas. Thomas and Calloway (67) showed that canning of meats reduced
vitamin E level to a greater extent than dehydration or irradiation (Figure
5.4). Canning of spinach at 121°C for 30min decreased α-T level by
approximately 90% (70). However, no significant losses were noted
between fresh spinach and frozen spinach (70). It can be concluded that
freezing as a process does not change vitamin E content of foods. However,
frozen storage can produce large losses due to oxidation, which progresses
with prolonged freezer storage.

Processing of tomatoes into paste yields a product that contains
approximately 80% of the α-T originally present in the raw material (71).
α-Tocopherol contribution to the loss was greater than that of α-
tocopheryl quinone and γ-T. Thirty percent of the α-T in the paste was
quantified as α-tocopheryl quinone, suggesting that α-tocopheryl quinone
can be important to the antioxidant capacity of processed foods.

FIGURE 5.4 α-Tocopherol (α-T) in processed animal products. Enz-inact, enzyme
inactivated before irradiation. (Modified from Ref. 67.)
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5.3.3. Irradiation

Food irradiation is defined as the process of exposing food to radiant energy
in order to reduce or eliminate bacteria, making it safer and more resistant
to spoilage (72). Radiant energy includes microwave, infrared, visible,
and ultraviolet (UV) light and ionizing radiation. Of these, ionizing
radiation was cleared for use on various meats and has received much
attention in the press because of its usefulness associated with Escherichia
coli O157: H7 and other pathogenic bacteria. Chemical changes produced
in food by various irradiation processes have been well characterized over
the past decades, and considerable information about their effects on
vitamin E content has been published. Pertinent literature is summarized
in Table 5.6.

5.3.3.1. Microwave Radiation. Microwave heating varies from
conventional heating in that heat is generated by molecular excitation
resulting from friction from the interaction of an electromagnetic field
with chemical components of the food. Because of advantages of time,
energy savings, excellent control, and convenience when compared to
conventional heat processing procedures, microwave heating has been
adapted to commercial processing, particularly drying applications.
Additionally, laboratory use is rapidly increasing to speed extractions and
organic synthesis processes. Because of the speed and frictional heat
generation, research has been conducted in many areas of food chemistry
to characterize chemical changes induced by microwave heating compared
to conventional processes. In this line, extensive work has been conducted
to define the effects of microwave energy on oxidation, oxidative stability,
and vitamin E components of microwave processed foods.

Some of the most comprehensive work showing the effects of
microwave heating on vitamin E has been conducted by Yoshida and
colleagues (73–82, 154). This work covers a broad field, including heating
of soybeans before production of full-fat flour, quality of seed oils during
microwave treatment, and antioxidative efficiences of tocopherols in oils
during microwave heating. Conclusions drawn from Yoshida’s collective
research include the following:

1. Microwave processing can be used to condition soybeans for
preparation of full-fat flour with little loss of vitamin E level (73).

2. During microwave heating, reduction of vitamin E level does not
closely relate to the chemical properties of the oils, including level
of unsaturation (74).

3. In tocopherol stripped oils containing added-back tocopherol, the
order of stability was δ-T>β-T>γ-T�α-T (75).
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4. Greater reduction of tocopherol level occurred in the presence of
shorter-chain-length ethyl esters of fatty acids and more saturated
fatty acids.(76, 77)

5. Reduction of vitamin E levels during microwave processing
increased with increasing levels of free fatty acids (76, 77).

6. In more saturated animal fats, the order of stability of tocopherols
was δ-T>β-T>γ-T>α-T. After 12min of microwave heating,
peroxide values, carbonyl values, and anisidine values increased,
showing that antioxidant capacity can be overcome quite easily
during microwave heating (Figure 5.5) (78).

7. Optimal concentrations of tocopherols in stripped oils to increase
oxidative stability were 100ppm for α-T, 150–200ppm for β- or γ-
T, and 500ppm for δ-T. Antioxidant effects of the tocopherols did
not increase at concentrations above 500ppm (79).

8. A mixture of sesamol and γ-T was more effective as an antioxidant
than sesamol and other tocopherols at concentrations of 400ppm
and 50–400ppm for the tocopherols and sesamol, respectively (80).

9. The exposure of soybeans to microwaves for 6–8min caused no
significant loss in the content of tocopherols in the hypocotyl
oils. Tocopherol retention was greater than 80% after 20min of
roasting (81).

10. Microwave energy affected the composition of tocopherols and
the fatty acid distribution of soybeans (82).

11. Roasting of sunflower seeds by microwave heating had very little
impact on quality of the seeds or vitamin E content (154).

Other research on the effects of microwave processing on vitamin E include
studies on milk (83), olive oil (84), sesame oil (85), grapeseed (86), and
eggs (87). These studies, collectively, show both beneficial and negative
aspects of microwave processing of foods on vitamin E content and oil
quality. Whereas extensive heating by microwave energy can induce
oxidation with rapid loss of vitamin E components, careful control of the
process can be beneficial, depending on the food product. For example, the
study by Oomah et al. (86) showed that microwave heating of grapeseed
before oil extraction improved oil yield with decreased chlorophyll levels
and with increased levels of α-T, α-T3, and γ-T3.

5.3.3.2. Visible and Ultraviolet Radiation. Little work has been completed
on the effects of visible and UV radiation on vitamin E content of food.
Ultraviolet radiation is considered to be only a surface treatment for killing
microorganisms. Because of the low penetrating power of visible and UV
radiations, significant impact on nutrient quality would not be expected
except on green leafy vegetables with high surface-to-volume ratios.
Extensive studies with a plant metabolism aspect have been completed to
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FIGURE 5.5 Changes in peroxide value (A), carbonyl value (B), and anisidine
value (C) of purified fats by microwave heating. (Modified from Ref. 78.)

Copyright © 2004 by Marcel Dekker, Inc.



Chapter 5260

show photooxidative effects when leaf tissue is irradiated under high-intensity
light in relation to the role of vitamin E in membrane stability. Wise and
Naylor (88, 89) reported that chlorophylls a and b, β-carotene, and
xanthophylls were degraded at a similar rate by high-irradiance light. Lipid
oxidation was dependent on the presence of oxygen and ascorbic acid, and
glutathione and α-T levels declined with the extent of light exposure.
Antioxidant studies indicated that singlet oxygen and superoxide radicals
participated in the decomposition of the pigments and endogenous
antioxidants. α-Tocopherol level decreased in chill-injury-sensitive cucumber
leaves but not in chill-injury-resistant peas on irradiation, indicating increased
oxidative stress in the chill-injury-sensitive cucumber (88).

Although α-T level decreases in specific membranes as a first sign of
lipid oxidation, the role of α-T as a protective agent against oxidative
stress is difficult to differentiate from that of other plant antioxidants
(90). Ultraviolet B (UV-B) irradiation-induced damage in plants occurs
within the photosynthetic apparatus of plants (91, 92). DeLong and Steffen
(92) however, were not able to show UV-B damage to the lipid matrix of
thylakoid membranes. α-Tocopherol level increased in the thylakoid
membranes during the first 8 days of irradiation and then decreased as
overall antioxidant capacity of the chloroplasts was overcome. Therefore,
enhanced UV-B radiation may represent an environmental signal that up-
regulates the antioxidant capacity of the chloroplasts (92).

Several excellent reviews consider the antioxidant function of vitamin E in
plants (90, 93–95). Hess (93) states, “Although the source of dietary vitamin
E is from plants, limited experimental data directly establish the antioxidant
function of vitamin E in plants.” Hess (93) divided the function of vitamin E
in plant structure and metabolism into the categories of membrane stabilization
and antioxidant activity, highly interrelated roles. Vitamin E is one component
of a dynamic system that responds to environmental factors including
development and life-cycle effects, chilling stress and cold acclimation, storage,
nutrient effects, drought and other climatic conditions, and herbicide treatment
(93). Shewfelt and colleagues (90, 94, 95) published several interpretative
reviews on the role of lipid peroxidation in storage disorders of fruits and
vegetables. In their discussions, a model for lipid oxidation of specific
membranes was proposed to indicate that peroxidative processes in plant
tissues could function to cause tissue disorders (Figure 5.6). Lipid deterioration
would produce changes in membrane integrity, physical structure, and
membrane fluidity—effects that would modify the function of protein. Loss
of a critical enzyme within a specific membrane could induce metabolic
imbalances, eventually leading to the visible symptoms of a disorder (e.g.,
chill injury) (90). The total plant antioxidant system, including α-T, β-
carotene, lycopene, reducing agents (ascorbic acid and glutathione), and
enzymes that respond to oxidative stress (catalase, peroxidase, superoxide
dismutase), participates actively to provide protective agents against lipid
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oxidation (90). Shewfelt and coworkers’ discussions stress that antioxidant
degradation in localized areas can be a useful marker for the onset of
quality loss; however, measurements of more than one antioxidant are
needed to determine whether changes in concentrations precede evidence
of oxidative damage.

5.3.3.3. Gamma Radiation. Application of gamma irradiation to foods
can effectively reduce or eliminate pathogens and spoilage microorganisms
without decreasing wholesomeness and sensory qualities.(72, 96) Low
doses of irradiation kill bacteria and delay spoilage. Because of the need
for increased control in fresh and processed meat demonstrated by hazards
increasingly apparent from outbreaks of food-borne illness due to E. coli
O157: H7, Salmonella spp., and other food pathogens, the United States
Department of Agriculture (USDA) through the Food Safety and Inspection
Service (FSIS) proposed regulations in 1999 covering the use of ionizing
radiation for processing of refrigerated or frozen uncooked meat, meat
by-products, and other meat food products, including poultry, to reduce
levels of food-borne pathogens and to extend shelf life (97). The rule,
which became effective on February 22, 2000, expands the use of
irradiation to red meats. Irradiation had previously been approved for
use in fresh, frozen, uncooked, and packaged poultry products. Maximal
safe adsorbed doses approved by the Food and Drug Administration (FDA)
and included in USDA’s final rule are 4.5 and 7.0kGy for refrigerated and
frozen meat, respectively, and 3kGy for poultry.

FIGURE 5.6 Proposed model for lipid oxidation in chilling injury and other
membrane disorders of plant tissue. DNA, deoxyribonucleic acid; α-T, α-tocopherol.
(Modified from Ref. 90.)
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At these low doses, chemical changes induced by gamma radiation are
minimal; however, it is well recognized that lipid components of the food
are most susceptible to ionization and formation of free radicals. At the
approved doses, small numbers of free radicals initially produced can
catalyze oxidation in the food. A recent study by Jo and Ahn (98) reported
that the formation of oxidation products in pork sausage by irradiation
was influenced by dosage of irradiation, fat sources, tocopherol content,
and packaging methods. They stated that sausage prepared with flaxseed
oil produced lower lipid oxidation than sausage prepared with other
treatments probably because of the high tocopherol content present in
flaxseed oil. Results indicated that an oxygen-free environment minimizes
off-odors from lipid oxidation, but vacuum packaging would not
completely control production of volatiles by irradiation. Such compounds
can be produced through radiolysis as well as through lipid oxidation.
Catalysis of lipid oxidation as influenced by gamma radiation has been a
fertile area of food chemistry research. Further, because of the effect of
irradiation on antioxidant levels in foods, including vitamin E, considerable
information on the overall effects of irradiation on nutritional quality is
available. Information in Table 5.6 summarizes research showing specific
effects of gamma irradiation on vitamin E levels in various foods.

Because of recent regulatory activities and food safety problems
associated with meats, research that shows the effects of gamma radiation
on α-T in meats at the levels approved for industry use has been completed.
The most pertinent studies were completed at the Food Safety Research
Unit of the Eastern Regional Research Center, USDA (99–102). This work
provided the following conclusions regarding the stability of α- and γ-T in
irradiated meat products:

1. At 3kGy, α- and γ-T levels were reduced by 30% and 15%,
respectively, in poultry breast muscle at 4–6°C. The decrease was
linear with increasing dose levels.

2. Losses of α- and γ-T levels in rehydrated, freeze-dried pork muscle
were dependent upon the level of rehydration. Smallest losses
occurred at higher rehydration levels, indicating the competition
of water molecules for hydroxyl radicals, thereby providing some
protection for the tocopherols from the ionizing radiation.

3. NaCl addition decreased vitamin E loss due to competition for
hydroxyl radicals by chloride ions.

4. The rate of tocopherol loss in turkey breast muscle was greater
than that found in turkey leg, beef, pork, and lamb, possibly as a
result of the lower lipid content of turkey breast meat. Irradiation
significantly decreased α-T level in all meats at similar rates except
in the turkey breast muscle.
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5. α-Tocopherol loss due to irradiation of exotic meats (alligator, bison,
caiman, and ostrich) was similar to that noted for domestic species.

From this work, Lakritz and coworkers (99–102) concluded that meat
pasteurization by irradiation can be used without regard for species. Studies
on fish (103, 104), wheat (105), milk (106), and turkey (107) show that
vitamin E level decreases with increasing radiation doses. Al-Kahtani et al.
(104) reported increasing losses of α- and γ-T levels in tilapia and of α-, β-, γ-,
and δ-T levels in Spanish mackerel with increasing doses of radiation. Little
further loss occurred during 20 days of postirradiation storage in ice.

Most current work on irradiation of foods has centered on lethality to
pathogenic microorganisms; loss of sensory and nutritional quality must
also be prevented to ensure consumer acceptance. Approaches available
to the industry to minimize overall quality loss, of which loss of vitamin E
is crucial to the stability of other quality measures, include proper
temperature control during irradiation; use of proper packaging;
atmosphere control, which varies with the product and packaging material;
exclusion of catalysts and initiators of autoxidation; use of minimal doses;
use of various protective agents (104) such as hydroxyl radical scavengers
and other antioxidants (100) and control of water concentration and/or
water activity (100, 104).

5.3.4. Cereal Processing

Cereal grains are important sources of vitamin E. Hamburger rolls, alone,
made from wheat flour provide 1% of the vitamin E available in the U.S.
market (108). A Finnish study (109) indicated that as much as 30% of the
recommended dietary allowance in Finland originates from cereal products.
Vitamin E in cereal is largely located in the bran and germ fractions. Since
the oil content is largely contained in the germ fraction, most vitamin E is
in this fraction. The vitamin E content in cereal is influenced by plant
genetics, environmental conditions during growing and harvest, maturity
at harvest, and significant loss of vitamin E that occurs during processing
after harvesting (1–3, 110, 111). Herting and Drury’s comprehensive study
on corn, wheat, oats, and rice (110) found that cereal processing could
reduce vitamin E content by as much as 90%. The lipid content of the
grain that is usually reduced by processing correlates with the vitamin E
content. Herting and Drury (110) suggested that vitamin E be restored to
compensate for processing losses.

Changes in tocopherols and tocotrienols in cereals vary widely, depending
on the type and severity of the process (110, 112). Vitamin E loss in wheat
products ranged from 20% for shredded corn cereal to 92% for refined
wheat flour. Puffing of rice reduced α-T level by 40%. Rice products showed
more than 70% loss of α-T level. The more highly processed cereal products
showed relatively greater loss (110). Bauernfeind (2, 3) stated that virtually
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any type of cereal processing, including milling, expanding, puffing, rolling,
and shredding, resulted in a lower level of vitamin E in the final products.
He also showed that the degree of vitamin E loss increased as the severity of
the process increased. Different types of processing lead to different degrees
of fractionation of the grain; therefore, the levels of vitamin E in the various
fractions of kernel differ, as does the proportion of α-T to total tocopherol
(113–116). It is often difficult to distinguish clearly between loss of vitamin
E caused by physical removal and loss caused by chemical reactivity.
Summaries of pertinent literature dealing with the effects of cereal processing
on vitamin E content are provided in Table 5.7.

5.3.4.1. Drying. Harvested grains usually require drying before storage.
Artificial drying of corn, when well controlled, can be carried out effectively
without the destruction of vitamin E or unsaturated fatty acids. No differences
were observed in total vitamin E content or in the proportions of the tocopherol
isomers in corn after drying in a forced air or a fluidized bed drier at
temperatures ranging from ambient to 290°F (117). Pond et al. (118) showed
that air and oven drying of corn had very little effect on vitamin E content.
They also indicated that the α- and γ-T concentrations were slightly higher
for air-dried (20°C for 2wk) compared to oven-dried (90°C for 24h) corn.

On the other hand, drum drying (roller drying) of wheat flour reduces
the vitamin E activity by 90%. Hàkansson et al. (119, 120) showed that
drum drying destroyed 90% of the α-T in white wheat flour. Among thermal
processes studied by Hàkansson et al. (119) (steam flaking, autoclaving,
popping, extrusion, and drum drying), extrusion and drum drying caused
the most loss of vitamin E. Another similar study by Hàkansson et al. (120)
showed that less than 10% of the vitamin E in whole meal and white wheat
flour was retained after drum drying. Wennermark et al. (121) indicated
that 28% and 42% of α-T was retained, respectively, after mild (0.4MPa,
40min, 12rpm/min) and severe (0.4MPa, 40min, 4rpm/min) drum drying
after scalding and fermentation of freshly milled whole meal wheat flour.
These observations (119, 121) clearly show that drum drying causes severe
loss of vitamin E in cereal. A 2002 study by Bryngelsson et al. (122) reported
the effects of steaming, autoclaving, and drum drying on antioxidants in
oats. Drum drying of steamed rolled oats reduced tocopherols and
tocotrienols to practically nondetectable levels.

The main causes of loss of vitamin E during the processing of cereals
undoubtedly are fractionation of the kernel coupled with lipid oxidation.
Lipids in whole grain wheat and corn are 70–80% mono- and
polyunsaturated fatty acids (123). To what extent the vitamin E losses can
be ascribed to enzymatic (lipoxygenase) or nonenzymatic oxidation is not
known. Various studies (119, 120, 124) support the hypothesis that the
retention of vitamin E during processing of cereals is related to lipid oxidation.
Chow and Draper (117) stated that oxidation of unsaturated fatty acids
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α-T, α-tocopherol; α-TE, α-tocopherol equivalent; α-T3, α-tocotrienol; FFA, free fatty acid.
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would not be anticipated in the absence of tocopherol destruction. Processing
studies indicated that lipid oxidation and vitamin E degradation begin as
soon as water is added to the flour, the first stage in drum drying (120).
Further losses may occur when the slurry is transferred and heated on the
drum. Nonenzymatically induced lipid oxidation may continue also when
the process temperature has passed the point at which the enzymes are heat-
inactivated. Autooxidation is likely to occur since the concentrations of
copper and iron increase noticeably during the drum drying. Whole grain
wheat, when steam-flaked to inactivate lipoxygenases, retains most of the
vitamin E (120). However, subsequent drum drying of the steam-flaked
wheat destroys 50% of original vitamin E activity. It is a well-known fact
that rice bran oil is subject to wide variations in vitamin E levels due to
variations in handling of the unprocessed bran and methods of oil refining.
Oxidative changes can largely be prevented through inactivation of
lipoxygenase activity by extrusion of the raw bran before extraction of the
oil. The stabilized bran can be stored without loss of antioxidant activity
before oil extraction (22) (Figure 5.1). Such research shows the practical
significance of lipoxygenase inactivation to vitamin E stability.

5.3.4.2. Milling. Preparation of cereal-based foods usually requires some
degree of processing of whole grains. It is generally recognized that the
losses of the tocopherols and tocotrienols present in the whole grains occur
during milling and that these losses increase when the processing is extensive
(1). Early work (2, 3) showed that some vitamin E loss occurs during the
milling process, and the extent of loss varies with factors including the degree
of milling, the extent of fractionation of the kernel, and the distribution of
vitamin E in the kernel. Since the oil content is high in the germ fraction, the
most significant portion of vitamin E is in this fraction. During milling, the
vitamin E in the whole grain is fractionated into the bran and germ fractions
so that flours have lower levels of vitamin E than are present in the whole
grain. Removal of the hull and most of the germ from corn produced losses
of 35% to 70% of the tocopherol initially present in the whole grain (110).
In milling of rice, most of the α-T originally present in the rough rice was
lost with removal of the bran fraction during milling of brown rice (110).
Vitamin E is not equally distributed in cereal grains and in the milling
fractions (111, 114, 125). Moreover, since the loss of vitamin E by physical
removal occurs along with the oxidative destruction of tocopherols and
tocotrienols (115) it is difficult to distinguish routes of loss.

Mechanical fractionation of cereal grain leads to products with varying
vitamin E content. The distribution of tocopherols and tocotrienols in wheat
(115), corn (116), and barley (126) fractions by hand dissection has been
studied. For wheat, the endosperm fraction of the wheat grain had more
than 90% of the tocotrienols and more than 50% of the tocopherols isolated
from the whole grain (115). For corn, the endosperm vitamin E content
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varied from 27% in normal corn to 11% in high-lysine corn, and the germ
fraction contained 94–96% of the α-T extracted from the whole grain (116).

The effects of dry and wet milling on vitamin E content in corn were
studied by Grams et al. (127). Respective recoveries of α-T and total
vitamin E (68% and 73%) after dry milling were much better than those
(18% and 27%) after wet milling. Recoveries of tocopherols (23%) and
tocotrienols (38%) varied during wet milling. Commercial wet milling
had little effect on the content of α-and γ-T in corn germ oil (128). Steeping
conditions during wet milling only slightly changed the vitamin E content.
Wang et al. (129) reported that corn kernels steeped in a vitamin C solution
had a much higher concentration of tocopherols than those steeped in
SO2 solution. However, a higher concentration of SO2 and a shorter
steeping time yielded slightly higher γ-T3 and lower γ-T contents.

Because most of the vitamin E in cereals is located either in the germ or
in the bran, the vitamin E content of milled products is dependent on the
extraction rate. In 1942, the effects of the milling rate on the level of
tocopherol was studied by Engel (130). In wheat, the level of vitamin E in
the first fraction (0–70% extraction) was 71% higher than in the last fraction
(82–100% extraction). In rye, the level in the first fraction (0–60% milling)
was 44% higher than in the last fraction (74–100% extraction). Therefore,
the lower the flour extraction rate in the first fraction, the higher the vitamin
E content (131). Milling of triticale resulted in flour fractions of increasingly
lower tocopherol content (113). For rice, the vitamin E content of the bran
varied with the degree of milling, but the percentage of tocopherols removed
from brown rice increased with the degree of milling (132). About 50% of
the total oil of the whole grain was removed when the rice was milled to a
medium degree. Also, the comprehensive survey by Piironen et al. (109)
demonstrated that the rate of extraction in wheat milling had a great effect
on the content of α-T and other vitamin E components.

The oil content of the milled kernel is affected by processing. Milling gap
significantly affects the distribution of oil between the bran and perisperm
fraction in amaranth milled fractions (133). When the milling gap was
increased from 0.710 to 0.755mm, the percentage weight of the bran
decreased significantly, but the percentage of oil remaining in the bran fraction
did not decrease significantly. However, the decrease in the percentage weight
of bran from gaps of 0.755 to 0.890mm was not significant (133). Becker et
al. (134) had previously shown that the percentage weight of the bran fraction
in amaranth seed decreased with increasing milling gap.

Parboiling is often used for cereal products before or after milling.
During production of milled rice from rough rice both before and after
parboiling, a significant loss was noted for α-T (110). Then, the remaining
α-T in the parboiled rice decreased by more than 50% during milling.
Sondi et al. (135) reported that the oil content of the residual milled kernel
was lower and the content of bran higher in parboiled as compared to
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raw rice at all degrees of milling. They also indicated that the oil in rice
migrated outward on parboiling whereas the total oil content of the grain
was unchanged after parboiling. In addition, further destruction of vitamin
E during the processing of wheat, rye, or barley into flour occurs at the
bleaching or improving stage, as discussed in Sec. 5.3.4.5.

5.3.4.3. Extrusion Cooking. Extrusion cooking utilizes pressure, high
temperature (150–160°C) and short processing times (60–120s) at moisture
of 15–25%. As the cereal product is moved through the extruder, the
temperature of the cooking cereal dough in the extruder barrel increases,
primarily as a result of the internal shear forces and external heat sources.
The severe conditions of temperature, pressure, and intense mechanical shear
active during extrusion affect physical and chemical properties. Changes in
chemical composition are generated by thermal degradation,
depolymerization, and recombination of fragments (136). With these changes,
vitamin E loss through oxidation can be quite pronounced. The extent of loss
is affected by extrusion conditions and food matrix composition.

Wheat flour lost 70% and 83% of total vitamin E during mild (148°C)
and severe (197°C) extrusion, respectively (119). Another study reported
that extrusion resulted in about 50% degradation of phenolic compounds,
whereas heat treatment (100°C for 30min) did not significantly reduce
the vitamin E in oat flour (137). Increased extrusion temperatures reduced
the retention of vitamin E and increased postextrusion holding time
significantly in rice bran (138). Therefore, stabilization of rice bran by
extrusion should be done at the lowest possible temperature, preferably
below 120°C, and no postextrusion holding at elevated temperatures
should be allowed. The order of stability of the vitamin E forms in extruded
rice bran for all extrusion temperatures was γ-T3<α-T<α-T3<γ-T<δ-T3<β-
T<δ-T (138). Moisture conditioning and extrusion significantly decreased
the content of α- and γ-T in grass pea (139). In particular, γ-T content
significantly decreased with increasing moisture content, and α-T was
most sensitive to increasing extrusion temperature.

Destruction of natural antioxidants during extrusion is a major factor
responsible for the susceptibility of extruded materials to lipid oxidation
(140). Low-cost extruder (LCE) cookers, which are being used in developing
countries to produce nutritious, precooked foods based on legumes and
cereals (141) can improve retention of vitamin E. A study by Guzman et al.
(142) of properties of soybean-corn mixtures processed by low-cost extrusion
indicated that extrusion temperature (127–160°C) had no major effect on
the tocopherol isomers whereas lipoxygenase was completely inactivated
(up to 98.8%). Cowpea-corn blends processed at 170°C with LCE resulted
in 84% trypsin inhibitor activity destruction (143) Lorenz and Jansen (144)
recommended an extrusion temperature of 143°C for production of full-
fat soy flour by LCE.
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5.3.4.4. Expanding, Flaking, Puffing, Rolling, and Shredding. Processing
of grain by flaking, shredding, and puffing usually causes extensive loss
of vitamin E (110). Hàkansson et al. (119) investigated the effects of steam
flaking, autoclaving, popping, extrusion cooking, and drum drying on
vitamin E content in wheat. Processing under mild conditions did not
reduce the amounts of any of the tocopherols and tocotrienols in whole
grain wheat. However, steam flaking and popping performed under severe
conditions resulted in 40–45% losses of α- and β-T. Although steam flaking
is a relatively mild heating process, the substantial losses may have been
due to considerable mechanical disruption during processing, providing a
greater opportunity for lipoxygenase activity with acceleration of the
oxidation. The low-temperature processes, such as steam flaking and drum
drying, or the high-temperature-short-time-process extrusion cooking,
generally, with the exception of vitamin E, led to higher nutrient quality
when compared to popping and autoclaving. Mild steaming and flaking
of dehulled oats caused only moderate losses of tocotrienols (122).

5.3.4.5. Bleaching. Bleaching is known to destroy much of the vitamin E in
flour (1, 145). The destructive effect of bleaching on the natural vitamin E
in flour has been reported by many researchers. The loss of vitamin E differs
slightly with the degrees of extraction of flour and treatment and bleaching.
In 1942, partial destruction of vitamin E in wheat flour during bleaching or
improvement was first reported by Engel (130). Later, Moran et al. (146)
investigated the destruction of vitamin E in flour by chlorine dioxide. After
the application of the improver at the rate of 30ppm, 70% loss of the vitamin
E content in flour was observed. These same researchers (147) showed that
as much as 95% of the total reducing value of the unsaponifiable fraction
was destroyed after treatment with chlorine dioxide at the ordinary
commercial level (30ppm), whereas Moore et al. (148), working with 80%
extraction wheat flour, found that total tocopherol decreased from 15.7 to
1.9µg/g after treatment of the flour (80% extraction wheat flour) with
chlorine dioxide at a level of approximately 30ppm. Vitamin E in 72%
extraction flour decreased from 15.5 to 7.2µg/g with 16.5ppm of chlorine
dioxide (149). The data obtained by Mason and Jones’s work (149) indicate
that δ-T is considerably more stable to chlorine dioxide than α-T.

Wheat flour (78% extraction) contained 1.5mg α-T/100g, reduced to
0.2mg/100g after treatment with chlorine dioxide (150). These authors
stated in another study (151) that the chlorine dioxide treatment of flour
does not have any significant deleterious effect on its nutritional value.
Also, they concluded that the changes in vitamin E content during chlorine
dioxide treatment are not considered to be significant in terms of human
intake. On the other hand, Moore et al. (152) found in biological tests
that in rats given treated flour various signs of vitamin E deficiency
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developed, whereas untreated flour provided enough vitamin E to satisfy
the requirement. After the destruction of the vitamin E by chlorine dioxide
was confirmed, interest in the fortification of vitamins into flour increased.
Ranum et al. (153) investigated the effect of typical flour treatments on
vitamin E and reported that among bleaching agents-azodicarbonamide,
benzoyl peroxide, chlorine dioxide, and acetone peroxide—chlorine
destroyed natural vitamin E by the largest extent (91%) and
azodicarbonamide decreased it by the smallest extent (58%).

5.3.5. Dairy Processing

Whole cow’s milk contains 0.05 to 0.10mg of total tocopherols, primarily
composed of α-T (84–92%) (see Chapter 8, Table 8.3) (155, 156). As with
any food that is fractionated to remove fat, the vitamin E in fluid milk
decreases with the production of reduced-fat or skim fluid dairy products.
This effect was documented in 2001 by Kaushik et al. (156). Data obtained
in the study (Table 5.8) clearly show the fractionation effect on the vitamin
E content of fluid dairy products. With fat removal, vitamin E content
decreased from approximately 0.07 to 0.006mg/100g in nonfat milk.
Likewise, addition of milk fat to produce half and half increased the total
vitamin E to 0.2mg/100g. Conclusions from the study indicate that
substitution of reduced-fat milk for whole milk could impact α-T intake
for consumers who consume large amounts of milk. The authors suggested
that the decreasing consumption trends evident for whole milk in the United
States make reduced-fat products logical vehicles for vitamin E fortification.

Pasteurization of fluid milk has little effect on vitamin E content. Since
deaeration is universally employed, the process most likely has a stabilization
effect on vitamin E during subsequent heat processing. Ultrahigh-temperature
(UHT) processing at 138°C for 2s or 145°C for 3–4s followed by evaporative or

TABLE 5.8 Vitamin E Contents of Dairy Products

α-T, α-tocopherol; α-T3, α-tocotrienol.
Source: Modified from Ref. 156.
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indirect cooling did not change α-T levels in the milk (157). Likewise,
commercial pasteurization of milk used in the Kaushik et al. study (156)
did not decrease α-T levels. Little information is available on the effect of
concentration processes applied to fluid milk such as multiple-effect
evaporation and spray drying. Dried whole milk powder contains 0.5–
0.8mg/100g, content that is approximately 10 times greater than that of
fluid whole milk (Chapter 8, Table 8.3). Therefore, one can postulate that
the effect of concentration processes on vitamin E is minimal for
production of concentrated and dried products.
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6
Effects of Food Preparation and
Storage on the Vitamin E
Content of Food

6.1. INTRODUCTION

Food preparation either in a commercial setting or in a household can
significantly impact levels of vitamin E in the food at the ready-to-consume
stage. Changes during cooking can be beneficial or detrimental and depend
on many variables. Increased vitamin E concentrations can be expected if
ingredients such as vegetable oils with relatively high vitamin E content
compared to that of the primary components are added to a mixed dish.
Likewise, the method of preparation influences vitamin E content at the
point of consumption. Deep-fat frying of raw foods low in vitamin E, e.g.,
vegetables, produces a consumable product with potentially high vitamin
E content. The tocopherol and tocotrienol profiles become similar to that
of the frying oil because of fat uptake from the oil into the fried food.
Other preparation methods such as broiling, roasting, and baking can be
quite destructive to vitamin E, depending on time and temperature effects
and the degree of lipid oxidation taking place in the food during cooking
and during storage of the cooked product.

Storage of raw and processed foods can produce significant decreases
in vitamin E level. Packaging methods and materials, length and
temperature of storage, characteristics of the food and its susceptibility to
lipid oxidation, availability of other natural or synthetic antioxidants in
the food, and many other factors affect the stability of vitamin E during
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storage. Ames (1) in his early review on the occurrence of vitamin E in
food stated that foods are normally exposed to deleterious factors during
processing and storage that can lead to large losses in vitamin E level.
Normally, storage losses are related to lipid oxidation occurring in the
food and the interaction of vitamin E as an antioxidant. This chapter is
presented in two sections to examine the effects of food preparation and
storage on vitamin E level.

6.2. EFFECTS OF FOOD PREPARATION ON THE
VITAMIN E CONTENT OF FOODS

Bauernfeind (2, 3) reported that most forms of heating used in common
cooking methods adversely affect the vitamin E content of the prepared
food. As discussed in Chapter 5, thermal processes, including dehydration
and extrusion, can be quite destructive with regard to vitamin E level
during commercial food processing operations. In the following sections,
effects of home preparation of foods are discussed. Summaries of pertinent
literature are provided in Table 6.1.

6.2.1. Effect of Deep-Fat Frying on the Vitamin E Content of Food

Deep-fat frying is simply defined as cooking of food by immersion in hot
oil (4). Because of the high ratio of oil to food, oil absorption readily
occurs; therefore, the quality of the cooking oil becomes a primary
consideration in the quality and shelf stability of the fried product. The
vitamin E content of the fried food is variable, depending on the oil type,
oil quality, degree of oil uptake, and many other factors that control oil
absorption during the frying process. Because of the significance of the
effects of oil absorption on product quality and cost, the phenomenon has
been the subject of extensive research. Mechanisms involve fluid flow into
the porous food structure produced by the volatilzation of water; the level
of surfactants produced in the oil through use and oil degradation; the
food matrix; the properties of the breading material, if used; and factors
that control oil absorption during postfrying or cooling phases of the
process. Continuing research shows the physical and chemical complexity
of deep-fat frying. Blumenthal (5) summarized the significance of
surfactants to oil absorption and final quality of the fried product with the
following observations:

1. Low levels of surfactants in the oil lead to introduction of low levels
of oxygen into the oil.
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γ-T, γ-tocopherol; α-T3, α-tocotrienol.
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2. Moderate levels of surfactants lead to oxygenation and subsequent
thermal oxidation. Oxidative degradation produces good heat-
transfer properties in the oil and desirable volatiles.

3. The rate of oil degradation increases as surfactant levels increase.
High surfactant concentrations, high oxygenation, and thermal
oxidation of the oil produce short-chain fatty acids and a complex
mixture of secondary oxidation products and polymeric materials
that dramatically modify surfactant properties.

4. Low surfactant concentrations produce low absorption of the oil into
the food and little cooking of the exterior and interior of the product.
Residence time of the food in the oil moderates oil absorption.

5. Moderate surfactant levels produce a desired rate of oil absorption
and proper cooking of the food. Surfactant concentrations at
moderate to high levels produce longer contact times between the
hot oil and the aqueous food surfaces. Better heat transfer increases
the rate of dehydration at the surface, leading to increased water
migration from the center to the exterior of the frying food.

6. High surfactant levels produce oil-soaked food that can be
overcooked on the exterior and undercooked in the interior.

7. Higher surfactant concentrations produce greater deposition of
polymeric material.

A better understanding of the surfactant theory of frying can lead to
enhanced production efficiencies and higher-quality fried foods (5) Because
of the degree of oil uptake, the lipid profile of the fried food often takes on
the characteristics of the frying oil. If the oil is high-quality and contains
residual antioxidant capacity, autoxidation during subsequent storage
would be expected to be delayed. Likewise, the vitamin E profile of the
fried food closely resembles the vitamin E profile of the frying oil. Content
of vitamin E in the fried food, therefore, depends on oil absorption and
the content of vitamin E in the frying oil, the native vitamin E content of
the food being fried, and loss of vitamin E from the food matrix through
transfer of the lipid in the food undergoing frying with the frying oil. With
the inherent variability of the vitamin E levels in frying oils and the many
factors affecting oil absorption and the final level of fat in the finished
product, it is difficult to predict the vitamin E content of the fried food.

Surprisingly, few analytical values exist in the literature that accurately
provide the vitamin E content of deep-fat fried foods (see Chapter 8). Dial
and Eitenmiller (6) reported that corn and potato chips contained from 5.1
to 11.4 α-tocopherol equivalent (α-TE) units/100g and that the α-TE level
depended upon the oil used for frying. Carlson and Tabacch (7) followed
vitamin E levels in french fries with prolonged frying oil use in a commercial
food service frying operation and found little correlation between vitamin E
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levels in the product and deterioration of the frying oil. The data (Table 6.2)
showed that although tocopherol concentrations in the oil decreased with
increasing usage, there was no significant change in the vitamin E in the
french fries over the period of frying oil use. The effect of decreasing vitamin
E levels in the oil was countered by a significant increase in fat uptake as the
oil deteriorated, a finding that supports Blumenthal’s (5) thoughts on factors
impacting oil absorption. The rapid decrease in α-tocopherol (α-T) level in
sunflower oil used for successive fryings of potatoes is shown in Figure 6.1
(8). Oil uptake by the french fries ranged from 10.9–12.8% for deep-frying
and from 5.7–6.5% for pan frying. Some oil uptake variation was noted for
different frying oils. The α-T content of the oil and, thus, the α-T content of
the fried food depend on the type of frying oil, duration of use of the oil, and
whether fresh oil was added to the used oil to compensate for oil absorbed by
the food.

Levels of vitamin E in chicken nuggets and breaded shrimp before and
after frying in palm olein are given in Table 6.3.(9) Because the chicken
nuggets were flash-fried before deep-fat frying, the increase in total vitamin
E level was not substantial (from 4.6mg/100g before frying to 4.9mg/100g
after frying). However, in breaded shrimp, total vitamin E level increased
from 0.6 to 5.8mg/100g. Similar trends were noted for products fried in
corn oil and soybean oil, and the vitamin E profiles of the fried foods
closely resembled those of the specific frying oils. Stability of vitamin E in
the frying oils is discussed in Chapter 5. Ruiz et al. (10) followed changes
in α-T level in potatoes fried in oils of varying quality for 30 days at 60°C
to evaluate oxidative stability. The decrease of α-T level during storage
was more rapid during storage in potatoes fried in more unsaturated oils.
α-Tocopherol in oil extracted from potatoes fried in sunflower oil reached

TABLE 6.2 α- and γ-Tocopherol Content of French Fries Prepared in Used Frying Oils

α-T, α-tocopherol.
aTotal product load was approximately 300kg over the usage period.
bFatty acid content of the frying oil, partially hydrogenated soybean oil with tertiary
butylhydroquinone (TBHQ) and citric acid.
Source: Modified from Ref. 7.
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nondetectable levels after 14 days of storage, whereas α-T in oil from
potatoes fried in high-oleic sunflower oil was still at detectable levels at 21
days of storage (Table 6.4). Likewise, peroxide values and oil stability
index values indicated more rapid oxidative deterioration in the potatoes
fried in oils containing lower α-T levels. Overall, the length of the induction
period could not be correlated to the degree of unsaturation or polar
compound levels in the fried potatoes before storage. The work showed
the significance of residual antioxidants in the frying oil to oxidative
stability of the fried product during storage. Further, the authors concluded
that antioxidant protection is essential for preparation of fried foods that

FIGURE 6.1 Retention of α-tocopherol level during successive deep-fat frying
(10min each frying) and pan frying of french fries in sunflower oil. (Modified
from Ref. 8.)

TABLE 6.3 Vitamin E Content of Products Before and After Deep-Fat Frying in
Palm Olein

α-T, α-tocopherol; α-T3, α-tocotrienol. ND, not detected.
Source: Modified from Ref. 9.
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require storage before consumption to prevent rapid oxidative
deterioration. Added ascorbyl palmitate (500mg/kg) to potatoes fried in
sunflower oil and stored at 100°C significantly increased the induction
time of oxidation and decreased loss of the tocopherols (Table 6.5) (11).

Application of edible coating on the surface of meats before frying
influences oil absorption during frying and, thus, influences vitamin E
content in the food and stability in the frying oil. Such effects have been
noted in battered and tempura-coated foods (12, 13) and in foods coated
with hydroxypropyl-methylcellulose (14).

6.2.2. Effect of Various Preparation Methods

As noted in the previous section for deep-fat fried foods, surprisingly few
detailed studies define the effects of other cooking methods on the vitamin
E content of foods. The USDA Nutrient Database for Standard Reference;
Release 16 (15) provides cooking retention factors for 18 nutrients, but
not for vitamin E. The following sections summarize the available studies
that give specific information on cooking effects on vitamin E. Tabular
summaries are given in Table 6.1.

6.2.2.1. Meat and Fish. The vitamin E content of meat and fish is composed
almost exclusively of α-T usually at levels less than 0.5mg/100g (Chapter 8).
Bennik and Ono (16) completed a comprehensive study of the vitamin E
content of raw and cooked beef that included differentiation by carcass grade
and by cooking methods. Vitamin E levels were assessed by several different
methods (Emmerie-Engle, fluorescence, and liquid chromatography [LC]),
and the data are of generally excellent quality. Data for the study are given in

TABLE 6.4 α-Tocopherol Content (mg/100g) of Oils Extracted From Fried
Potatoes Stored at 60°C

NA, Not assayed.
Source: Modified from Ref. 10.
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Table 6.6. The overall study included vitamin E assay of 464 samples.
Conclusions included the following:

1. On an edible weight basis, no differences in vitamin E content were
apparent in raw, broiled, braised, and roasted beef.

2. On a dry weight basis, cooking losses were 35% to 44%, depending
on the method. Vitamin E content of cooked meat is dependent
upon moisture and fat losses in the drip. Therefore, on an edible
weight basis, the extent of moisture and fat loss masks the true loss
of vitamin E from the raw product.

3. On a dry weight basis, broiling produced the greatest loss of vitamin
E when compared to roasting and braising.

4. No differences in vitamin E content were found among primal cuts
or carcass grades.

In a later study, Ono et al. (17) reported the percentage retention values for
vitamin E for veal cooked by methods best for each retail cut. This information

TABLE 6.5 Induction Times at 100°C and Tocopherols (mg/kg) in Lipids Extracted
from Potato Chips Fried in Sunflower Oil After Storage at 60°C

IT, induction time; α-T, α-tocopherol.
Source: Modified from Ref. 11.
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(Table 6.7) shows that for each method true retention (15, 18) was greater
than 100%.

True retention (%TR) is calculated by the following formula:

%TR=(Nc×Gc)/Nr×Gr×100  

where

Nc=nutrient content per gram of cooked food
Gc=gram of cooked of food
Nr=nutrient content per gram of raw food
Gr=gram of food before cooking

This is the acceptable method to calculate nutrient retention values to
account for loss of weight and solids from the raw product during
preparation and cooking.

True retention values for cooking of pork were 44% for roasting (mean
of several treatments) and approximately 80% retention for grilling pork

TABLE 6.6 Tocopherol Content of Raw and Cooked Separable Lean Beefa

aVitamin E content was determined colorimetrically.
bSamples were obtained from 14 retail cuts from 4 carcasses for the prime and good grades,
2 carcasses from the choice grade and 1 carcass from the choice grade, and 1 carcass from
the standard grade.
cMean±SE. Numbers in brackets are the numbers of samples analyzed.
Source: Modified from Ref. 16.
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chops to an internal temperature of 71°C at grill temperatures ranging
from 93°C to 176°C (Figure 6.2) (19, 20). At 204°C, the vitamin E content
decreased significantly compared to that at the lower grill temperatures.
Studies in 1999 on bison patties (21) and in 2001 on rabbit meat (22)
indicated retention values of 76% for bison and 79–88% for rabbit,
depending on the cooking method used. α- and γ-Tocopherol in channel
catfish muscle baked at 177°C for 5min showed little loss (23, 24).
However, when refrigerated samples were stored minced and then cooked
up to 40% of the α-T was destroyed, indicating that disruption of the

TABLE 6.7 Retention of Vitamin E in Cooked Retail Cuts of Special
Fed Veal

Source: Modified from Ref. 17.

FIGURE 6.2 True retention (percentage) of vitamin E level in grilled pork chops.
(Modified from Ref. 20.)
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integrity of the muscle and increased oxidative events can influence
cooking stability (24).

6.2.2.2. Vegetables. Few definitive studies show the effect of home preparation
procedures on vitamin E content of vegetables. Tocopherols and tocotrienols
are not severely affected by home cooking procedures because of their fat-
solubility (25). The fat-soluble vitamins, in general, are not subject to water
leaching losses, which can significantly decrease concentrations of water-
soluble vitamins and minerals in cooked vegetables. The few literature
sources that provide cooking loss information for vitamin E tend to support
the finding that normal cooking of vegetables does not dramatically decrease
vitamin E levels on an edible weight basis. Only a 10–20% decrease in
vitamin E resulted from boiling carrots, cabbage, brussels sprouts, and leeks
(26) Data presented in Chapter 8, Table 8.3, from a variety of sources show
that boiling and freezing have little effect on vitamin E content on an edible
weight basis. From the authors’ own experience, vitamin E content of
blanched vegetables, when reported on a dry weight basis, is higher than in
the fresh product because of leaching losses of water-soluble solids during
the blanching process.

Several studies are available on cooking of legumes (27–30). Wide ranges
of loss were reported for total vitamin E and α-tocopherol equivalents (α-
TEs) in several legumes common in the Mexican diet (Table 6.8) (27). Losses
ranged from 9% for garbanzo beans to 59% for bayo beans. The wide
discrepancies in percentage loss for the various beans were not explained.
Atienza et al. (28) reported minimal losses of less than 10% by cooking in
different beans, chick peas, and lentils (Table 6.9). Soaking and cooking

TABLE 6.8 Changes in α- and γ-Tocopherol Levels Due to Cooking in Legumes in
the Mexican Diet

α-T, α-tocopherol; α-TE, α-tocopherol equivalents.
Source: Modified from Ref. 27.
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losses were similar for the different legumes. Only small amounts of α- and
γ-T were found in the cooking broth. Other studies have noted small cooking
losses for various legumes common in the Indian diet (29, 30). Dial and
Eitenmiller (6) reported vitamin E and α-tocopherol equivalent (α-TE) levels
in several legumes that were cooked by boiling and found little change
attributable to cooking when the data were reported on a dry weight basis.
In some cases, the vitamin E levels were higher in the cooked product as a
result of loss of solids during the cooking process.

6.2.2.3. Cereals. Some cooking processes can have quite significant effects
on the vitamin E content of cereals. Rice, oats, wheat, and corn lost
appreciable vitamin E when the whole grains were ground and cooked in
water (27). Losses ranged from 22% to 55%. Cereal flours consumed in
baked products are staples in most areas of the world and constitute
significant nutrient sources. Milling- and other processing-induced changes
(Chapter 5) can significantly alter nutrient profiles. For vitamin E, various
studies have documented losses incurred by bread-making procedures (31–
37). The most definitive of these (36) (Table 6.10) showed 20–60%
reductions in vitamin E levels with the most significant reductions
occurring at the dough-making stage. Other published studies indicate
similar effects on the tocopherol and tocotrienol contents of baked cereal
products.(25) Thermal stability of vitamin E level in milled barley was

TABLE 6.9 Changes in α- and γ-Tocopherol in Beans, Chick Peas, and Lentils
Due to Cooking

ND, Not determined; α-T, α-tocopherol. n.d., Not detected.
Source: Modified from Ref. 28.
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TABLE 6.10 Effects of Baking on Vitamin E in Wheat/Rye Bread

Source: Modified from Ref. 36.
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temperature-dependent; α-tocotrienol (α-T3) showed greater stability than
other vitamin E constituents in the barley flour (38) At ambient temperature,
the flour lost about 5% of total vitamin E level per week (Figure 6.3). This
rate of loss is quite rapid and is directly related to the experimental design
of the study. Barley flour was stored on open shelves in 2-cm-thick layers
exposed to the atmosphere. Under these conditions, one would expect rapid
lipid oxidation with concomitant, extensive loss of vitamin E.

6.3. STORAGE AND ITS EFFECTS ON THE
STABILITY OF VITAMIN E

Previous reviews (1, 2, 25, 39) reported highly variable data on the stability
of vitamin E in various raw and processed foods under widely varying
storage conditions. Such studies have shown that vitamin E stability is
quite good if the food is adequately protected from conditions conducive
to lipid oxidation. Even under thermal abuse, if lipid oxidation is not
proceeding, vitamin E can be expected to remain stable. If, however,
oxidation is not controlled, rapid and extensive loss of vitamin E occurs.
The following sections discuss factors affecting storage stability of vitamin
E in various commodities. Pertinent literature is summarized in Table 6.11.

6.3.1. Model Food Systems

Widicus et al. (40) and Widicus and Kirk (41) provided extensive
information on the storage stability of α-T under variable storage
conditions designed to show effects of water activity, temperature, and

FIGURE 6.3 Effect of storage temperature on vitamin E stability in milled barley.
0, ambient;c , 75°C; , 90°C; , 105°C, , 120°C. (Modified from Ref. 38.)
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α-T, α-tocopherol; UHT, ultrahigh temperature; γ-T3, γ-tocotrienol; RH, relative humidity; MAP, modified atmosphere packaging.

TABLE 6.11 Continued

Copyright © 2004 by Marcel Dekker, Inc.



307Effects of Food Preparation and Storage

oxygen content, and availability. Observations included the following in a
fat-free system:

1. The degradation rate of α-T increased as the water activity
increased in the range 0.10–0.65Aw (Figure 6.4).

2. The degradation rate of α-T increased as the storage temperature
increased from 20°C to 37°C (Table 6.12).

3. The degradation rate of α-T increased as the molar ratio of oxygen:
α-T increased from 15:1 to 1450:1.

4. Activation energies ranged from 8.85 to 13.05kcal/mol.
5. Degradation products included α-tocopherol oxide and α-tocopheryl

quinone.

When methyl linoleate was included in the system (41) the degradation rate
was zero-order and dependent on the initial concentration of α-T, water
activity, storage container oxygen content, and temperature. Comparison
of the fat-free dehydrated food to that containing methyl linoleate showed
that the rate of α-T loss was greater in the presence of the unsaturated lipid.

6.3.2. Oils and Oilseeds

Vitamin E stability in edible oils depends on the initial oil quality. In refined,
bleached, deodorized (RBD) oils protected by proper packaging under
normal storage conditions, little progressive loss in vitamin E would be

FIGURE 6.4 Effect of water activity on α-tocopherol in a fat-free model system
stored at 37°C. (Modified from Ref. 40.)
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expected. Most changes are attributable to abuse leading to oxidative
changes. Storage studies exist for soybean oil.(42, 43) olive oil (44–47)
canola and rapeseed oil (48, 49), sunflower oil (50), sesame oil (51) and
various other edible oils (52, 53). This work, summarized in Table 6.11,
covers a wide variety of storage conditions that can promote degradation of
vitamin E in the edible oil. Generalizations that can be made from the studies
center on quality factors of the RBD oil and interactions of the vitamin E
with natural prooxidants in the product as well as the storage environment.

Factors to be considered include the following:

1. Absence of prooxidants
2. Maintenance of the absence of oxygen and metals
3. Proper packaging that prevents oxygen transfer into the oil
4. Proper temperature control
5. Absence of high-intensity light and other types of irradiation

Under proper storage of high-quality RBD oil, little loss of vitamin E occurs
even after prolonged storage. Studies in our laboratory of RBD soybean
oil used as an in-house quality assurance sample for analytical work show

TABLE 6.12 Rate Constants and Half-Lives for α-Tocopherol as a Function of
Water Activity, Storage Container, and Storage Temperature

a1450:1 Calculated molar ratio of oxygen: α-tocopherol.
b15:1 Calculated molar ratio of oxygen: α-tocopherol. TDT, thermal death time.
cFirst-order rate constant, ×10-3/day.
dHalf-life, days.
Source: Modified from Ref. 40.
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that under ambient temperature and absence of light little change occurs in
the tocopherols over 6-month storage (Figure 6.5).

Although vitamin E is stable in RBD oil under proper storage,
considerable losses have been reported in the literature. For example,
Jaimand and Rezaee (50) reported extensive losses in sunflower oil over 6
months at ambient temperature. However, all conditions considered in
the study led to extensive oxidative changes in the oil, so extensive loss of
vitamin E followed.

Little has been reported on the stability of vitamin E in intact oilseeds
during storage. Chu and Lin (43) investigated factors affecting the vitamin
E content in soybean oils as related to the storage conditions of the soybeans.
They prepared soybeans in several forms, including soybean flour, cracked
beans, and three different thicknesses of flakes, and then adjusted moisture
content in the range of 12%–18% before 4 weeks of storage. The state of
soybeans before extraction, moisture content, and storage time were
important factors affecting the total oil yield and the tocopherol content of
crude soybean oils. The following observations regarding the stability of
vitamin E in soybeans were obtained from the work:

1. Soybean flakes with a thickness of 0.16–0.33mm had a higher
extracted oil yield but a slightly lower tocopherol content of the
oils than did cracked beans and thicker bean flakes.

2. High moisture content and long storage of soybeans resulted in
lower tocopherol content in oils.

3. Soybean oil from stored beans with 15% moisture content had a
more significant decrease (31%) in tocopherol content than did oil
from stored beans with low (12%) or high (18%) moisture contents.

4. As the bean moisture content increased to 18%, the length of bean
storage time had no effect on the reduction of tocopherol content
of the extracted oils.

5. Soybean flakes with high and medium thickness had no significant
difference in the tocopherol content of the oils, whereas oils from
thin flakes had a significantly lower tocopherol content, indicating
enzymatic vitamin E destruction.

6. Levels of cracked beans included with the intact beans affected
tocopherol losses only for long storage (>1wk).

Goffman et al. (48) investigated the effects of storage temperature on the
tocopherol content in intact rapeseed during storage. No total tocopherol loss
was observed in intact rapeseeds during storage at 5°C and 25°C. However,
the analysis of the tocopherol composition showed a decrease in the α-T
content and an increase in the γ-T content, resulting in a decreasing α-T/γ-T
ratio. This trend was most apparent at high storage temperature (40°C).
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FIGURE 6.5 Effect of storage at ambient temperature in the dark on tocopherols in
refined, bleached, deodorized (RBD) soybean oil. (a), α-Tocopherol; (b), γ-T; (c), δ-T.
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6.3.3. Dairy Products, Infant and Enteral Formulas, and Eggs

6.3.3.1. Whole Milk and Whole Milk Powder. Bovine milk, unless partially
defatted or skimmed, contains between 0.05 and 0.1mg of α-T/100g along
with trace amounts of γ-T (Chapter 8, Table 8.3). Processing and storage of
whole milk have little effect on vitamin E content. Deaeration of fluid milk
most likely has a stabilization effect. Ford et al.(54) showed that ultrahigh-
temperature (UHT) processing at 138°C for 2s or at 145°C for 3–4s followed
by evaporative or indirect cooling did not change α-T levels in the milk. The
vitamin E was stable over a 90-day storage period when packaged in 0.5L
or 1pt cartons (Tetra Pak) at 15–19°C. Abusive storage of UHT milk at
temperatures above ambient and long-term freezing can decrease α-T levels
(55). Also, acidification with CO2 to extend the storage life of raw milk
does not decrease α-T level over 7-day storage at 4–7°C (56, 57).

Production of whole milk powder causes little loss of α-T, as indicated
by the literature values of 0.5–0.8mg/100g reported in Table 8.3. These
levels are about what would be expected at high retention; however,
definitive data are not available to provide a retention factor for the spray
drying process. α-Tocopherol level is stable in whole milk powder when
stored properly. Storage studies on a whole milk powder food reference
material (CRM 380) indicated that α-T level was stable at storage
temperature of -18°C and 4°C for 24mo (58). Losses were noted after
6wk at 24°C and 30°C.

6.3.3.2. Infant and Enteral Feeding Formulas. α-Tocopheryl acetate (α-
TAC) is used as the vitamin E source in infant formulas. The α-TAC level
is stable in both liquid and powdered formulas for 6mo at abusive storage
at 37°C (59, 60). Storage of enteral feeding formulas led to large losses of
α-T level when stored at 4°C, 20°C, and 30°C for 9mo.(61)

6.3.3.3. Eggs. Storage of shell eggs under normal conditions of temperature
and relative humidity has no effect on vitamin E content (62). Effects of
processing on vitamin E stability are not available.

6.3.4. Margarine

Nogala-Kalucka and Gogolewski (63) found that vitamin E level in full-
fat margarine is stable during extended refrigerated storage at 4°C over
136 days. However, at 20°C extensive losses occurred with all tocopherols
(Table 6.13). As the peroxide value of the margarine increased, vitamin E
degradation accelerated. Greater loss of α-T level was noted compared to
γ- and δ-T levels.
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6.3.5. Meat and Fish

Lipid oxidation leads to quality loss in meat and processed meats during
refrigerated and freezer storage. As discussed in Chapter 4, the progression
of lipid oxidation in muscle foods is somewhat controlled by the α-T
concentration in the muscle, which can be increased by supplementation of
vitamin E into the diets of meat animals, poultry, and fish. Increased storage
life can be achieved for both raw and processed meats quite effectively and
economically (64–77). Selected papers that show effects of storage on the
vitamin E content in meat and fish are summarized in Table 6.11.
Representative of such research, Kim et al. (65) followed changes in vitamin
E level in restructured beef formulated with rice bran oil. The α-T and α-T3
levels decreased significantly (>30%) during storage at 4°C for 8 days. The
thiobarbituric acid-reactive substance (TBAR) values increased from 0.08
to 0.11mg/kg over the same period. At this point, the roasts were still
organoleptically acceptable. Oxidation in this product could be expected to
proceed rapidly because of the high unsaturation of the rice bran oil.

Short-term storage of raw and cooked meats generally does not lead to
extensive losses in α-T level. However, long-term freezer storage can reduce
α-T levels as oxidation slowly proceeds (72) (Figure 6.6).

6.3.6. Plant Products

6.3.6.1. Cereals. To ensure optimal quality maintenance during storage,
whole cereal grains require careful moisture control initiated by artificial
hot air drying before storage. Optimal moisture maintenance then ensures
absence of microbial and biochemical degradation that can produce
functional, organoleptic, and safety problems with utilization of the grain

TABLE 6.13 Changes in Peroxide Values and Vitamin E Levels in Margarine
During Storage

Source: Modified from Ref. 63.
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for animal or human consumption. Stability of vitamin E level is quite good
in whole grain cereal if proper storage conditions are maintained (78–81).
Slover and Lehmann (78) confirmed vitamin E level stability in wheat over
a 3-yr storage study. Likewise, research on corn (80) and barley (81, 82)
documents that vitamin E level is stable if the moisture levels are such as to
maintain overall grain quality. High-moisture, ensiled, and/or propionic/
acetate acid-acidified grains are subject to rapid and extensive loss of vitamin
E level (79–84). The effect of moisture content and acidification on α-T
level in corn during long-term storage is shown in Figure 6.7.

Fractionation of cereal grain by milling disrupts natural barriers to
oxygen, disrupts cellular structure, exposes membrane-localized
unsaturated fatty acids to oxidation, and, thus, promotes degradation of
vitamin E. Oxidative stress can easily overcome regenerative capacity of
the antioxidant system and rapid loss of vitamin E can occur. Oxidation is
recognized to proceed rapidly in whole wheat flour through lipase and
lipoxygenase activity. Such degradation affects the functional and
organoleptic quality of the flour and undoubtedly the vitamin E content

FIGURE 6.6 Degradation of α-tocopherol in turkey burgers. Diets were
supplemented with α-tocopheryl acetate (mg/kg diet); , 20; , 300; , 600. (a)
Raw muscle stored at 4°C; (b) cooked muscle stored at 4°C; (c) raw muscle stored
at -20°C; (d) cooked muscle stored at -20°C. (Modified from Ref. 72.)
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(85). Wennermark et al. (86) and Wennermark and Jägerstad (36) followed
vitamin E retention during processing and storage of several wheat
products. Storage effects on wholemeal, white flour, bran, and germ are
shown in Figure 6.8. Storage at 20°C for 12mo decreased vitamin E level
in the various fractions by 28–40%. Highest losses occurred with α-T
level. Studies on oat products also demonstrated decrease in total vitamin
E level when stored at ambient temperature (87).

Rice bran, because of its inherent instability to oxidation and hydrolytic
rancidity, presents a unique problem in preservation of quality of the bran
and oil. Extrusion is commonly used to denature lipiase and lipoxygenase
activity in the bran for stabilization (see Chapter 5). Extrusion improves
retention of tocopherols, tocotrienols, and oryzanol during long-term
storage at ambient temperature (88).

6.3.6.2. Peanuts and Tree Nuts. Interest in compositional properties in
peanuts and treenuts has greatly increased because of unique nutritional
and functional properties that are being clearly delineated by clinical
studies. Commodities including peanuts, pecans, almonds, and walnuts,
are recognized for their ability to lower serum low-density lipoprotein
(LDL) cholesterol level without impacting high-density lipoprotein (HDL)
cholesterol level in the human when routinely included in the diet.
Although it is not possible to explain completely the beneficial effects of
nut consumption on blood lipid profiles, explanations of the effect include
the prevalence of unsaturated fatty acids in nut lipids, the replacement of

FIGURE 6.7 α-Tocopherol content in shelled corn preserved by various methods.
, artificial drying; , natural sun drying; , acid treated; X, high-moisture,

ensiled. (Modified from Ref. 80.)
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more hypercholesterolemic fats by nut lipids, and the presence of significant
amounts of vitamin E, folate, and sterols that are not as concentrated in
animal fats (89).

Because of the highly unsaturated nature of nut lipids, vitamin E plays as
integral role in controlling oxidation and maintaining quality of raw and
processed products. Storage studies on raw and processed (primarily roasted)
nuts usually indicate that roasted whole nuts are less stable to oxidation
than raw nuts because of disruption of fat bodies and exposure of membrane
phospholipids to oxidation. One would surmise that vitamin E level is,
therefore, less stable in roasted nuts than in raw nuts during storage,
although little literature documents this postulation. Storage studies have
been completed on several tree nuts to document changes in vitamin E level
during storage (90–96). In most research, vitamin E content decreases as
storage time increases. Rate of loss is temperature-dependent and highly
affected by the packaging material and availability of oxygen. Details of
several studies are summarized in Table 6.11. Representative of commercial
packaging and storage of unroasted pecans, tocopherol levels were stable
when stored in commercial cellophane packages in air at 0.6°C for 48wk.
At 23°C, progressive losses were noted for γ-tocopherol (Figure 6.9).

FIGURE 6.8 Degradation of tocopherols and tocotrienols during storage of wheat
fractions at 20°C for 1 year. α-T, α-tocopherol; α-T3, α-tocotrienol. (Modified
from Ref. 36.)
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6.3.6.3. Miscellaneous Commodities. Research covering changes in
vitamin E content during storage of paprika (97, 98), dhals (29, 30),
potatoes (99), and broccoli florets (100) is summarized in Table 6.11.
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7
Analysis of Tocopherols and
Tocotrienols in Foods

7.1. HISTORICAL ASPECTS

Bunnell (1) in a 1971 review of procedures for analysis of vitamin E stated,
“New or modified tocopherol assay procedures still appear at a frequent
rate, even though vitamin E has been with us for over 40 years. The
development of reliable assay methodology has been an evolutionary
process which has achieved its greatest rate of development in the last 10
years.” Now, 70 years after the first characterization of vitamin E,
methodology is still in an evolutionary stage and the number of method
papers continues to grow rapidly. At the time of Binnell’s review, gas
chromatographic (GC) methods for vitamin E analysis were rapidly
gaining acknowledgment as the best approach for quantification of the
tocopherols and tocotrienols. High-performance liquid chromatographic
(HPLC) procedures were not yet in common use. Bunnell (1) reviewed
only chromatographic methods, which included paper, thin-layer, column,
and GC procedures. For final quantitation, after resolution by paper, thin-
layer, or column techniques, Emmerie-Engel or bathophenthroline reagents
were usually employed for chromophore development. For GC procedures,
detection was by flame ionization.

Parrish (2) in 1980 published a comprehensive review of vitamin E
methods that included initial reports on HPLC. He presented HPLC as
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a method with advantages over other methods. At that time, Parrish
cited only 19 publications that applied HPLC to vitamin E analysis.
However, Parrish foresaw the power of HPLC techniques for vitamin
E assay of biologicals and discussed advantages of the technique over
GC. Since 1980, a large number of publications have used HPLC for
vitamin E assay of foods, feeds, tissues, and other highly varied
biologicals. We doubt that even Dr. Parrish foresaw the rapidity with
which HPLC would dominate the field of tocopherol and tocotrienol
analysis.

Parrish classified methods for vitamin E analysis into the following
categories:

Biological assays: Fertility tests including resorption-gestation,
development of encephalomalacia in newly hatched chicks,
development of muscular dystrophy and creatinuria in rabbits,
vitamin E content of blood or liver in various species, and
hemolysis of red blood cells in vitamin E-deficient rats

Physicochemical methods: Ultraviolet (UV), fluorometric, and
colorimetric methods

Chromatographic methods: Paper, thin-layer, column, GC, and
HPLC

Our intention in this chapter is to discuss GC and HPLC methodology
in detail. Older, classical reviews on methods for vitamin E assay are
given in Table 7.1 for the convenience of readers who want to read
material on the early methods written by some of the pioneers in
vitamin E research. Historically significant publications showing the
timeline for development of vitamin E methods are summarized in Table
7.2. More recent reviews on vitamin E methods include Nelis et al.
(126) Ball (127–129), Desai and Machlin (130), Lang et al. (131)
Thompson and Hatina (132), Bourgeous (133), Lumley (134),
Eitenmiller and Landen,(135, 136) Abidi (137), Piironen (138), and
Ruperez et al. (139).

7.2. GAS CHROMATOGRAPHY

Early gas chromatographic procedures for vitamin E analysis used packed
columns; stationary phases including Apiezon L, SE-30, and OV-17; and
flame ionization detection (FID). In most methods, tocopherols and
tocotrienols were derivatized to their trimethylsilyl ethers to improve
thermal stability and volatility. By the mid-1960s, GC was firmly
established as the most precise method to assay vitamin E. Parrish (2)
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TABLE 7.1 Reviews on Vitamin E Assay Methods to 1980

aReference number in parentheses.
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TABLE 7.2 Historically Significant Methodology Publications for the Analysis of
Vitamin E

(continued)
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TABLE 7.2 Continued

(continued)
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TABLE 7.2 Continued

(continued)
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TABLE 7.2 Continued

(continued)
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summarized advantages and problems of GC methods compared to
previously used procedures:

 Advantages

1. Free and esterified α-tocopherol (α-T) could be quantitified in the same
product.

2. Sterols and other fat-soluble vitamins could be quanitified
simultaneously.

Reference numbers in parentheses. UV, ultraviolet; HPLC, high-performance liquid
chromatography; GC, gas chromatography; FID, flame ionization detection.

TABLE 7.2 Continued
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3. Assay values were higher, indicating less destruction and/or better
extraction.

4. Reproducibility was better.
5. GC was faster.

 Problems

1. GC analysis required higher extract purity when working with low
vitamin E levels.

2. Instrument and column parameters had to be carefully controlled.
3. Calibrations of the apparatus and standards had to be constantly

checked.
4. Column overloading had to be prevented.

In order to extract and further purify sample extracts efficiently, analysts
relied on saponification, freeze concentration, digitonin precipitation,
sublimation, and column and thin-layer chromatography techniques (2).
Parrish (2) warned that the preanalysis steps must be carefully controlled
to prevent destruction of vitamin E. Even with the problems associated
with GC analysis, excellent data, reproducible by today’s HPLC methods,
were obtained by the investigators who refined the methodology.

Early methods were hampered by the inability of packed column
chromatography to resolve ß- and γ-tocopherols and ß- and γ-tocotrienols.
Additionally, packed column chromatography was labor-intensive and
affected by interferences to both the tocopherols and the internal standard
peaks, requiring saponification to reduce the interferences and the use of
correction factors to correct for unremoved interferences (140). Lang et al.
(131) in a review of GC methodology, stated that through 1988, no packed
column GC method had been developed to resolve ß- and γ-T or ß- and γ-
tocotrienol (γ-T3) adequately. Also, α-T3 and α-T were not well resolved.

Development of capillary GC solved many of the problems associated
with packed column chromatography of tocopherols and tocotrienols.
Marks (140) published a capillary GC method for vitamin E in deodorizer
sludge and compared the method to packed column chromatography.
Comparisons of the parameters of the two procedures are given in Table
7.3. Of significance, saponification was not required for the capillary
method, reducing sample preparation time to 5–10min compared to 2–3h
for the packed column method. Figure 7.1 shows the comparison of the
chromatography obtained with the capillary and packed column systems.
The method developed by Marks (140) is the basis of AOCS
Recommended Practice Ce 7-87 (141) adopted in 1988 (142), “Total
Tocopherols in Deodorizer Sludge.” Details of the procedure follow:

Copyright © 2004 by Marcel Dekker, Inc.



Chapter 7332

Apparatus
Gas chromatograph equipped with FID
30-m DB-5 capillary column, 0.25-µm film thickness, 0.25-
mm inner diameter (id)

Chromatography
Helium carrier gas, 2cm3/min
Program
140°C to 300°C at 10°C/min
Hold 6min
300°C to 320°C at 5°C/min
Hold 10min
Split flow rate 150cm3/min
Injector temperature 240°C
Detector temperature 345°C

Calculation
Internal standard heptadecanyl stearate

Full details of procedures are in AOCS Method Ce 7-87 (141). The
collaborative study indicated that the four laboratories of the nine that
submitted results obtained good agreement of results between analyses
completed on different days; however, results between laboratories and
between duplicate vials were poor, producing high RSDR values. The study
suffered because samples degraded during cold storage and because one
participating laboratory could not meet time frame requirements (142).
The method has never been fully collaborated by AOCS.

TABLE 7.3 Vitamin E Analysis in Deodorizer Distillate by Capillary and Packed
Column Gas Chromatography

ß-T, ß-tocopherol; RSD, relative standard deviation.
Source: Modified from Ref. 140.
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FIGURE 7.1 Comparison of packed column (A) and capillary column (B) GC of
a deodorizer distillate. 1=δ-T, 2=ß-T+γ-T, 3=α-T, 4=IS, 5=Brassicasterol, 6=sterols,
7=ß-T, 8=γ-T, 9=cholesterol. α-T, α-tocopherol; IS, internal standard; GS, gas
chromatogram. (Modified from Ref. 140.)
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Although HPLC is the primary method used for routine vitamin E
quantification, GC methods frequently see use in studies requiring
identification of analytes from complex matrices that include tocopherols
and/or tocotrienols. Such procedures usually rely on the linking of GC
and mass spectrometry (143–145). As an example, in 1998 Frega et al.
(143) identified and confirmed the presence of several components of
annatto, including α- and ß-T3. Analysis of the total lipid fraction included
saponification, treatment of the extract with diazomethane to methylate
free fatty acids, and silanization. Gas chromatography/mass spectrometry
(GC/MS) was on a 30-m capillary column containing SPB-5 as the
stationary phase. The GC/MS techniques are further discussed in Sec. 7.6.3.

Gas chromatography is still routinely used to assay vitamin E in foods
(146–153). Maraschiello and Regueiro (146) used a 30-m column coated
with 5% phenylmethylsilicone to assay low levels of α-T in poultry tissue.
The procedure used saponification and silica SPE to remove cholesterol from
the digest before silylating with 33% hexadimethylsilazane and 11%
trimethylchlorosilane in pyridine. α-Tocopheryl acetate was used as an internal
standard. Peaks were confirmed by GC-MS on a GC (Fisons Instruments)
interfaced with a MS (Fisons Instruments Trio 2000). Ulberth (147)
simultaneously assayed α-, ß-, α-, and α-T with cholesterol in standard
preparations after silyation with Sylon HTP (Supelco) or acylation with
heptafluorobutyrylimidazol. Chromatography used a fused silica column
(20m) coated with DB-5 and FID. Initial oven temperature was 260°C,
programmed to increase to 300°C at 4°C/min after 1min. Acylation improved
resolution of α-T and cholesterol compared to that of the trimethylsilyl
derivatives. Botsoglou et al. (148) simultaneously assayed cholesterol and α-
T in eggs without derivatizing the analytes. The study used a simple one-tube
sample preparation involving saponification, addition of hexane to the digest,
centrifugation, and direct injection of the hexane onto the GC column.
Chromatography was on a 15-m fused silica column coated with SPB-1. Oven
temperature was programmed from 250°C to 275°C at 2°C/min and held for
12min. Use of the shorter, thick film column did not result in peak tailing. The
method showed good accuracy and precision with recoveries approaching
100% for both analytes. Ballesteros et al. (149) used a continuous system to
transesterify triglycerides from edible oils and fats before the GC resolution of
α-T, all-rac-α-tocopheryl acetate, and cholesterol. By transesterification, the
volatility of the potentially interfering triglycerides was increased, allowing
direct injection of the transesterified sample onto the GC column. Elimination
of derivatization of the analytes provided an assay with high precision that is
applicable to high-fat samples.

In an earlier study, Smidt et al. (153) reported the simultaneous assay
of retinol and α-T by use of cold on-column injection of nonderivatized
analytes. In most prior GC methods, retinol and α-T were derivatized to
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prevent decomposition in hot injectors. Extracts of various biological
samples were prepared by fat extraction, saponification, extraction on
nonsaponifiable lipids, and use of digitonin-impregnated celite column
chromatography to remove sterol interferences. The GC system included
a 15-m- by 0.25-mm-id column coated with a 0.25-µm film of
methylsilicone and temperature programming from 220°C to 270°C at
3°/min with a 20-min hold. The FID temperature was 290°C. Recoveries
for the analytes were above 90%.

7.3. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

High-performance liquid chromatography (HPLC) was first applied to the
resolution of vitamin E and other fat-soluble vitamins in 1971 by Schmit et
al. (106) and in a follow-up publication in 1972 (154). Two reversed-phase
packing materials, Permaphase ODS and Zipax HCP, introduced by DuPont
in the early stages of HPLC, were used to study resolution of the fat-soluble
vitamins, including α-T and α-tocopheryl acetate. Permaphase ODS was a
C18 column and Zipax HCP was a hydrocarbon coating on Zipax support.
Good resolution of the tocopherols in a mixed tocopherol concentrate was
obtained with the ODS column, although the peaks other than α-T were
not identified because the only standard available to the research group was
α-T. α-Tocopherol and all-rac-α-tocopheryl acetate could be resolved from
other fat-soluble vitamins. The mobile phases studied included methanol:
water combinations with either isocratic or gradient elution. Ultraviolet (UV)
detection at 254nm was sufficient to detect the fat-soluble vitamins for the
quite concentrated preparations used in the study. The work by Schmit and
colleagues (106, 153) and a study by Van Niekerk (107) published in 1973
showed the power of HPLC for vitamin analysis and led the way for its
rapid advance in the next few years. Van Niekerk’s work was the first
published HPLC paper dealing with food analysis of vitamin E. Also, this
study used normal-phase chromatography on Corasil II with a mobile phase
of isopropanol ether:hexane (5:95). Van Niekerk’s work set important
principles for the application of HPLC to vitamin E analysis that eased the
work of later vitamin E analysts. These included the following:

1. Oils could be injected directly onto a silica column; therefore, no
sample preparation other than dilution of the oil was required.

2. Fluorescence provided an ideal, sensitive, and specific detection mode.
3. Positional isomers, ß- and γ-T, could be resolved.
4. Good reproducibility was possible.
5. Recoveries of added tocopherols to oils were high, approaching 100%.
6. The procedure was “fast and easy.” Van Niekerk predicted that HPLC

would find wide application for the routine assay of vitamin E in foods.
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Other early applications of HPLC to vitamin E analysis of food included
that of Cavins and Inglett (108), who resolved the tocopherols and
tocotrienols in hexane. These authors applied the method to corn oil and
wheat bran, obtaining clean chromatograms with direct injection of the
oil diluted in cyclohexane with UV detection at 254nm. No quantitation
was attempted. The study was significant in that it showed that the eight
vitamin E homologues could be resolved from plant oils without cleanup
or derivatization and that retention time could be a valuable parameter
for analyte identification, considering the resolving power of the technique.

In the next year, (1975) Abe et al. (110) also applied HPLC to the
quantitation of tocopherols in vegetable oils. They used normal-phase
chromatography on JASCO-PACK WC-03 with a mobile phase of
diisopropyl ether in hexane (2:98) and fluorescence detection. They
quantitated α-, ß-, γ-, and δ-T in soybean, cottonseed, and wheat germ oil,
thus providing some of the first quantitative data on the vitamin E content
of food determined by HPLC. Additionally, Abe et al. (110) showed that
the HPLC data compared closely with GC data and that direct oil injection
provided data very comparable to data obtained by saponification of the
oils before HPLC resolution. Unlike with GC, ß- and γ-T were resolved by
the HPLC system. They clearly demonstrated the superiority of
fluorescence detection to UV detection in terms of sensitivity. After 1975,
HPLC coupled with fluorescence detection became the method of choice
for vitamin E assay of foods and other biological samples.

Because of the large number of publications dealing with HPLC
applications to the analysis of vitamin E in food within the last decade, we do
not attempt to provide a comprehensive literature review of methodology. We
discuss details of various aspects of significance to the successful use of HPLC
to assay vitamin E in food. Some newer approaches to food analysis of specific
matrices are covered. Table 7.4 gives summaries of selected references.

7.3.1. Extraction of Vitamin E Before Quantification by High-
Performance Liquid Chromatography

Because of the possibility of oxidative degradation, all extractions, whatever
the approach, need to ensure the stability of the vitamin E analytes as a primary
factor influencing the success of the procedure. Depending on the sample matrix,
extraction of tocopherols and tocotrienols is usually performed by direct solvent
extraction or saponification (alkali hydrolysis). Most oils that contain higher
levels of vitamin E than other foods can be diluted with hexane or mobile phase
and directly injected onto a normal-phase column. This straightforward
approach works well unless a component of the oil has low solubility in the
mobile phase or impurities exist; then more extensive sample cleanup
procedures must be employed. In some samples, slow-eluting compounds
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may be present and slow sample throughput. Preparation of the vitamin E
fraction for injection onto the column from most food matrices requires
saponification of the sample matrix or of a concentrated lipid fraction or
extraction of total lipid from the sample, which then can be directly injected
onto a normal-phase column. Diverse extraction procedures are available to
extract vitamin E efficiently from food matrices, and several excellent reviews
of extraction procedures exist in the literature. Bourgeois (133) particularly
provides detailed information on solvent extractions and saponification
procedures from a historical perspective. Other detailed reviews include Ball
(127), Eitenmiller and Landen (136), and Ruperez et al. (139).

7.3.1.1. Saponification. Saponification refers to alkaline hydrolysis by KOH
or, less commonly, by NaOH. The hydrolysis is used to free fat-soluble
vitamins, except vitamin K, which is labile under the alkaline environment,
from the sample matrix. In general, protein, lipid, and carbohydrate
complexes are destroyed; triacylglycerols and phospholipids are hydrolyzed;
tocopherol and tocotrienol esters are hydrolyzed; pigments and other
substances that may interfere with the chromatography are removed; and
the sample matrix is disrupted, facilitating vitamin extraction (2, 127, 133).
The procedure includes the following general steps:

1. Addition of ethanolic base (KOH) to the sample together with a
suitable antioxidant such as pyrogallol or ascorbic acid or
combinations of antioxidants

2. Dispersion of the sample to ensure that clumping does not occur to
such an extent that the ethanolic KOH cannot penetrate the sample
matrix

3. Flushing of the saponification vessel with inert gas (N2)
4. Refluxing with the aid of an air condenser (Figure 7.2) under gold

fluorescent lighting or in the dark
5. Cooling of the digest
6. Addition of 1% NaCl or water
7. Partitioning of the digest with ether, hexane, ethyl acetate in hexane,

or other suitable solvent mixtures
8. Collection of the organic solvent phase
9. Washing of the organic solvent to remove fatty acid soaps

10. Concentration of the nonsaponifiable fraction (vitamin E fraction)

Many saponification procedures have been used with success for vitamin
E analysis. Often exact parameters for a specific matrix must be determined
through investigation of the effects of the variation of conditions on
recovery of vitamin E homologues and analytical values obtained with
varying digestion conditions. Ball (127) provides a general guide for the
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saponification of biologicals, which includes 5mL of 60% weight-to-
volume (w/v) aqueous KOH and 15mL of ethanol per gram of fat.
Temperatures and times used for saponification range from ambient
temperature for 12h or more to 70°C for 30min or less. Parameters such
as sample size, volumes and concentrations of alkali, and time and
temperature can be varied to optimize the digestion. It has been our
experience that the most efficient saponification and less destructive effects
occur, resulting in high recoveries of spiked tocopherols and tocotrienols,
when the digestion is completed by reflux. Use of an air condenser
simplifies the procedure (Figure 7.2).

In some studies extraction of the food lipid before saponification has
been necessary. Tuan et al. (176) extracted lipid from infant formula before
saponification to decrease chromatographic interferences. However, if

FIGURE 7.2 Saponification reflux condenser. (From Ref. 136.)
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fluorescence detection is coupled with normal-phase chromatography,
most samples can be processed with direct saponification without prior
fat extraction. Summaries of published saponification procedures are
provided in Table 7.5.

From the few studies represented in Table 7.5, recoveries reported for
the different vitamin E homologues vary considerably, with lowest
recoveries reported for δ-T. Provided necessary precautions have been taken
to protect the vitamin E homologues from destruction during digestion,
problems can arise in the partitioning of the vitamin E from the aqueous
digest into the nonpolar extraction solvent. Ueda and Igarashi (224–227)
thoroughly studied this important phase of the assay. They found that
ethanol concentration of the digest, composition of the extracting solvent,
and level of lipids in the original digest could significantly affect recovery of
the vitamin E homologues with hexane as the extractant. Ethanol
concentrations must be kept below 30% to extract δ-T or tocol (used as an
internal standard) efficiently. For 2,2,5,7,8-pentamethyl-6-chromanol
(PMC) internal standard, the upper level of ethanol was 15% for efficient
recovery by hexane extraction (226,227). Ethanol concentration did not
affect recovery of α-T and only slight effects were noted for ß- and γ-T.
Ueda and Igarashi (227) clearly showed that addition of ethyl acetate up to
10% volume-to-volume (v/v) concentration in hexane improved recoveries
for ß-, γ-, and δ-T; tocol; and PMC (227). The more polar nature of the
ethyl acetate improves the affinity of the more polar vitamin E homologues
for the extracting solvent. At levels above 10%, ethyl acetate causes the
volume of the solvent layer to decrease as the mixture becomes more
miscible in the aqueous phase. Researchers should note this phenomenon.
Addition of ethyl acetate to hexane can greatly improve δ-T recovery and is
an easily used corrective approach to vitamin E recovery problems.

In other research, Ueda and Igarashi (225) showed that the fat level in the
saponification digest is a significant factor affecting recovery of ß-, γ-, and δ-
T and tocol. Recovery losses were noted at quite low levels of fat (from corn
oil); however, α-T recovery was not lowered by increasing fat levels.
Thompson (228) in discussion of problems with vitamin A analysis explained
that use of hexane can lead to low retinol recoveries from saponification digests
since ethanol-water-soap mixtures behave similarly to a hydrocarbon solvent.
This decreases the affinity of the fat-soluble vitamins to the organic phase.
Therefore, δ-T, the most polar of the vitamin E homologues would have greater
affinity for the aqueous phase as fatty acid soap content increases. Thompson
noted that extraction efficiency of hexane is dependent on the fatty acid
concentrations in the digest. Control is achieved by limiting the amount of
ingoing fat (sample weight), by optimizing the amount of water added before
extraction, and by making repeated extractions with small volumes of hexane.
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TABLE 7.5 Saponification Conditions Used for Extraction of Vitamin E

α-T, α-tocopherol; IS, internal standard; α-T3, α-tocotrienol.
Source: Modified from Ref. 136.
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Use of small sample weights puts greater stress on sample homogeneity to
assure assay reproducibility.

In 2000, Lee et al. (229) used response surface methodology (RSM) to
optimize vitamin E extraction from tomato and broccoli by saponification.
Variables examined included the amount of 60% KOH, saponification time,
and final ethanol concentration. The optimized parameters were obtained
by ridge analysis. On the basis of the ridge analysis, optimal saponification
conditions were (a) 8.4 to 8.9 mL 60% KOH, (b) 50.7–54.3 min at 70°C,
and (c) 30.1–35.0% ethanol. All trials used a sample size of 7.5g. With the
optimized parameters, experimental concentrations agreed closely with
values predicted by ridge analysis (Table 7.6). Effects of KOH amount and
final ethanol concentration under constant saponification times on response
surface plots of γ-T are shown in Figure 7.3.

The RSM technique allows evaluation of the effects of many factors
and their interactions on response variables. Advantages of RSM in
optimization studies of all types are the reduced number of experimental
trials needed to evaluate multiple parameters and their interactions, labor,
and time required to obtain the optimized process. The RSM studies have
been widely applied for optimization of processes in the food and
pharmaceutical industries. They had not been applied to vitamin extraction
optimization to any extent before Lee and coworkers’ study (229), which
shows that RSM can be used to optimize vitamin extraction parameters
and may be useful to vitamin chemists.

Protocols to extract vitamin E from biological samples have been
designed to decrease time and solvent requirement and to allow for use of
small sample weights when samples are limited (175, 226).

Eitenmiller and Landen (136) summarized saponification procedures
of Indyk (175) and Ueda and Igarashi (226) as follows:

TABLE 7.6 Predicted and Experimental Values of the Responses at Optimized
Conditions for the Extraction of Tocopherols from Tomato and Broccoli

aOptimal conditions were obtained form ridge analysis.
bExperimental values were obtained by using 8.7mL (amount of 60% KOH), 53min
(saponification time), and 33% (final ethanol concentration) for both tomato and broccoli.
Source: Modified from Ref. 229.
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Procedure Applicable to Dairy Products, Food, and Tissues (Indyk, 175)

Sample size: 0.5g Whole milk powder, powdered infant formula, freeze-
dried organs, fish, cereal, 5.0g of fluid milk; 0.1–0.2g butter, margarine,
or vegetable oil.

Procedure: Weigh sample into test tube and add 10.0mL ethanol
containing 1% pyrogallol. Add α-T standard (200µL of known
concentration) (20 to 30µg/100mL absolute ethanol) to the unfortified

FIGURE 7.3 Response surface plots of γ-tocopherol showing effects of the amount
of KOH and final ethanol concentration under constant saponification time for
saponification of raw tomatoes. The numbers on the surface response plots
represent milligrams of tocopherol per 100grams. (From Ref. 229.)
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sample to provide a parallel assay for recovery data. Add 2mL of 50%
KOH and loosely stopper the tubes. Incubate at 70°C for 7min with
periodic agitation. Cool the tubes and add 20mL of light petroleum
ether:diisopropyl ether (3:1). Shake mechanically for 5min. Add 30mL
water, invert 10 times, and centrifuge at 180×g for 10min. Inject a 10-µL
volume of the clear upper layer directly into an isocratic HPLC system.

Procedure Applicable to Blood and Tissues (Ueda and Igarashi, 226)
Blood: To 200µL plasma or 400µL of 50% hematocrit red blood cell

(RBC) suspension in two centrifuge tubes with coated (Teflon) screw caps,
add 1mL 6% ethanolic pyrogallol to each tube. Preheat the solution to
70°C for 3min and to one tube add 1mL of an ethanolic solution of PMC
(0.3µg) as an internal standard. To the other tube, add 3mL of an ethanolic
solution containing 3.0µg each of α-, ß-, γ-, and δ-T and PMC. Add 0.2mL
of 60% KOH and saponify at 70°C for 30min. Cool tubes in ice water
and add 4.5mL of 1% NaCl. The saponification mixture is extracted with
3mL of 10% ethyl acetate in n-hexane. Centrifuge the saponified extracts
at 300rpm for 5min and pipet 2mL of n-hexane layer into a 10-mL conical
glass tube. Evaporate the n-hexane under a stream of nitrogen. Redissolve
the unspiked residue in 200µL of n-hexane and the residue from the spiked
sample in 2.0mL of n-hexane. For each, inject 10µL into the HPLC system.

Tissues: Weigh 100mg of tissue into a 10-mL centrifuge tube with coated
(Teflon) screw cap. Add 100µL of 60% KOH. Saponify at 70°C for 60min.
Add 4.5mL of 1% NaCl to the cooled digest and extract with 3mL of
10% ethyl acetate in n-hexane. Centrifuge the saponified extracts at
3000rpm for 5min and pipet 2mL of the n-hexane layer into a conical
glass tube for concentration under a stream of nitrogen. Redissolve the
residue in 200µL of n-hexane and inject 10µL into the HPLC. Recoveries
can be determined by use of a parallel spike or PMC internal standard.

7.3.1.2. Direct Solvent Extraction. Methods applicable to total lipid
extraction from foods can be used to extract vitamin E before assay by
HPLC. Such methods can yield an extract that can be directly injected
onto the LC column without additional cleanup. Many organic solvents
and solvent mixtures efficiently extract vitamin E from the sample matrix.
Ball (127–129) summarized solvent requirements to include effective
penetration of the sample matrix while stabilizing the vitamin E. Under
most circumstances, complete lipid extraction must be assured to
accomplish complete removal of vitamin E from the sample matrix. Most
physiological fluids can be extracted with simple direct solvent extraction
procedures. These procedures usually have the following sequence:

1. Addition of a protein denaturing solvent such as isopropanol,
ethanol, methanol, or acetonitrile

2. Addition of water or buffer to improve the extraction efficiency of
the solvent
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3. Addition of the organic phase to extract the vitamin E
4. Centrifugation
5. Solvent evaporation if required to concentrate the analytes

The protocol fits requirements for the extraction of retinoids and
carotenoids in addition to vitamin E (136).

Solvents commonly used for vitamin E extraction include the Folch
extraction with chloroform:methanol (2:1), acetone, diethyl ether, hexane,
hexane:ethyl acetate (90:10), and Soxhlet extraction with a variety of
solvents (127–129). Soxhlet extraction can provide a convenient and simple
approach to vitamin E extraction. Wet samples can be ground with
magnesium or sodium sulfate to produce a dry powder necessary for Soxhlet
extraction. An antioxidant must be added to the organic solvent, and the
Soxhlet apparatus must be protected from light throughout the often long
(hours) extraction procedure. The presence of polar lipids in the sample can
lead to low vitamin E recovery if hexane is used as the extractant (136). An
example of a Soxhlet-based procedure is that used by Håkansson et al. (230)
to extract vitamin E from wheat products. These authors used hexane
containing 1mg butylated hydroxytoluene (BHT)/125mL to extract 5 to
15g of ground cereal samples. A 4-h extraction was used at 90°C. Recoveries
were above 95% for α- and ß-T. As part of the study, the Soxhlet procedure
was compared to a more laborious procedure developed by Thompson and
Hatina (132). The Soxhlet procedure provided higher recoveries and higher
measured levels for α-T, α-T3, ß-T, and ß-T3.

The solvent extraction procedure for tocopherols and tocotrienols
developed by Thompson and Hatina (132) has been a standard for vitamin
E analysts for many years with successful application to many different
food matrices (136). The procedure uses isopropanol and acetone extraction
combined with partitioning of the vitamin E into hexane. The following
steps are included in the somewhat tedious but effective procedure:

1. Homogenize a 10-g sample with 100mL boiling isopropanol in the
cup of a homogenizer (Virtis).

2. After 1min, add 50mL of acetone.
3. Filter the mixture through glass fiber paper (Whatman GF/A) into

a 500-mL separatory funnel.
4. Homogenize the filter paper and its contents with 100mL of acetone.
5. Filter the extract into the separatory funnel.
6. Wash the residue with 50mL of acetone.
7. Add 100mL hexane to the pooled extracts and mix the contents.
8. Add 100mL water and swirl to mix the phases.
9. After phase separation, transfer the hexane epiphase to a second funnel.

10. Extract the water phase twice more with 10mL hexane.
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11. Wash the pooled hexane fraction twice with 100-mL portions of water.
12. Evaporate under vacuum.

The recoveries were high (97%), but the large solvent volumes and labor-
intensiveness led others to develop more streamlined solvent extractions
such as the Håkansson et al. (230) Soxhlet procedure.

Another solvent extraction, developed by Landen (169) for general
application to fat-soluble vitamin extraction of fortified foods, has seen
much recent use for analysis of vitamin E and all-rac-α-tocopheryl acetate
from a variety of foods. Landen originally developed the procedure to
extract fat-soluble vitamins from infant formula. The extraction uses
ispropanol to denature the food protein matrix, extraction with methylene
chloride, and addition of magnesium sulfate to dehydrate the extract. The
fat-soluble vitamins were fractionated from lipids by high-performance
gel permeation chromatography (HP-GPC) before determinative
chromatography by nonaqueous reversed-phase chromatography.
Landen’s extraction has been adapted by several investigators in
development of methods for vitamin E analysis from various matrices.
For vitamin E assay, it is not necessary to fractionate the analytes from the
lipid because of the almost universal use of normal-phase chromatography
on silica, so the HP-GPC step is not necessary. Recent studies that have
used modification of Landen’s extraction include Chase et al., (185, 186)
Ye et al. (168, 214, 217) and Lee et al. (213). The procedures of Chase and
coworkers and Ye and associates use modified extractions from Landen’s
original procedure and are discussed in detail in Sec. 7.4.

Lee et al. (213) developed an extraction based on the Landen extraction
specifically for use on peanuts, peanut butter, and other nuts and compared
the direct solvent extraction to saponification for general utility. The Lee
et al. (213) procedure included the following steps:

1. Weigh 0.4-g sample into a 125-mL round-bottom flask.
2. Add 4mL of hot (80°C) water.
3. Mix with a spatula.
4. Add 10mL isopropanol, 5g magnesium sulfate, and 25mL of

hexane:ethyl acetate (90:10) containing 0.01% BHT.
5. Homogenize for 1min with a homogenizer (Polytron) rinse the tip

with 5mL of extracting solvent.
6. Filter the mixture through a medium-porosity glass filter using a

vacuum bell jar filtration unit.
7. Break up filter cake and wash with 5mL extracting solvent.
8. Transfer the filter cake to the 125-mL flask and reextract with

homogenization with 5mL of isopropanol and 30mL of extracting
solvent.
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9. Transfer the combined filtrates to a 100-mL volumetric flask and
dilute to volume with extracting solvent.

10. Aliquots of the extract can be concentrated under N2 if required
before injection.

Comparison of the direct solvent extraction to saponification and Soxhlet
extraction (Table 7.7) showed that the procedure gave higher values for
each of the vitamin E homologues when compared to the other procedures.
When it was coupled to normal-phase chromatography, highly reproducible
results were obtained from peanuts, peanut butter, and several other nuts.
Recoveries from peanut butter approached 100% for each of the vitamin E
homologues. When used on a routine basis, the extraction is fast with low
solvent requirements. It is also applicable to studies requiring the assay of
all-rac-α-tocopheryl acetate together with natural vitamin E in fortified
products.

Delgado-Zamarreño et al. (220) compared traditional saponification to
newer methods of extraction for the analysis of vitamin E in nuts and seeds.
Methods compared to saponification included saponification followed by
continuous membrane extraction coupled to the LC and direct extraction of

TABLE 7.7 Assay Values of Tocopherols in Peanuts and Peanut Butter Using
Three Different Extraction Methods

aValues in the same row that are followed by the different letter are significantly different
(P<0.01).
bData represent a mean (n=3).
cCorresponding tocopherols.
Source: Modified from Ref. [213].
α-T, α-tocopherol; α-TE, α-tocopherol equivalent.
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tocopherols through a silicone membrane coupled on-line with the LC. Each
procedure gave good extraction results. The authors considered that the direct
extraction with application of the membrane filtration offered significant
porential for food analysis because of the speed and precision of the analysis.
The complete assay of a sample including extraction required 40min. The
extraction would require validation before application to other matrices.

7.3.1.3. Matrix Solid-Phase Dispersion. In 1998, Chase and Long and
Chase et al. (189–191) introduced matrix solid-phase dispersion (MSPD)
as an extraction procedure for tocopherols, all-rac-α-tocopheryl acetate,
and retinyl palmitate in infant formula and medical foods. Previously
MSPD has been to isolate drugs from milk and tissue; it is a patented
procedure. The technique is based on the dispersion of the sample onto
C18 to form a powder that is subsequently eluted with a solvent capable of
eluting the analytes of interest. The stepwise procedure applied to infant
formula and medical foods follows:

1. Weigh 2g of C18 (Bondesil) into a mortar.
2. Add 100µL of isopropyl palmitate and gently blend the isopropyl

palmitate onto the C18 with a pestle.
3. Accurately weigh 0.5g of reconstituted sample (10g of infant

formula powder was mixed with 50g of 80°C water) onto the C18/
isopropyl palmitate mixture.

4. Gently blend the mixture into a fluffy, slightly sticky powder.
5. Transfer the mixture into a 15-mL reservoir tube with a frit at the

bottom, and insert the top frit on top of the powdery mix.
6. Tightly compress the reservoir contents with a 10-mL syringe plunger.
7. Pass 7mL of isopropyl alcohol:hexane (0.5:99.5), followed by 7mL

of methylene chloride for infant formula or 7mL of methylene
chloride:ethyl acetate:0.5% isopropyl alcohol in hexane (3+3+4 v/
v) for medical foods through the reservoir, collecting both eluents
into a 50-mL vessel (Turbovap).

8. Evaporate to near-dryness at 45°C in a Turbovap under 5 psi
nitrogen.

9. Dilute residue to 1.0mL with hexane.
10. Inject.

This procedure provides an alternative to traditional saponification and
direct solvent extraction procedures used for infant formula and medical
foods. Methods have been peer-collaborated for AOAC International, but
no approval action has been forthcoming at the present. The procedure
greatly reduces use of organic solvents, is amenable to further automation,
and is very rapid. Published studies gave low coefficients of variation and
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recoveries above 90% for assay of all-rac-α-tocopheryl acetate and retinyl
palmitate. No problems were found with the assay of native tocopherols
together with the synthetic fortificants. However, the presence of
encapsulated vitamins can pose a problem for the method. Addition of
isopropyl palmitate as a modifier was necessary for efficient elution of
retinyl palmitate from the MSPD column. It was theorized that the
isopropyl palmitate competes for binding sites on the C18. The presence of
the isopropyl palmitate in the final extract increases the viscosity of the
extract and must be considered with use of autoinjectors to ensure
reproducibility of injection volumes.

7.3.2. Chromatography

7.3.2.1. Supports and Mobile Phases. Because normal-phase chromatography
can resolve ß- and γ-T and T3 positional isomers, most studies quantifying
vitamin E in foods rely on this chromatographic approach. Additionally, use
of normal-phase silica supports allows direct injection of oil, which greatly
simplifies assay of fats and oils. Up to 2mg of oil can be directly injected per
injection without influencing resolution, detection, or column life (132). This
generality holds unless the fat or oil contains large amounts of polar lipids,
which can precipitate out of the nonpolar mobile phase. Studies conducted
with reversed-phase chromatography report the combined peaks of the
positional isomers as (ß-+γ-T). For many foods, this is of little consequence to
the calculation of α-tocopherol equivalents (α-TE units), since ß-T in most
foods is usually present at low or nondetectable levels.

Tan and Brzuskiewicz (231) presented an in-depth comparison of normal-
and reversed-phase chromatography for the resolution of the eight vitamin E
homologues present in foods. With normal-phase chromatography, the
homologues eluted in order of increasing polarity, and separation was based
on the number and position of the methyl subsituents on the chromanol ring.
Reversed-phase chromatography could not resolve positional isomers (ß- and
γ-T, ß- and γ-T3). Resolution of the other homologues followed class
separation based on saturation of the phytyl side chain with the more
saturated tocopherols remaining on the column longer. The less polar but
more saturated tocopherols were retained in the stationary phase longer, and
the order of elution within each class of compounds was from higher polarity
to lower polarity. Interaction of the phytyl side chain with the C18 was
theorized to cause the more saturated tocopherols to remain on the column
longer than the unsaturated tocotrienols. Chromatograms for the different
systems are shown in Figure 7.4.

Tan and Brzuskiewicz (231) optimized solvent systems for cyano-,
amino-, and silica-normal-phase columns with mobile phases consisting
of 99% hexane and 1% of a variety of polar modifiers. The modifiers
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FIGURE 7.4 Chromatography of tocopherols and tocotrienols on normal and
reversed-phase systems. (a) Normal-phase Zorbax SIL with a 99:1 (hexane:2-
propanol) mobile phase. (b) Reversed-phase, Zorbax ODS with a 60:35:5
(acetonitrile:methanol:dichloromethane) mobile phase. 1=α-T, 2=α-T3, 3=ß-T,
4=γ-T, 5=γ-T3, 6=δ-T, 7=δ-T3. α-T, α-tocopherol; α-T3, α-tocotrienol. (From Ref.
(231).)
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were isopropanol, n-butanol, THF, and methylene chloride. Selectivity
and resolution of the systems are given in Table 7.8. Column efficiencies
with isopropanol as the modifier with the silica column were superior to
those of any of the other chromatography systems. Resolution between
ß- and γ-T was lower than for the amino-column but could be improved
by addition of the modifier at levels below 1%. The optimal solvent system
for normal-phase chromatography on Zorbax-SIL was 1% isopropanol
in hexane. This solvent system for vitamin E chromatography on silica is
almost universally used, providing reliable and highly reproducible
chromatography. For reversed-phase chromatography on Zorbax ODS,
acetonitrile:methanol:methylene chloride (60:35:5) gave excellent
resolution of all homologs except ß- and γ-T.

More recently, Abidi and Mounts (232) studied vitamin E resolution on
the more polar aminopropyl-silica and diol-silica supports. Their work
showed that the ability of mobile phases containing a weakly polar modifier
such as an ester (ethyl acetate) or a monofunctional ether (t-butyl methyl
ether) had significantly greater ability to resolve ß- and γ-T compared to
mobile phases containing more polar alcohol or polar ether modifiers, such
as dioxane. Vitamin E mixtures were highly resolved on an amino-Si column

TABLE 7.8 Chromatographic Optimization of Various Normal-Phase Columns
and Polar Modifiersa

aValues are based on the average of duplicate runs, and all mobile phases consisted of 99%
hexane and 1% modifier.
b—, the solvent gave no peaks after 15min or results were not reproducible.
cPeak numbers in parentheses refer to those in the legend to Fig. 3a: 1, α-T; 2, α-T3; 3, ß-T;
4, γ-T; 6, δ-T; 7, δ-T3. α-T, α-tocopherol; α-T3, α-tocotrienol; THF,; α, Selectivity; number
in [], resolution.
dPeak pairs 3 and 4 were not included because ß- and γ-T coeluted.
Source: Modified from Ref. 231.
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with hexane:t-butyl ether (90:10) or on a diol-Si column with hexane:
t-methyl ether (95:5). Mobile phases modified with such monofunctional
ethers were highly recommended by the researchers to improve tocopherol
and tocotrienol resolution. Chromatograms in Figures 7.5 and 7.6 compare
resolution of vitamin E mixtures on diol-Si. Baseline resolution of ß- and γ-
T was obtained with the weakly polar modifiers (Figure 7.6).

Kamel-Eldin et al. (233) reported retention factors (k), separation
factors (α), theoretical plates (N), and resolution (RS) for normal-phase
supports including seven silica columns, two amine columns, and a diol
column. Chromatography was compared by using a mixture of oat extract,
palm oil, and standards to produce a balanced mixture of tocopherols and
tocotrienols. Variation exists in the ability of different silica supports to
resolve the eight natural vitamin E forms efficiently. Of the seven silica
columns, only three effectively resolved the vitamin E mixture. Good
separations were also obtained on the amino and diol supports. The results
generally agreed with Abidi and Mounts’s (232) conclusion that weakly
polar modifiers provided better selectivity than stronger modifiers for
resolution of ß- and γ-T. Use of dioxane (4%–5%) in hexane provided
good resolution on three of the silica columns examined in the study
(Figure 7.7). Normal-phase diol columns have been successfully used to
assay tissue and diet levels of tocopherols and tocotrienols (234).

FIGURE 7.5 Vitamin E chromatography with strongly polar modifiers. A, Amino-
Si, hexane:dioxane (90:10); B, diol-Si (10µm), hexane:dioxane (95:5); C, diol-Si
(5µm), cyclohexane:dioxane (97.3). (From Ref. 232.)
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Ye et al. (235) compared the ability of narrow-bore (2.1-mm id) silica
columns to standard-bore (4.6-mm id) silica columns for chromatography
of tocopherols. Narrow-bore columns have some combined characteristics
of microbore and standard-bore columns but without the specialized
hardware requirements of microbore chromatography. Narrow-bore
chromatography can be easily implemented on newer, conventional LCs
with pumps capable of handling lower flow rates than 1.0mL/min.
Advantages of microbore columns over standard-bore that carry over to
narrow-bore columns include less solvent consumption, reduction in
stationary phase amount, and higher mass sensitivity (236). Conditions
used by Ye et al. (235) included mobile phase of 0.8% isopropanol in
hexane pumped at 1.0mL/min for standard-bore chromatography. Column
temperature was controlled at 29°C±1°C.

A comparison of column performance statistics is provided in Table
7.9. Notable differences between the two columns include higher
theoretical plates, lower back pressure, and better resolution for the
standard-bore compared to the narrow-bore column. Narrow-bore gave
higher sensitivity and lower solvent consumption than standard-bore.
Limits of detection (LOD) and limits of quantitation (LOQ) values for
the tocopherols are shown in Table 7.10. Peaks elute from the narrow-
bore column in much smaller volume with less dispersion; therefore,

FIGURE 7.6 Vitamin E chromatography with weakly polar modifiers. A, Amino-Si,
cyclohexane:t-butyl methyl ether (90:10); B, diol-Si (10µm), hexane:t-butyl methyl
ether (90:10); C, diol-Si (5µm), hexane:diisopropyl ether (90:10). (From Ref. 232.)
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detector signals are of higher intensity because of higher concentration in
the detector flow cell. The LOD values for the vitamin E homologs were
four to seven times lower for the narrow-bore column and up to eight
times lower for the LOQ (Table 7.10). Narrow-bore chromatography
could result in significant solvent savings with the loss of some resolution.
Figure 7.8 shows resolution of the tocopherols and differences in detector
response of eluting peaks.

Reversed-phase LC has not been used for the analysis of vitamin E in
foods to the extent that normal-phase LC has been used. Its inability to
provide complete resolution of tocopherols and tocotrienols in complex

FIGURE 7.7 Separation of a balanced mixture of tocopherols on three silica
columns. A. Alltima SI, 5m, 25cm×4.6mm [Alltech] using Hex:Dioxane (96:4),
2mL/min; B, Intersil SI, 5µm, 25cm×4.6mm (Chrompack) using Hex:Dioxane
(95:5), 2mL/min; C, Genesis silica, 4µm, 25cm×4.6mm (Jones) using Hex:Dioxane
(96:4), 1.5mL/min. α-T, α-tocopherol; α-T3, α-tocotrienol. (From Ref. 233.)
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samples is a powerful negative factor. Abidi (137) in 2000 in a review of
applications of reversed-phase LC to vitamin E analysis cited the successful
resolution of ß and γ-T on pentafluorophenyl silica (237), long-chain
alkylsilica (238, 239), and non-silica-based octadecanoyl polyvinyl alcohol
(240, 241). In general, octadecylsilica (ODS) supports cannot achieve
resolution of ß- and γ-T. The positional isomers were resolved in the alcohol
and acetate ester forms on octadecanoyl polyvinyl alcohol (ODPVA);
however, only the ester forms were resolved on ODS (240). In a later
study, Abidi (241) applied the ODPVA support to studies on the reversed-
phase LC of the tocotrienols. Complete resolution of 16 tocotrienols,
representing sets of cis/cis, cis/trans, trans/cis, and trans/trans geometrical
isomers, was achieved (Figure 7.9). Reversed-phase systems provide
compatibility with electrochemical (EC) detection and, as shown by
Abidi’s work (241), excellent resolution power for the geometrical isomers
of the tocotrienols. Therefore, reversed-phase LC provides an important
tool for tocotrienol quantification requiring resolution of the geometric
isomers.

a10-µL Injection volume and 0.8% IPA in hexane as mobile phase.
bValues in brackets are values from standard-bore. r2, Linearity, range 0.33–16.37, 0.15–
7.72, 0.31–15.52, 0.34–17.19ng/injection (n=5) for α-T, ß-T, γ-T and δ-T in narrow-bore
column, respectively; 0.65–32.74, 0.31–15.43, 0.62–31.03, 0.69–34.38ng/injection (n=5)
for α-T, ß-T, γ-T, and δ-T in standard-bore column, respectively. α-T, α-tocopherol. k’,
Retention factor; N, theoretical plates; T, tailing factor; S, system suitability, RSD% of 5
replicate injections at 3.27, 1.54, 3.10, and 3.44ng/injection in narrow-bore column for α-T,
ß-T, γ-T, and δ-T, respectively; at 6.55, 3.09, 6.21, and 6.88ng/injection in standard-bore
column for α-T, ß-T, γ-T, and δ-T, respectively. α, separation factor; Rs, resolution.
Source: Modified from Ref. 235.

TABLE 7.9 Analytical Figures of Merit for Chromatography of α-, ß-, γ-, and δ-
Tocopherol on Narrow-Bore and Standard-Bore Columnsa,b
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7.3.2.2. Detection. Detection of tocopherols and tocotrienols after LC
resolution can be accomplished by UV, fluorescence (FLD),
electrochemical (EC) or evaporative light scattering (ELSD) detectors. By
far, the most commonly used detector for vitamin E analysis is FLD, which
is considerably more sensitive and selective than UV but less sensitive
than EC. Fluorescence intensity of the eluted vitamin E peaks depends
upon many factors; thus, comparison of fluorescence response to UV or
EC measures of detector sensitivity is somewhat dependent on equipment
and the chemical environment of the mobile phase passing through the
detector. Lang (131) in a review of detection methods for vitamin E
reported that one study showed that sensitivity of fluorescence was 2.5-to
3.3-fold greater than absorbance at 292nm. This sensitivity is probably
too low if comparable measurements were performed with new-generation
fluorescence detectors with improved engineering and higher-intensity
lamps for excitation.

In a 1998 study, Hoehler et al. (242) reported 150-to 340-fold increases
in sensitivity of FLD compared to UV at 280nm for the tocopherols.
Sensitivity of FLD depends a great deal upon the composition of the mobile
phase. For example, α-T and retinol have a five to sixfold decrease in
fluorescence intensity when the mobile phase is changed from hexane to
acetonitrile:water (1:1) (128). Many reversed-phase mobile phase
components lead to decreased fluorescence of vitamin E components

TABLE 7.10 Limit of Detection (ng), Limit of Quantitation (ng) for the
Chromatography of α-, ß-, γ-, and δ-Tocopherol on Standard-Bore and Narrow-
Bore Columns

LOD, limit of detection; LOQ, limit of quantitation; α-T, α-tocopherol; MP, mobile phase;
IPA, isopropyl alcohol..
Source: Modified from Ref. 235.
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FIGURE 7.8 Chromatography of tocopherols on (A) 250×2.1mm id LiChrosorb
Si60, flow rate 0.32mL/min, and (B) 250×4.6mm id LiChrosorb Si60, flow rate
1.0mL/min. Mobile phase was 0.8% isopropanol in hexane; injection volume
was 10mL. α-T, α-tocopherol. (From Ref. 235.)
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compared to fluorescence intensity possible in normal-phase systems
(243). Chen (244) showed that the polarity of the solvent greatly
influences fluorescence intensity of many organic compounds. Caution
has to be used to prevent fluorescence quenching (reduced fluorescence
intensity) when FLD is used. Factors producing quenching include
dissociation of the molecule by the light energy necessary for excitation,
absorbance of emitted light by other molecular species or by the analyte
itself, and dissipation of energy from collisions of molecules.

Selectivity of FLD results from the fact that two wavelengths are used
in the measurement compared to one for ultraviolet/visible (UV/VIS)
detection. Also, structural features necessary for a molecule to fluoresce
are limited in nature, whereas UV/VIS absorbance is common to most
organics. The chromanol ring structure of the tocopherols and tocotrienols
with fluorescence properties of maximal emission at 345nm with excitation
at 210 or 290nm (131) provides a highly selective detection system readily
noted from clean fluorescence chromatograms from complex matrices,
produced with minimal sample cleanup. Most lipids do not fluoresce (127);
therefore, lipids can be injected directly onto silica columns and little
fluorescence interference will be apparent.

Older literature states that tocopheryl esters such as a-tocopheryl acetate
do not fluoresce, thereby limiting the detection of such compounds to UV.

FIGURE 7.9 Reversed-phase liquid chromatography (LC) of synthetic
tocotrienols on octadecanoyl polyvinyl alcohol support column, AsahiPak ODP.
Mobile phase, acetonitriles:water (70:30, v/v). Flow rates: (A) 0.5mL/min; (B)
1mL/min. Detector, fluorescence. 1=cic/cis, 2=cis/trans, 3=trans/cis, 4=trans/
trans. mAbs. (From Ref. 241.)
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However, with the availability of high-intensity excitation sources and new
FLD design, fluorescence of α-tocopheryl acetate is readily measurable.
Reports by Woollard et al. (173) and Baltz et al. (208) were the first to
document the ability to measure α-tocopheryl acetate by fluorescence in the
assay of infant formula. Since these reports, several methods for determination
of α-tocopheryl acetate in fortified foods have been presented (185, 186, 189,
190, 196, 214). In this respect FLD has improved assay of vitamin E levels in
fortified foods since direct solvent extraction can be employed in place of
saponification, allowing biological activity to be more accurately assessed.

Electrochemical detection in combination with HPLC resolution is an
effective analytical approach. A 1985 review by Ueda and Igarashi (224)
indicates that EC is 20 times more sensitive than FLD for the detection of
tocopherols. However, EC is limited to reversed-phase chromatography
because of the need for electrolyte in the mobile phase for electrical
conductance. Electrochemical detection has been used to assay tocopherols
in olive oil (160, 220).

Evaporation light scattering detection has been suggested as a potential
detection mode for vitamin E. However, FLD is at least 10 times more
sensitive than ELSD.(159, 245) Few studies using evaporative light scattering
have been completed because of operational cost and instrument complexity.

7.3.2.3. Internal Standards. Internal standards (IS) for vitamin E analysis are
not frequently used in analytical studies on foods. Most investigators, including
the authors, rely on spiked recoveries to ensure that each tocopherol is
efficiently extracted. As previously discussed (Sec. 7.3.1.1), differences in
polarities of the homologues can cause recovery problems from saponification
digests or from the food matrix by direct solvent extraction when hexane is
used as the extracting solvent. Tocol, used in some studies as an IS, was shown
to be unsuitable for use with saponification because of low recovery in relation
to the tocopherols (225). Ueda and Igarashi (226) then introduced 2,2,5,7,8-
pentamethyl-6-chromanol (PMC) as an IS; however, PMC has not been widely
used. For serum and plasma, δ-T is normally not detectable and can serve as
an IS for either UV- or fluorescence-based methods (136).

7.4. ANALYTICAL APPLICATIONS

7.4.1. Fats, Oils, and Margarine

Several methods for fats and oils are summarized in Table 7.4. Margarine
represents one of the most significant sources of vitamin E in the American
diet, representing more than 6% of the total vitamin E available from the
food supply (246). Margarine represents a relatively simple food matrix
and can be prepared for analysis by a direct solvent extraction of
tocopherols and tocotrienols (present if palm oil is an ingredient) or by
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saponification. The direct solvent extraction developed by Thompson and
Hatina (132) (Sec. 7.3.1.2) is effective for the matrix. Syvoja et al. (156)
simply diluted margarine samples in hexane and allowed solids to settle.
Examples of studies using saponification include Hogarty et al. (192) and
Rader et al. (167). Ye et al. (168) published a simple direct solvent
extraction for margarine based on a modification of Landen’s (169) solvent
extraction procedure. Steps in the extraction follow:

1. Accurately weigh 5.0g margarine or spread into three 125-mL
Erlenmeyer flasks for duplicates and spike recovery.

2. Add 40mL of hexane-BHT solution (0.1% BHT).
3. Sonicate with intermittent mixing until the sample has dissolved.
4. Rinse sides of flask with 10mL hexane-BHT solution and add 3

drops of Tween 80.
5. Add 3g MgSO4 (or more, depending water content of the sample:

1g for each milliliter of water plus 1g extra).
6. Mix; let stand for≥2h.
7. Filter through medium-porosity fritted glass filter using a bell jar

filtration unit.
8. Wash filter with hexane-BHT solution.
9. Transfer filtrate to 100mL volumetric and dilute to volume with

the extraction solution. Further dilutions are most likely necessary
depending on the quality of the FLD.

The HPLC system for the Ye et al. (168) method used a LiChrosorb Si60
column, 0.9% isopropyl alcohol in hexane as the mobile phase, and
fluorescence detection (Exλ=290, Emλ=330). The chromatography was
thoroughly verified and column performance criteria are given in Table
7.11. Recoveries for the tocopherols were higher than 97% and for RSD
(%) values were low (intraday, 0.8–3.5; interday, 1.4–4.1).

7.4.2. Infant Formula and Medical Foods

Because of the significance of infant formula as the sole source of nutrition
to formula-fed infants, many method development efforts have centered on
improving methods to assay the fat-soluble vitamins in these products.
Included in the analytes of interest are the native tocopherols and all-rac-α-
tocopheryl acetate, which is the primary source of vitamin E in the
formulated products. Most of the procedures developed for analysis of infant
formula are multianalyte methods for the simultaneous assay of two or
more fat-soluble vitamins in the formula. Barnett et al. (247) reported a
nonaqueous reversed-phase method for the simultaneous analysis of retinol,
retinyl palmitate, vitamin D2 and D3, α-T, all-rac-α-tocopheryl acetate, and
vitamin K1. The procedure proved applicable to analysis of milk and soy-
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based infant formulas as well as many types of dairy products. The
extraction eliminated saponification to prevent isomerization of D2 and D3

and alkaline destruction of vitamin K1. Lipid removal was through
hydrolysis with lipase from Candida cyclindraccae, and free fatty acids were
removed from the digest by a rapid alkali precipitation. The digest was
then extracted with n-pentane. The n-pentane extract was evaporated to
dryness, redissolved in ethyl ether, and diluted with acetonitrile:ethyl acetate
(1:1). Cholesterol phenylacetate was used as an IS. The lipase digestion
partially hydrolyzed retinyl palmitate and all-rac-α-tocopheryl acetate, so
it was necessary to quantify retinol and α-T along with the ester forms of
these vitamins. Chromatography used gradient elution with methanol:ethyl
acetate (86:14) against acetonitrile, a variable-wavelength UV detector
(retinol, 325nm; retinyl palmitate, 365nm; D2, D3, K, α-T, all-rac-α-
tocopheryl acetate, IS, 265nm), and two Zorbax ODS columns in series.

Several studies on the analysis of infant formula have been conducted at
the Atlanta Center for Nutrient Analysis (ACNA), U.S. Food and Drug
Administration, Atlanta, Georgia. Landen and colleagues developed an
integrated approach to fat-soluble vitamin assay in infant formula that was
amenable to the assay of many fortified foods (169, 170, 248) and included
assay of tocopherols and all-rac-α-tocopheryl acetate. The method was a
nondestructive technique that incorporated a cleanup and concentration step
using high-performance gel permeation chromatography (HP-GPC) to
fractionate the fat-soluble vitamins from lipids before reversed-phase
chromatography. The method also introduced the direct solvent extraction
procedure for fat-soluble vitamins developed by Landen (Sec. 7.3.1.2). The
success of the procedure using nonaqueous reversed-phase chromatography
as the determinative step depended on the development of a lipid extraction

TABLE 7.11 Analytical Figures of Merit for Assay of Vitamin E in Margarine

aRange 13.91–1159ng/mL α-T (n=5), 16.15–1346ng/mL γ-T (n=5), and 16.04–1337ng/mL
δ-T (n=5).
bCalculated as n=16 (t/w)2.
cCalculated at 5% peak height, T=w0 05/2f (Ref. 23).
dα=t2/t1.
eRS=2(t2–t1)/(w1+w2).
α-T, α-tocopherol.
Source: Modified from Ref. 168.
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method that would effectively extract the fat-soluble vitamins and be
amenable to the further determinative step. The relatively simple extraction
has found extensive use in the analysis of natural vitamin E homologues, all-
rac-α-tocopheryl acetate, retinyl palmitate, and retinyl acetate from fortified
foods.

Chase et al. (185, 186, 189–191) at ACNA published several procedures
for the simultaneous analysis of fat-soluble vitamins in infant formula and
medical foods that rely on a modification of the original extraction
procedure developed by Landen (169, 248). The procedures quantitate
tocopherols, all-rac-α-tocopheryl acetate, and retinyl palmitate and use
direct solvent extraction (185, 186) or matrix solid-phase dispersion (189,
190, 191) for simple but effective extraction of the analytes before LC assay.
Rodrigo et al. (215) compared several direct solvent extraction procedures to
prepare extracts suitable for simultaneous assay of α-, ß-, and γ-T and all-
rac-α-tocopheryl acetate in reconstituted, powdered infant formula. The study
indicated that chloroform-methanol extraction (Folch) followed by normal-
phase chromatography was well suited for the assay. Because of the rapidity
of sample handling (2-h assay time), the extraction steps are summarized
here. Excellent analytical parameters were obtained for linearity, precision,
and accuracy through asssay of Standard Reference Material (SRM) 1846,
Powdered Infant Formula.

1. Mix 1mL of reconstituted formula (10% w/w) with 5mL of
chloroform:methanol (2:1 v/v).

2. Mechanically stir for 3min.
3. Allow to stand for 5min.
4. Add 1mL of water.
5. Manually invert two to three times.
6. Centrifuge at 1500×g for 10min at 15°C.
7. Remove chloroform phase and dry under N2.
8. Reconstitute with 1mL of hexane.
9. Filter (0.20µm); dilute; inject.

Other methods for the analysis of vitamin E infant formula are summarized
in Table 7.4.

Various approaches have been used to determine vitamin E levels in
human and bovine milk. Syväoja et al. (171) used the solvent extraction
procedure of Thompson and Hatina (132) followed by determinative
normal-phase chromatography and fluorescence detection. For infant
formula and other infant foods, these authors used saponification for
extraction of the tocopherols. Chappell et al. (174) developed a simultaneous
analysis of tocopherols and retinyl esters in human milk using direct solvent
extraction with hexane and normal-phase chroma-tography on silica.
Zamarreño et al. (177, 182, 183) used lipase hydrolysis and saponification,
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depending on the matrix and whether or not vitamin K1 was included in the
analysis, to assay fat-soluble vitamins in milk and milk powder. Their method
was adapted to an on-line system for the simultaneous analysis of retinol, α-
T, and vitamin D3 from milk and powdered milk. The on-line system linked
saponification, preconcentration, and sample cleanup on C18 (Sep Pak).
Panfilli et al. (181) used the extraction developed by Ueda and Igarashi
(225), which included saponification and extraction of the digest with
hexane:ethyl acetate (9:1) to assay tocopherols, ß-carotene, and cis- and
trans-isomers of retinol in cheese. Gradient elution from Ultrasphere Si was
with 1% isopropanol in hexane and hexane. The detection system included
programmable UV/VIS and fluorescence detectors in series. Absorbance at
450nm was used for the carotenoids and fluorescence for tocopherols
(Exλ=280, Emλ=325) and the retinol isomers (Exλ=325, Emλ=475).

7.4.3. Miscellaneous Foods

7.4.3.1. Cereals. Widicus and Kirk (249) introduced one of the first
simultaneous LC methods for analysis of all-rac-α-tocopheryl acetate and
retinyl palmitate in fortified foods. The method was specific for cereal
products and used direct solvent extraction with methylene chloride and
95% ethanol, and normal-phase chromatography with injection of the
lipid-containing extract onto µPorasil. This work showed the importance
of simultaneous vitamin assays with LC as a labor-and cost-saving
approach to routine vitamin analysis programs.

7.4.3.2. Eggs. Jiang et al. (209) and McGeachin and Bailey (210) showed
the potential of newer, more sensitive diode array detectors for simultaneous
analysis of fortified foods and feeds. These authors quantified α-T, several
carotenoids, and retinol in eggs and fortified feeds. Detection was at 294nm
for α-T, 325nm for retinol, and 445nm for the carotenoids. Peak identities
were verified by comparison to published maxima for carotenoids in hexane.

7.4.3.3. Mayonnaise. Ye et al. (217) published a simplified method for the
analysis of vitamin E and ß-carotene in reduced-fat mayonnaise that is
also applicable to full-fat mayonnaise. Analytes included tocopherols, all-
rac-α-tocopheryl acetate, and ß-carotene. Extraction is a modification of
Landen’s extraction (169) and closely follows the extraction of Lee et al.
(229) with modifications to sample weights and solvent volumes to adjust
for requirements of the sample matrix. The extraction procedure follows:

1. Weigh 3.0-g sample into a 125-mL Erlenmeyer flask.
2. Add 2.0mL of 80°C water.
3. Sonicate for 5min to facilitate dissolution.
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4. Add 5mL of isopropanol and approximately 5g of MgSO4.
5. Mix with a spatula and add 20mL of hexane containing 0.003% BHT

diluted with hexane:ethyl acetate (90:10) (30mL diluted with 470mL).
6. Homogenize for 1min with a Polytron.
7. Rinse generator tip with isopropanol.
8. Filter the extract through a 60-mL coarse-porosity fritted glass filter

into a 125-mL Phillips beaker. Use a vacuum bell jar filtration unit.
9. Break up material on fritted glass filter and wash twice with 5 mL

of hexane (0.003% BHT).
10. Repeat extraction by transferring material on filter to the original

extraction container. Use 5mL isopropanol and 20mL of the hexane
with BHT.

11. Combine filtrates and dilute to 100mL.
12. Evaporate 4mL and dilute with mobile phase.

Parameters of the LC determination follow:

Column LiChrosorb Si60, 5µm, 25cm×4.6mm
Guard column Perisorb A, 30–40µm

Mobile phase 0.27% isopropanol in hexane
Flow gradient 0.9 to 1.5mL/min over 5.3min
Detectors Diode array and fluorescence in series, program

wavelengths for fluorescence
Time 0: Exλ=285, Emλ=310
7min: Exλ=290, Emλ=330

The method provides excellent overall quality parameters as detailed in
Table 7.12. Chromatography (Figure 7.10) shows the ability of coupling
photo diode array detection and fluorescence detection to handle
multianalytes from the same injection.

7.4.3.4. Peanuts, Peanut Products, Other Nuts. In 1999 Lee et al. (213)
presented a method for analysis of tocopherols in peanuts, peanut butter, and
other high-fat nuts. The extraction procedure was discussed in Sec. 7.3.1.2.
As an example of a routine chromatographic procedure for the tocopherols,
column performance criteria are provided in Table 7.13. Chromatography
conditions included a column (LiChrosorb Si60), isopropanol in hexane as
the mobile phase, and fluorescence detection at Exλ=290, Emλ=330.

7.4.4. Multianalyte Procedures

Barua and Olson (211) introduced a multianalyte procedure based on
reversed-phase LC to assay very polar to nonpolar retinoids, carotenoids,
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and tocopherols simultaneously in animal and plant products. Included
in the analysis were 18 analytes given in Table 7.14. Various other analytes
were identified in the course of the study, including 3, 4-didehydroretinyl
ester in human liver, 5,6,5',6'-diepoxy-ß-carotene in mango, and lycopene
in papaya. Because of the utility of this procedure, it is outlined here:

Extraction of animal and plant tissue

1. Finely mince tissue and grind in isopropanol:dichloromethane (2:1).
2. Transfer mixture to a 20-mL vial and increase volume to 10mL with

the extracting solvent.
3. Stopper and vortex the mixture.
4. Layer with argon and store at -20°C overnight.
5. Vortex; return to freezer.
6. On the third day, vortex, centrifuge or filter, and evaporate

supernantant to dryness.
7. Redissolve residue in 200µL of the isopropanol: dichloromethane

solvent.
8. Inject 20–40µL.

TABLE 7.12 Analytical Figures of Merit for the Chromatography of α-, γ-, and δ-
Tocopherol, α-Tocopherol Acetate, and ß-Carotene in Mayonnaise

aRange 6.17–154.3, 3.14–78.57, 8.28–206.9, 12.38–309.4, and 0.11–12.88ng/injection for
α-TAC, α-T, γ-T, δ-T, and ß-carotene (n=5), respectively.
bCalculated as N=16 (t/w)2.
cCalculated at 5% peak height, T=w0.05/2f (USP 23, 1995).
dRSD% of 5 replicate injections at 30.85, 15.7, 41.4, 61.9, and 1.09ng/injection for α-TAC,
α-T, γ-T, δ-T, and ß-carotene, respectively. RSD%,.
eRS=2(t2–t1)/(w1+w2).
α-T, α-tocopherol; α-TAC, α-tocopherol acetate.
Source: Modified from Ref. 217.
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HPLC parameters

Column Microsorb-MV, 3µm
 10cm×4.6mm Preceded by a C18 guard column
Mobile phase Solvent A: methanol:water (3:1) containing

10mM ammonium acetate
 Solvent B: methanol:dichloromethane (4:1)
Gradient 100% A to 100% B over 15–20min, isocratic with

solvent B for 15–20min
 Reverse gradient to initial conditions over 5min
 Equilibrate column with solvent A for 10min
Detection Photodiode array
 Retinoids 330mm
 Tocopherols 290mm
 Carotenoids 445mm
Elution (see Figure 7.11) 

FIGURE 7.10 Chromatogram of mayonnaise extract. LiChrosorb Si60 (5µm,
4.6×250mm). Mobile phase: 0.27% isopropanol in hexane with a gradient flow.
Detection: tocopherols (fluorescence Exλ=290, Emλ=330) α-tocopherol acetate
(fluorescence Exλ=285, Emλ=310); ß-carotene, 450nm. α-T, α-tocopherol; α-
TAC, α-tocopherol acetate. (From Ref. 217.)
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Advantages of the method are its ability to resolve very polar to
nonpolar classes of compounds. The PDA detector permitted detection of
the compounds from one injection. Use of the ammonium acetate in the
mobile phase reduced tailing of carboxyl (very polar) compounds such as
retinoic acid without salt precipitation in the mobile phase, which can be
problematic in reversed-phase systems. Column regeneration was easy
because of the elution of different-polarity substances during the
chromatographic run. The authors state that the procedure is a
compromise of published procedures specific for single classes of
compounds with similar polarities; however, its overall usefulness to
vitamin analysts is readily apparent as an advancement because of the
coupling of PDA and LC capabilities.

Ye et al. developed methods to assay tocopherols, all-rac-α-tocopheryl
acetate, retinyl palmitate, and ß-carotene in fortified foods and
mayonnaise.(214, 217) Again, as seen with Barua and Olson’s work (211),
coupling of PDA with excellent chromatographic resolution greatly simplifies

TABLE 7.13 Precision and Accuracy of the Assay of Tocopherols in Peanut Butter

aAccuracy is a measure of the closeness of the analytical result to the true value evaluated by
analyzing a spiked sample.
bRepeatability refers to the results of independent determinations carried out on a sample by
analyzing five replicates of the sample on the same day.
cReproducibility refers to the results of independent determinations carried out on a sample
by analyzing five replicates of the sample at different periods.
dn=5. eStandard deviation. fCoefficient of variation.
α-T, α-tocopherol.
Source: Modified from Ref. 213.
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simultaneous analysis of several fat-soluble vitamins. The procedure for
mayonnaise (217) used gradient flow and fluorescence detection and PDA
detection. Figure 7.12 shows resolution of six analytes from a fortified
margarine. The method was successfully applied to products containing
encapsulated or nonencapsulated vitamins (214).

7.5. PREPARATIVE PROCEDURES FOR
THE TOCOPHEROLS AND TOCOTRIENOLS

The great interest in vitamin E from a clinical perspective and from a
functional perspective in food processing because of its antioxidant
properties increased the need for pure standards in relatively large
quantities to support feeding or processing trials. Pure standards,
particularly for the tocotrienols, are expensive and have limited
availability. For these reasons, preparative methods have been published.
Such methods published before the 1970s used thin-layer or open-column
chromatography to isolate the natural vitamin E homologues. More recent

TABLE 7.14 Retention Times (tr) of Selected
Retinoids, Carotenoids, and Tocopherolsa

aHigh-performance liquid chromatography was carried
out on a Rainin 3-µm Microsorb-MV column
(100×4.6mm) by use of PDA 991 system and a linear
gradient of methanol-water (75:25, v/v) containing
10mM ammonium acetate) to methanol-
dichloromethane (4:1, v/v) in 15min, followed by isocratic
elution with the later solvent mixture for an additional
15min at a flow rate of 0.8mL/min.
Source: Modified from Ref. 211.

Copyright © 2004 by Marcel Dekker, Inc.



Chapter 7384

FIGURE 7.11 Reversed-phase high-performance liquid chromatography (HPLC)
elution profiles of tocopherols (A), retinoids (B), and carotenoids (C) present in
human plasma (200µL). Blood was collected 3h after an oral dose of retinoic
acid. The chromatogram was obtained by use of the PDA 996 System and a
gradient time of 20min. Peak identification: 2,4-oxo-retinoic acid; 4, retinoyl ß-
glucuronide; 7, retinoic acid; 8, retinol; 9, retinyl acetate; 15, butylated
hydroxytoluene (BHT); 16, γ-tocopherol; 17, α-tocopherol; 18, free bilirubin;
19, lutein; 20, zeaxanthin; 21, 2’3’-anhydrolutein; 22, ß-cryptoxanthin; 23,
lycopene; 24, α-carotene; 25, ß-carotene. α-T, α-tocopherol; α-TAC, α-
tocopherol acetate. (From Ref. 211.)
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preparative methods have used flash chromatography, preparatory HPLC
(Prep-LC), or combinations of these methods to concentrate and partially
purify the vitamin E compounds.

Flash chromatography was first proposed by Still et al. (250) as a simple
absorption chromatography technique for the routine purification of organic
compounds traditionally carried out by tedious long-column
chromatography. The technique was described by Still et al. (250) as a hybrid
of medium-pressure and short-column chromatography using gas pressure
for rapid solvent flow through the column. Although resolution capability
is moderate, the system is simple and inexpensive. Samples from 0.01 to
10g can be fractionated in 10 to 15min depending on column size and the
solvent system.

Pearce et al. (251) isolated α-T, α-T3, γ-T3, and δ-T3 from a tocotrienol-
rich fraction (TRF) of palm oil using flash chromatography. The

FIGURE 7.12 Chromatogram of margarine extract. LiChrosorb Si60 (5µm,
4.6×250mm). Mobile phase: 0.5% isopropanol in hexane with a gradient flow.
Detection: tocopherols (fluorescence Exλ=290, Emλ=330); α-tocopheryl acetate
(fluorescence Exλ=285, Emλ=310), retinyl palmitate (fluorescence Exλ=325,
Emλ=470); ß-carotene, 450nm. α-T, α-tocopherol; α-TAC, α-tocopherol acetate.
(From Ref. 214.)
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chromatography system included a 60-by-90-mm column of 230–400 mesh
silica gel and gradient elution from 40:1 to 30:1 hexane:ethyl ether. Nine
major fractions were recovered from the TRF, and α-T, α-T3, γ-T3, and δ-
T3 were >90% pure by the one pass. In order to purify larger quantities of
the homologues, the TRF was silylated under conditions that preferentially
silylated δ-T3 followed by γ-T3. These homologues were isolated by flash
chromatography as a colorless oil after ether extraction from water. The
free phenolic forms were regenerated from the silylated forms by treatment
of the silyl ethers with tetra-n-butylammonium fluoride.

Bruns et al. (252) were the first to apply Prep-LC to the purification of
natural tocopherol from vegetable oil. The starting material for injection
onto the preparative column was a 70% (w/w) tocopherol concentrate
that was 60% RRR-γ-T. Chromatography used a chromatograph (Merck
Prepbar 100) with a 40-by-10-cm column (LiChroprep Si60) with 3% t-
butylmethyl ether in hexane as the mobile phase (flow rate=450mL/min).
Fifty milliliters, representing 15g of the tocopherol concentrate, was
injected. A chromatogram showing fraction cuts to obtain γ-T at >95%
purity is shown in Figure 7.13. Up to 4g of RRR-γ-T could be obtained per
injection. Other tocopherols were not purified to the extent of γ-T, but the

FIGURE 7.13 Preparative chromatogram with time marks for the cuts of the
various tocopherol fractions. (From Ref. 252.)
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procedure could have easily produced purified α- and δ-T with repeated
injections.

Shin and Godber (253) purified α-, ß-, γ-, and δ-T from a mixture of
soybean oil and wheat germ and α-, ß-, γ-, and δ-T3 from a mixture of
wheat bran and rubber latex with a semiprep LC procedure.
Preconcentration of the toco-pherol and tocotrienols from wheat bran oil
and wheat germ incorporated a saponification step to remove saponfiables.
Before injection, the crude nonsaponifiable fraction was dissolved in
methanol and allowed to stand overnight at -20°C to crystallize waxes and
sterols. Saponification was also used to concentrate the tocotrienols from
latex oil and tocopherols from soybean oil. The semiprep LC system
included pumps, (Waters M-45 and 510), a gradient controller (Waters
680), a fluorescence detector (Waters 470), and a 25-by-10-cm (10-µm)
silica column (Alltech Econosil). Gradient elution was 0–15% THF in
hexane at a flow rate of 8–9mL/min. The eight vitamin E homologues were
isolated to >99% purity with recoveries ranging from 54–83%.
Identification of the purified vitamin E homologues was confirmed by mass
spectrometry.

Feng (254) coupled short path distillation, flash chromatography, and
Prep-LC to purify α-T and α-T3 and γ-T and γ-T3 from palm oil distillate.
Summaries of the various procedures follow:

Short path distillation

Equipment
Unit: KDL-4 single-unit glass distillation unit (UIC, Joliet, IL).

Procedure
1. Place 100–200g of distillate into the sample feed vessel.
2. Distill fatty acid fraction at 168°C, 1torr.
3. Distill vitamin E fraction at 220°C, 0.1torr.
4. Redistill vitamin E fraction.

Same priority as short path distillation
1. Saponify 2g of the vitamin E short path distillation fraction and extract

the digest with 30mL of 5% ethyl acetate in hexane.
2. Apply the entire extract to the flash chromatography column.
3. Chromatography

 a. Column: 46-by-2.0-cm glass equipped with a flow controller with
needle valve and nitrogen tank.

 b. Column packing
(1) 1/8-in Layer of sea sand
(2) Glass wool packing
(3) 6-in Layer of dry silica gel
(4) 1/8-in Layer of sea sand

Elution (see Table 7.15)
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Solvent system I: Vitamin E homologues were eluted with
hexane:diethyl ether in ratios of 40:1 (A), 30:1 (B), and 30:4 (C). Fifty- to
250-milliliter fractions were eluted to obtain good resolution. Five vitamin
E fractions, containing α-T, α-T+α-T3, α-T3, γ-T3, and δ-T3, were
obtained. Single homologs were approximately 90% pure.

Solvent system II: A 550-mL gradient was run in 50-mL fractions
progressing from 40:1 to 30:1 hexane:diethyl ether. After the gradient,
300mL of 30:5 hexane:diethyl ether and 200mL of 30:6 hexane:diethyl
ether were passed through the column in 50-mL increments. In the gradient
stage, the final two 50-mL fractions contained α-T. The fractions eluted
with 30:5 solvent contained α-T, α-T3, and γ-T3. The fraction eluted with
30:6 hexane:diethyl ether contained primarily δ-T3. All fractions were
evaporated under vacuum and stored under nitrogen.

Preparative chromatography
 Apparatus
  Waters Delta Prep 4000
  Waters 486 UV/VIS detector
  Waters 746 Data Module

TABLE 7.15 Parameters for Gradient Elution of Tocopherols and Tocotrienols
with Various Solvent Systems

aA, 40:1; B, 30:1; C, 30:4 of hexane:diethyl ether (v/v). α-T, α-tocopherol; α-T3, α-
tocotrienol.
Source: Modified from Ref. 254.
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At the outlet of the detector, a three-way valve flow adapter was
connected to control the direction of the eluate flow from the detector. Two
25-by-100-mm (10-µm) µPorasil cartridge columns were used in series.

Mobile phase: isopropanol in hexane gradient (see Table 7.16)
 A: 0.25% isopropanol in hexane
 B: 0.1% isopropanol in hexane
 C: 1% isopropanol in hexane

For resolution of α-T and α-T3 the injection had to be less than 50mg
total tocopherols and tocotrienols. A representative chromatogram is
shown in Figure 7.14. Feng’s procedure (254) provided purity greater than
99% for the four homologues. Structural identity was confirmed by direct
mass spectroscopy.

7.6. ADDITIONAL ANALYTICAL APPROACHES TO VITAMIN E
AND OTHER FAT-SOLUBLE VITAMINS

7.6.1. Resolution of Stereoisomers of all-rac-ααααα-Tocopherol

Methods to resolve the eight stereoisomers of all-rac-α-T have been developed
to facilitate the study of absorption, transport, and distribution of the
stereoisomers in mammals. Vecchi and associates (255) separated the
stereosiomers into four stereoisomer pairs (RSR+RSS, RRR+RRS, SSS+SSR,
and SRS+SRR) by chiral LC. The chiral pairs were derivatized to α-T-methyl
ethers and resolved by capillary GC. The method was later simplified through
use of a commercially available chiral LC column and omission of an
acetylation step early in the assay procedure (256). The refined method utilizes

TABLE 7.16 Mobile-Phase Gradient Program in Prep-LC for Isolation of
Tocotrienols

a0.25% Isopropanol in hexane.
b0.1% Isopropanol in hexane.
c1% Isopropanol in hexane.
Source: Modified from Ref. 254.
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semipreparative LC to purify and concentrate extracts before conversion of
the α-T stereoisomers to the methyl ethers. The α-T methyl ether
stereoisomers were resolved by chiral LC on a chiral column (Spherisorb S3-
W) into five peaks with the 2S isomers eluting as a single peak. The 2R
isomers were resolved into four homogeneous peaks. Capillary GC then
resolved the 2S isomers. Procedural steps for the method include the following:

1. Extract α-T from tissue or plasma with SDS and methanol
containing 0.01% BHT. Centrifuge the extract.

2. Wash the supernatant with n-heptane and centrifuge.
3. Dry the n-heptane fractions with sodium sulfate and evaporate

under nitrogen.
4. Dissolve the residue in methanol:THF (1:1 v/v).
5. Purify and concentrate the extract by semipreparative HPLC on a

Radial-Pak C18, 10-µm, 0.8-by-10-cm column with methanol as
the mobile phase.

6. Collect the α-T peaks and evaporate under nitrogen.

FIGURE 7.14 Preparative chromatogram of tocopherols and tocotrienols. α-T, α-
tocopherol; α-T3, α-tocotrienol. (From Ref. 254.)
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7. Derivatize the purified α-T to α-T methyl ether.
8. Resolve the derivatized stereoisomers by chiral phase HPLC on a

column (Sperisorb S3-W), 0.4×25cm, with a mobile phase of hexane
containing 0.5% methyl tert-butyl ether. This separation resolves
2R isomers with a single peak containing the 2S isomers.

9. Resolve the 2S isomers by GC on a 100-m silanized glass column
×0.3mm i.d.

Ueda et al. and Kiyose et al. (257, 258) developed a chiral LC method that
resolves the eight stereoisomers into four peaks (2R isomers, SSS+SSR,
SRR, and SRS). The overall procedure included acetylation and LC on
Chiralpak (OP) (+) with methanol:water (96:4, v/v) as the mobile phase.
Procedural steps include the following:

1. Saponify tissue, plasma, or red blood cells in ethanolic KOH at
70°C for 30min.

2. Extract the saponification mixture with 10% ethyl acetate in hexane.
3. Collect and evaporate the hexane layer under nitrogen.
4. Acetylate the residue with dry pyridine and acetic anhydride.
5. Extract the acetylated residue with hexane; evaporate the hexane

under nitrogen.
6. Dissolve the residue in methanol:water (96:4, v/v).
7. Chromatograph the all-rac-α-tocopheryl acetate esters on a

Chiralpak (OP) (+), 4.6×250mm, with methanol: water (96:4) as
the mobile phase. This resolves the esters into a single peak
containing the 2R isomers and three peaks containing the 2S
isomers (SSS+SSR, SSR, and SRS).

7.6.2. Electrophoretic Methods

Capillary electrophoresis (CE) applied as capillary zone electrophoresis
(CZE) or micellar electrokinetic capillary chromatography (MEKC) is an
established method to quantify vitamins in pharmaceutical products (259).
Unfortunately, the methods are of limited value for food analysis. Trenerry
(259) stated that CE is faster, more efficient, and cost-effective compared
to more traditional methods but lacks the sensitivity of LC. Other problems
associated with food analysis by CE include incompatibility of sample
extracts with buffers used in CE and column fouling by macromolecular
components in the food extract (259). Normally MEKC is used to separate
neutral molecules on the basis of partitioning between an aqueous
electrolyte and a pseudostationary phase of charged micelles (260).
Although MEKC is more amenable to fat-soluble vitamin analysis than
CZE, hydrophobic characteristic of the fat-soluble vitamins cause strong
interactions with the micelles, resulting in increased resolution times (259).
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Pedersen-Bjergaard et al. (260) noted that most hydrophobic vitamins
including retinyl palmitate can precipitate during electrophoresis because
of poor solubility in aqueous MEKC buffers. Applications of MEKC to
the electrophoretic resolution of fat-soluble vitamins include studies on
retinyl palmitate and various vitamin A metabolites (261–265), vitamin E
(α-T) (261, 263, 266–268), and vitamins D2 and D3 (268). Such work has
mainly been limited to high-concentration pharmaceuticals or standards.

In order to overcome deficiencies of MEKC with hydrophobic analytes,
microemulsion electrokinetic chromatography (MEEKC) was
developed.(260, 269) This CE technique partitions solutes with moving oil
droplets in a microemulsion buffer and by electrophoretic mobility.
Solubilization of the fat-soluble vitamins is significantly improved with the
microemulsion in the buffer (260). Pedersen-Bjergaard et al. (260) applied
MEEKC to resolution of retinyl palmitate, all-rac-α-tocopheryl acetate, and
vitamin D3 and quantification of vitamin E from vitamin tablets.

Electrokinetic chromatography (EKC) with tetradecylammonium ions
(TDA+) as the pseudostationary phase is useful for resolution of retinyl
palmitate, all-rac-α-tocopheryl acetate, and vitamin D3 (270–271), and of
vitamin K1 from methylparaben and propylparaben in pharmaceuticals
(272). Acetonitrile in the separation medium keeps the fat-soluble vitamins
soluble, and the TDA+ ions serve as the pseudostationary phase. The method
was quantitative for all-rac-α-tocopheryl acetate in vitamin tablets (271).

Capillary electrochromatography (CEC) combines chromatographic
separation provided by LC supports and the high efficiency of CZE. The
technique has been successfully used to quantify tocopherols and
tocotrienols in vegetable oil (273) and tocopherols in human serum (274).
Abidi and Rennick (273) compared CEC on C8, C18, and phenyl reversed-
phase supports with various mobile phases. Optimal resolution was on C8

with acetonitrile:-methanol (64:36), 25mM Tris (hydroxymethyl) amino
methane, pH 8.0 (95:5) as the mobile phase. Separation voltage and
column temperature were maintained at 25kV and 30°C. Baseline
separation of tocopherols and tocotrienols was in the order normally
observed on reversed-phase LC. The authors noted that optimization of
the CEC conditions provided a fast and sensitive analytical method for
analysis of vitamin E in edible oils as an alternative to LC.

7.6.3. Gas Chromatography/Mass Spectrometry

Availability of stable isotopes of RRR- and all-rac-α-tocopherol and their
esters, ß-carotene, retinol, and vitamin K1 (phylloquinone) has greatly
expanded knowledge of the absorption, deposition, and metabolism of these
fat-soluble vitamins in humans. Specific gas chromatography/mass
spectrometry (GC/MS) techniques were developed to study ß-carotene
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conversion to retinol (275–278), absorption and deposition of RRR- and all-
rac-α-T (279–281), quantification of α-T and major oxidation products (282,
283), and uptake and metabolism of vitamin K1 (284, 285). Each of these
methods involves careful concentration, and in most cases, purification of the
analytes before derivatization to their trimethylsilyl derivatives and GC/MS
analysis of vitamin K1 have been accomplished without derivatization (285).
Melchert and Pabel (286) showed in 2000 that GC/MS could be used as an
alternative method to LC for quantification of α-, ß-, γ-, and δ-T in serum.
This procedure was based on a simple extraction of serum using SPE (Extrelut)
and chromatography on silica gel before trimethylsilyl derivative formation.

7.6.4. Liquid Chromatography/Mass Spectrometry

Interfacing of liquid chromatography (LC) and mass spectrometry (MS)
produced a powerful analytical tool for quantification and structural
confirmation of the fat-soluble vitamins. Usually GC/MS cannot be used
for analysis of carotenoids because of their instability at temperatures
necessary for GC/MS. van Breemen (287) traced the evolution of LC/MS
to carotenoid analysis, showing technological advances in methodology
with improvement in analysis results. In general chronological order,
particle beam (288–289) fast atom bombardment (290–292), electrospray
ionization (293–294), and atmospheric pressure chemical ioniz-ation (295–
298) have been successfully applied. Development of electrospray and
atmospheric chemical ionization techniques substantially improved the
ability of LC/MS to quantify analyte levels present in LC eluents of extracts
of biological samples. Solvent removal and ionization take place at
atmospheric pressure, and solvent splitting is not required (287). Coupling
LC/MS with the resolution power of the C30 reversed-phase column for
carotenoids greatly increased ability to resolve and unambiguously identify
components of complex carotenoid mixtures encountered in nature.

Application of LC/MS to analysis of vitamin E has been achieved with
particle beam (289), electrospray (294), coordination ion spray (299), and,
more recently, liquid chromatography-tandem mass spectrometry (LC-MS/
MS) (300–302). Rentel et al. (294) increased sensitivity of MS for
tocopherols and carotenoids by addition of silver ions to the LC eluant to
form Ag+-tocopherol and Ag+-carotenoid adducts that facilitated ionization.
The technique was called coordination ion spray (294, 299). Rentel et al.
(294) resolved the fat-soluble vitamins on a C30 stationary phase (Sec. 7.6.6)
to facilitate identification further. Deuterated and unlabeled α-T and
deuterated tocopherolquinone were quantified by LC-MS/MS (300–302).
The technique uses selective multiple reaction monitoring, which is a tandem
mass spectrometric method designed to measure parent/product ions.
Lauridsen et al. (300) successfully applied LC-MS/MS to follow uptake and
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retention of deuterated RRR-α-T and deuterated all-rac-α-T in human
serum after oral doses of the deuterated tocopheryl acetates. The LC-MS/
MS procedures are more sensitive and faster than GC/MS methods available
for vitamin E. Derivatization, necessary for GC/MS analysis, is not required.

7.6.5. Supercritical Fluid Chromatography

Instrumentation for application of supercritical fluid chromatography
(SFC) to resolution of analytes in complex extracts of biological samples
became available in the early 1980s. As a separation science SFC was
reviewed in depth by Anton and Berger (303). Specific applications to
nonsaponifiable lipids from biological samples were reviewed by Lesellier
(304). Some of the earliest and successful applications of SFC dealt with
resolution of tocopherols and carotenoids. Snyder, Taylor, and King’s
research group at the National Center for Agricultural Utilization, USDA,
showed that SFC or SFC/MS systems provided excellent quantification
procedures for tocopherols in complex lipid mixtures (305). Other work
combined supercritical fluid extraction (SFE) with preparative SFC to
produce tocopherol concentrates from soybean flakes (306).
Triacylglycerols and tocopherols were characterized in milk fat, fish oil,
sea buckthorn, and cloudberry seed oil by SFC (307). Supercritical fluid
extraction was used to extract tocopherols from olive by-products (308),
olive leaves (309), and malt sprouts (310). Resolution of eight fat-soluble
vitamins including α-T and all-rac-α-tocopheryl acetate was achieved on
pure silica coated with Carbowax, 20M (311).

Shen et al. (312) resolved a mixture of α-T, all-trans-retinol, vitamins K1

and K2, and vitamins D2 and D3 on liquid crystal polysiloxane-coated
particles with supercritical CO2. Ibánez and coworkers (313) coupled SFE
and SFC and resolved the specified fat-soluble vitamins and all-rac-α-
tocopheryl acetate and all-trans-retinyl acetate on two micropacked columns
in series packed with SE-54 and carbowax 20M, respectively. This system
was used to resolve tocopherol standards from a mixture of n-alkanes (314).
Tocopherols and all-trans-retinyl palmitate were quantified from vitamin
A-fortified vegetable oils using SFC with a column packed with C18 (315).

Supercritical fluid chromatography is highly effective for the study of
complex mixtures of carotenoids. Early studies successfully resolved cis- and
trans-isomers of α- and ß-carotene (316–320). Lesellier et al. (321) reviewed
SFC separation science of the carotenoids through 1991. More recent research
defined the retention behavior of ß-carotene on polar and nonpolar stationary
phases (322) and the resolution of ß-carotene and lycopene (323). Lesellier et
al. (324) improved the resolution of cis- and trans- isomers of ß-carotene by
coupling columns packed with various C18 stationary phases. Optimal
resolution was obtained with a four-column system consisting of three columns
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(UBS225) connected to a column (Hypersil ODS). The SFC parameters were
CO2:-acetonitrile:methanol (94:5.6:0.4, v/v/v), 45°C, flow rate of 3.0mL/min,
outlet pressure of 10MPa with detection at 450nm. The SFC resolved 10
peaks from a highly isomerized ß-carotene solution. all-trans-, 9-cis-, 13-cis-,
15-cis-, ß-Carotene, and 9-9'-di-cis ß-carotene were identifiable. Five
additional isomers were resolved but not identified.

7.6.6. Liquid Chromatography on Polymeric C30

In 1994, a new dimension was added to the resolution of fat-soluble
vitamins by reversed-phase chromatography. Sanders et al. (325) developed
a polymeric stationary phase to provide high absolute retention, enhanced
shape recognition, and moderate silanol activity to aid in resolution of
complex mixtures of carotenoid isomers. The polymeric support was
quickly accepted by the scientific community, and through 1999 more than
50 publications reported the application of the C30 support to various
separations involving biological samples (326). An early application resolved
39 carotenoids from orange juice (327). Since initial success with carotenoid
analysis, LC on the C30 has been highly successful with other fat-soluble
vitamins including vitamin E and vitamin K. Specific applications to
resolution of tocopherols and tocotrienols include research by Danko et al.
(328) demonstrating the simultaneous resolution of 13 carotenoids and five
tocopherols and tocotrienols from red palm oil. Earlier, the separation of γ-
and ß-T was demonstrated on the C30 support, a demonstration that usually
is not possible on commonly used C18 stationary phases (329). Use of the
C30 stationary phase increases the power of LC/MS for identification and
quantification of tocopherols and carotenoids (294).

Routine use of the C30 support is increasing. A major advantage is the
ability to resolve ß- and γ-T under reversed-phase conditions. As shown in
Figure 7.15, excellent resolution of the positional isomers is obtainable
(330). Undoubtedly, development of the C30 stationary phase was a major
advance in LC analysis of the fat-soluble vitamins.

7.7. REGULATORY AND COMPENDIUM METHODS

As shown in Table 7.2, methods for the analysis of tocopherols and
tocotrienols matured rapidly from their beginnings in the 1930s as colorimetric
and early chromatographic procedures were largely replaced in the 1960s by
GC. In the next 15 years, many collaborated GC-based procedures were put
into regulatory handbooks, such as the AOAC International Official Methods
of Analysis (331), for routine use in situations requiring validated
methodology. These methods, along with colorimetric and other assay
methods, are still considered valid methods and maintain their proper place in
accepted regulatory handbooks and method compendiums. Such methods
that are available internationally are summarized in Table 7.17.

Copyright © 2004 by Marcel Dekker, Inc.



Chapter 7396

AOAC International methods include AOAC Official Method 971.30
(45.1.24) “alpha Tocopherol and alpha Tocopheryl Acetate in Foods and Feeds”
and AOAC Official Method 948.26 (45.1.26) “alpha-Tocopherol Acetate
(supplemental) in Foods and Feeds.” In both methods, the products are
saponified and α-T is quantified after thin-layer chromatography (971.30)
or after open-column chromatography (948.26) colorimetrically with
bathophenanthroline solution. When the isomeric form of α-tocopheryl
acetate is unknown, AOAC Method 975.43 (45.1.25) “Identification of
RRR- or all-rac-alpha-Tocopherol in Drugs” can be used to determine the
isomeric form of the added α-tocopheryl acetate by polarimetry. The optical
rotation of the ferricyanide oxidation product of α-T is measured after
saponification of the product. Optical rotation is negligible for all-rac-α-T
and positive for RRR-α-T. This procedure, after identification of the
isomeric form of the supplemental α-tocopheryl acetate, allows correct
calculation of the biological activity in IUs or α-TE units. Method 975.43
can be used only on concentrated extracts containing ≥200mg α-T/g before
the ferricyanide oxidation step. The procedures described are cumbersome
and subject to analytical error because of their complexity (136).

AOAC International offers straightforward GC procedures for mixed
tocopherols in concentrates, α-tocopheryl acetate in supplements and
concentrates, and tocopherols in drugs. These methods are AOAC Official
Method 988.14 (45.1.27) “Tocopherol Isomers in Mixed Tocopherols

FIGURE 7.15 Separation of tocopherols and carotenoids from a nutrition drink.
1=δ-T, 2=γ-T, 3=ß-T, 4=13-cis-ß-carotene, 5=all-trans-α-carotene, 6=all-trans-ß-
carotene, 7=9-cis-ß-carotene. δ-T, δ-tocopherol. (From Ref. 330.)
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GC, gas chromatography; HPLC, high-performance liquid chromatography; LC, liquid chromatography; NLT, no less than; NMT, no more than.
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Concentrate,” AOAC Official Method 989.09 (45.1.28) “α-Tocopheryl
Acetate in Supplemental Vitamin E Concentrates,” and AOAC Official Method
969.40 (45.1.29) “Vitamin E in Drugs.” Desai and Machlin (130) give a
thorough procedural guide to Method 969.40. They stress that the method
is limited to pharmaceutical products without interfering material. The
method resolves RRR- and all-rac-α-tocopherols and the acetate and
succinate esters. Either internal or external standard methodology can be
used.

AOAC International (331) provides one HPLC-based procedure for the
assay of vitamin E activity in milk-based infant formula, AOAC Official
Method 992.03 (50.1.04) “Vitamin E Activity (all-rac-α-tocopherol) in
Milk-Based Infant Formula.” The method, collaborated in 1993 (179),
utilizes saponification and chromatography on silica with
hexane:isopropanol (99.92:0.08) with UV detection at 280nm.
Collaboration of AOAC Method 992.03 was recommended for use with
other matrices by the AOAC Task Force on Methods for Nutrition Labeling
(332). However, such studies have not been completed. We note that the use
of fluorescence detection and better instructions to prevent vitamin E
decomposition during saponification would improve the method and help
novice analysts not well versed in controlling saponification parameters.

The International Union of Pure and Applied Chemistry (IUPAC) and
the American Oil Chemists’ Society (AOCS) provide detailed HPLC
procedures for vitamin E assay of oils and fats (141, 333). The AOCS
handbook also provides a capillary GC procedure for total tocopherol
analysis of deodorizer distillate (Method Ce 7–87) (140, 141). Parameters
of the IUPAC and AOCS methods for vitamin E in fats and oils are the
same; the AOCS method originated in the IUPAC standard method. Details
of the procedure include the following:

Apparatus
 HPLC equipped with a fluorescence detector
  UV spectrometer
  Rotary evaporator
Reagents
 α-, ß-, α, and α-T standards
 Methanol
 Dichloromethane
 Hexane
 Isopropanol
Chromatography
 Column: 25cm×4.6mm
 Stationary phase: microparticulate silica, 5µm
 Mobile phase: isopropanol in hexane (0.5:99.5)
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 Column temperature: ambient
 Flow: 1mL/min (0.7–1.5mL/min)
 Injection: 20µL
 Detection: Fluorescence, Exλ=290
  Emλ=330 or UV at 292nm (not preferred)
 Calculation: external standard, peak area

These method guides are easy to follow and include discussions of
procedural steps in enough detail to lead one not well versed in vitamin E
assay by HPLC to a successful analysis of fats and oils without trouble.
Therefore, anyone beginning vitamin E assay of foods or any other sample
matrix should obtain the procedures from AOCS or the cited IUPAC
reference.
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8
Food Composition—Vitamin E

8.1. INTRODUCTION

Over the past two decades, general interest in the vitamin E content of the
human diet dramatically increased as knowledge of the interrelationships
of vitamin E to the cure and/or prevention of chronic diseases developed.
As is the case for many other nutrients and food components that are
gaining increased interest among consumers, reliable data on food
composition and guides to intake are fragmented in the scientific literature
or largely undeveloped. This is certainly the present situation for vitamin
E. Although substantial data are available, they are spread throughout
the scientific literature. Our goal in this chapter is to provide an organized
guide to the vitamin E content of food based on reliable data obtained
with gas and liquid chromatographic methods that are currently
acceptable for the analysis and reporting of vitamin E levels in the food
supply.

8.2. FOOD COMPOSITION DATABASES AND VITAMIN E

Availability and access to food composition information are improving
with the development and/or expansion of food composition databases
provided by governmental and international agencies involved with the
dissemination of nutrition information to the public. Currently, more than
150 food composition or nutrient databases are in existence (1). These
databases widely vary in the foods represented, methods of presentation,
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format, currentness, nutrients included, units used, and general worth. The
International Network of Food Data Systems (INFOODS) (2) under the
auspices of the Food and Agriculture Organization has the goal of
harmonizing international procedures for better interchange and
comparability of nutrient data (3). Additionally, guidelines are provided
on organization and content of food composition data-bases, food
descriptions and classifications, analytical methods, units, and nutrient
terminology. INFOODS tagnames (4,5) provide harmonization in
nomenclature of foods and nutrients. The tagnames are significant to
global harmonization of nutrient data and define the units on a nutrient
data-base. This advance is particularly important for exchange of data on
an inter-national basis (6). INFOODS (2) provides a complete guide to
available food composition tables on its website (http://www.fao.org/
infoods/index-em.stm). The following are brief descriptions of significant
food composition sources together with a discussion of their treatment of
vitamin E data.

8.2.1. National Nutrient Databases

1. United States—The USDA’s Composition of Foods: Raw, Processed
Prepared, Agricultural Handbook, 8-1–8-21, with additional
supplements. [7–31] The USDA handbook represents the most
comprehensive nutrient database available. All data in the printed version
have been converted to electronic data files available over the World Wide
Web, http://www.nal.usda.gov/fnic/foodcomp (32). The latest version,
USDA Nutrient Database for Standard Reference, Release 16 (32),
represents more than three decades of efforts to upgrade the availability
and reliability of compositional information pertinent to the United States
consumer’s diet. It is available at no cost on the Internet, providing
compositional information on 6661 food items. Up to 125 components
are covered for each food. Vitamin E values are provided for 3567 food
items. Data files are rapidly revised as new compositional information
becomes available. Emphasis has been placed on improving available
information on vitamin E through contract analysis supported by the
USDA Nutrient Data Laboratory. References for the data are not
provided, but, on request, original sources of the analytical values can be
obtained. The vitamin E values were given as milligram α-tocopherol
equivalents (mg α-TEs) calculated from the following accepted conversion
factors (see Chapter 2) through Release 15 (33–35):

α-Tocopherol (α-T) concentrations and levels of other tocopherols and
tocotrienols are provided when available. Beginning with Release 16, the
USDA Nutrient Database for Standard Reference reports only α-T values
and mg α-TE are no longer used. This change reflects the recommendation
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of the Institute of Medicine Dietary Reference Intake (DRI) report [36] that
recommended intakes of vitamin E for the human be based only on 2R-
stereoisomeric forms of α-T (see Chapter 2). It is assumed that quantitative
data for all tocopherols and tocotrienols will be reported when reliable
data are available.

2. United Kingdom—McCance and Widdowson’s The Composition of
Foods, 6th Edition (37), and its supplements form the basis of the UK
Nutrient Database (http://www.rsc.org/is/database/nutsabou.htm) (38).
The database is accessible through licensing agreements with the copyright
office of Her Majesty’s Stationery Office (HMSO). McCance and
Widdowson’s The Composition of Foods tabulates nutrients on more than
1200 common food items consumed in the United Kingdom. Vitamin E
values are given for approximately 700 food items in 13 food categories
as milligram α-TE units. Many of the analytical values were obtained
through studies commissioned by the UK Ministry of Agriculture, Fisheries
and Food. Literature sources are not provided for the analytical values
given in the text.

3. Australia—The Australian nutrient database, The Composition of
Foods, Australia, is based on several publications published in handbook
format from 1989 to 1993 (39–45). The database has not been introduced
to the World Wide Web. The database covers more than 2500 food items
but does not include vitamin E data. Vitamin E analysis is part of studies
commissioned by the Australian Government Analytical Laboratories
(46), but, at this time, such data are not included in the published database.
Lewis and associates [46] and Cashel and Greenfield [47] give detailed
descriptions of the plans for use of the database, largely sponsored by the
Australian National Food Authority.
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4. New Zealand—The New Zealand food composition database is
rapidly expanding and currently contains data on more than 2000 food
items. It is a compilation of data obtained from Australia, the United
Kingdom, United States Department of Agriculture, and New Zealand
analytical studies and various other international sources. The primary
compilation, containing information on 28 nutrients, is The Concise New
Zealand Food Composition Tables (48), which is a subset of the New
Zealand Food Composition Database. Other publications arising from
the database include Composition of New Zealand Foods: Volumes 1,
Characteristic Fruits and Vegetables; [49] 2, Export Fruits and Vegetables;
[50] 3, Dairy Products; [51] 4, Poultry; [52] and 5, Bread and Flour (53).
Vitamin E is not included in the published information but is included for
some food items in the complete New Zealand Food Composition
Database, which can be obtained from the New Zealand Institute for
Crop and Food Research.

5. Pacific Islands—The Pacific Islands Food Composition Tables [54]
represent data compiled from several databases on 800 foods common to
the Pacific Islands. Data are provided for 22 nutrients including vitamin
E on 800 food items. However, vitamin E values are not available for all
foods in the composition table (55).

8.2.2. Books

1. Bowes and Church’s Food Values of Portions Commonly Used, 17th
ed (56).

This source, representing one of the oldest food composition sources,
provides vitamin E values for more than 2000 foods on the basis of
international units. The data in the 17th edition were obtained from 92
food companies and trade associations and from the United States
Department of Agriculture, Nutrient Data Base for Standard Reference,
Release 11 (SR11). The vitamin E table provides a quick guide to
approximate vitamin E levels in 34 food classifications. Individual food
values are not referenced by source.

2. SW Souci, W Fachmann, H Kraut. Food Composition and Nutrition
Tables. 6th ed. Boca Raton: CRC Press, 2000 (57).

This excellent compilation of nutrient values of European foods
provides composition information on approximately 1100 food items
with vitamin E values for more than 200 of the foods. The Souci and
colleagues (57) tables treat vitamin E data more comprehensively than
previously mentioned sources, in that values are given in milligrams per
100g for the specific tocopherols and tocotrienols in the foods and as
total vitamin E (milligrams per 100g), representing milligrams of α-TE
calculated according to McLaughlin and Weihrauch (33). Some confusion
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can arise in interpretation of the meaning of the total tocopherol value,
since it is a representation of the milligrams of α-TE and not mg/100g of
total tocopherols on a weight basis. The definition of total vitamin E is
clearly stated in the introductory description of the methodology; however,
the milligrams of α-TE designation is not provided on the table. Sources
for the analytical values are not referenced by the authors. The 6th edition
is now on-line [58] (www.sfk-online.net).

8.2.3. Book Chapters, Reviews, and Historically
Significant Journal Articles

Slover [59] published a review of the literature covering vitamin E
composition papers published between 1964 and 1970. Slover’s review
represents the first compilation of vitamin E that provides comprehensive
information on the specific forms of tocopherols and tocotrienols present
in common dietary sources largely determined by gas chromatographic
(GC) methods. Up until this time, vitamin E compositional tables reported
vitamin E as total tocopherols or were limited to values for α-T. Two
reviews cited by Slover have historical significance. The first large
compilation of vitamin E compositional data, published by Harris and
coworkers [60] in 1962, considered the retention of vitamin E in processed
and stored foods. The Harris and associates compilation clearly showed
that a strong correlation existed between total tocopherol level in oils and
degree of unsaturation, indicating the role of vitamin E as an antioxidant
(61). Dicks [62] in 1965 published a large review citing more than 400
publications on the vitamin E content of foods. Slover [59] stated that
about 5% of the data cited by Dicks included information on the individual
tocopherols or tocotrienols that were present in the individual foods.

As late as 1970, Draper [61] in an extensive treatment of the tocopherols
used data from Harris and associates (63), 1950; Brown (64), 1953; Mahon
and Chapman (65), 1954; Green (66), 1958; Mason and Jones (67), 1958;
Booth and Bradford (68), 1963; and Hertig and Drury (69), 1963, to report
α-T levels. All of these data were obtained by methods other than GC.

Slover’s review [59] on work up through 1969 was based on 23
citations including several studies completed in the 1950s by thin-layer
chromatography that quantitated the tocopherols and tocotrienols. Values
were provided for 15 oils, 13 seeds, seven grains, and seven fruits and
vegetables. In summarizing the data, Slover noted that for seeds and oils

consistent patterns are beginning to emerge. Refined and prepared foods
are less predictable. These have tocopherol contents that depend on
processing, treatment and formulation, and both identities and amounts
vary greatly. The accumulation of a body of useful data will depend on
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the use of specific reproducible methods applied to adequately described
samples. There is still much work to be done in this field.

Indeed, we are still trying to meet the challenge of providing accurate
vitamin E data, as alluded to by Slover in 1970. Slover’s tabulation clearly
showed the variability to be expected in natural vitamin E sources and
the uniqueness of vitamin E profiles of specific food sources.

Shortly after the publication of Slover’s (59) compilation, Ames (70)
published α-T values for 178 foods based on 23 references published from
1950 to 1967. At the time of publication of Ames’s review (1972), significant
data of a much more specific nature, collected largely by GC methods, were
available. Ames’s objective was to provide data on the availability of α-T in
the U.S. food supply, which was known to be the primary provider of vitamin
E activity to the consumer on the basis of surveys completed before the
compilation of the data. Ames’s data showed that in the United States in
1960, approximately 10mg per day α-T was available for consumption
from fats and oils and 5mg per day from other food fats including dairy
products, eggs, meats, legumes, nuts, fruits, vegetables, and grains. Although
Ames’s review did not improve the availability of information on the specific
vitamin E profiles of the food supply, it did create a significantly clearer
picture of where the U.S. consumer obtained dietary α-T.

In 1977, Bauernfeind (71) presented a quite comprehensive compilation
of vitamin E food composition values, which was later published in book
chapter format (72). The data were organized into 15 food categories for 472
food items. Bauernfeind cited 26 references covering the period 1965–1975.
Examination of the tabular data shows that most vitamin E values were based
on assay of one sample and few values were determined from 10 or more
samples. Although the data were limited in many instances to very low sample
numbers, Bauernfeind’s compilation of vitamin E food values has been useful
to many investigators as the best available guide to vitamin E food composition.
Data were provided on the basis of milligrams per 100g for the tocopherols
and tocotrienols, and the sum of their values was reported as milligrams total
tocopherols/100g. Bauernfeind stated that an unrealized objective of those
involved with vitamin E food composition should be the “complete
understanding of the distribution and significance of the known tocopherols
in our commonly used food products.” He recognized the lack of knowledge
on vitamin E composition in 1977 and clearly stated its shortcomings:

the table must be used with caution as the data have been obtained by
different methodologies and by different investigators. Added to
variation in natural content of food are further influences of harvesting,
processing, and storage variables. Hence, while reference to food
composition tables may give one a relative concept of tocopherol
values, the best estimate of tocopherol content will be an analysis of
the food sample in question (71).
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Bauernfeind (71) certainly put shortcomings of all food composition tables—
shortcomings that we still face—in perspective with that statement.
Bauernfeind’s treatment of the available data were particularly helpful to
investigators wishing to access the literature, since all data were referenced
to the original source.

McLaughlin and Weihrauch (33) published the first compilation of the
U.S. Department of Agriculture of the vitamin E content of food in 1979.
Data were provided on 506 food items and reported tocopherol, tocotrienols,
and total vitamin E on a milligrams per 100g basis. The data were compiled
from more than 300 scientific articles, but values were not referenced to the
sources, because the values were reported as averages of all data judged to
be reliable by the authors. Deficiencies of available studies noted by
McLaughlin and Weihrauch (33) included the following: (a) Many sources
reported only total vitamin E or α-T; (b) for some foods, partial reports
were available with only a few analyses of all the vitamin E homologues; (c)
variation among samples was high, requiring the data to be reported as a
range for total vitamin E; (d) β-T and γ-T were often reported as a sum
because of the inability of various methods to resolve the positional isomers.

Of major significance, McLaughlin and Weihrauch (33) presented the
factors to calculate milligrams α-TE to include the participation of tocopherols
and tocotrienols other than α-T in a measure of the biological activity of
vitamin E. It was clear from calculations presented by the authors that
consideration of only α-T content of a food, or of only total vitamin E content,
does not always provide complete information about the vitamin E biological
activity based on biological activity as understood at the time. The use of
milligrams α-TE was first accepted by the Food and Nutrition Board as the
accepted way to express vitamin E activity of the diet with publication of the
9th edition of the Recommended Dietary Allowances (34) in 1980. Factors
were the same as given by McLaughlin and Weihrauch (33), except the factor
to convert β-T (mg) to mg α-TE was 0.5 instead of the 0.4 factor used
originally. In 2000, the Institute of Medicine, Panel on Dietary Antioxidants
and Related Compounds (36) recommended that only 2R-stereoisomeric
forms of α-T be considered as sources of vitamin E for the human. On the
basis of the quite clear specificity of the α-T transfer protein for the 2R-
stereoisomers, Dietary Reference Intakes (DRIs) were set by using only α-T
(see Chapter 2). This major change in view of the DRI panel compared to
the earlier Recommended Dietary Allowance discussions on the role of other
tocopherols and tocotrienols in human nutrition will undoubtedly decrease
the use of α-TE in relation to human vitamin E requirements and will most
likely change vitamin E labeling of foods and pharmaceuticals.

Despite plans promulgated by McLaughlin and Weihrauch (33) to include
vitamin E values in revised and updated sections of Agricultural Handbook
No. 8, [7–31] vitamin E information was not included in United States
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Department of Agriculture databases until computerized versions of the USDA
Database for Standard Reference were released.

In 1990, USDA personnel together with Food and Drug Administration
personnel summarized vitamin E levels from several studies (73) and
unpublished USDA contract work. The vitamin E values were presented on
85 food items in eight food categories. At this point in time, Sheppard (73)
noted that vitamin E levels in vegetable oils, nuts, seeds, and other
unprocessed foods tend to present predictable quantitative and qualitative
patterns. However, such patterns are not discernible in processed and highly
refined foods. These authors also stated that the tabular data should be
used with caution because of the many variables recognized to cause large
deviations in analytical values for vitamin E content of specific foods. They
further suggested that when precise vitamin E intake data are required,
they should be obtained by analysis of the foods in the form consumed. The
recommendations follow those presented by Bauernfeind in 1977 (71).

8.3. VITAMIN E FOOD COMPOSITION TABLES

As food scientists working in the nutritional quality area, we have been
extensively involved with the generation of vitamin E food compositional
data over a good part of our careers. We know that excellent data exist on
the tocopherol and tocotrienol content of the food supply and that, at the
same time, it is increasingly difficult to gain fast access to verifiable data.
We also know that access to literature sources pertaining to specific food
matrices is often required in food analysis laboratories. One of the primary
objectives of the completion this book was to compile the more recent vitamin
E composition data, primarily those quantified by liquid chromatographic
(LC) methodology, into a usable reference source for those in all areas of
science needing access to values and to the original literature on which the
vitamin E data were obtained. We included data from studies through the
1970s that Bauernfeind published as the chapter “Tocopherols in Foods”
in L.J.Machlin’s Vitamin E: A Comprehensive Treatise (72). Indeed, we
have personally relied heavily on this excellent source as a ready guide to
vitamin E food composition information and to the studies behind the
“numbers.” The facts that we appreciate Bauernfeind’s effort and that this
compilation is now more than 20 years old convinced us to develop the
following food composition tables referenced to the original research.

8.3.1. Developmental Aspects of the Vitamin E Tables

It is often difficult when using databases of food composition information
to make high-quality judgments of the values. Indeed, the user may be
looking at imputed values (values determined from samples of similar
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nature but not of the exact sample) or at values obtained through poorly
conducted studies. For each cited reference used in the tables, we have
provided a quality evaluation of the data based on a system developed by
United States Department of Agriculture personnel for application to the
USDA Nutrient Database.[74–79] The evaluation system evaluates data
in five general categories: the suitability of the analytical method, quality
control applied to the assay, number of samples, sample handling, and
the sampling plan used to ensure representative samples. Details of the
evaluation criteria along with relative scores for the five evaluation
categories are provided in Table 8.1. Specific criteria pertain to each
category and ratings range from 0 (unacceptable) to 3 (highly acceptable).
A quality index was calculated on the basis of overall data quality of each
referenced vitamin E value. According to the USDA evaluation system,
the mean of the five ratings determines the quality index (QI).

The USDA evaluation includes the determination of a quality sum and
the assignment of a confidence code to indicate the relative strength of a
dataset for a food. We applied the USDA confidence code as explained in
Table 8.2 to the foods included in our compilation. A confidence code of
A indicates considerable confidence because of the existence of either a
few high-quality studies or a larger number of studies of varying quality
(74). Codes of B or C indicate lesser confidence in the vitamin E value.

The system as we used it was first designed by USDA as a manual system
to assess the analytical data for copper, selenium, and the carotenoids.[74–
79] In 2002, a new data evaluation system that expands the rating scales of
the evaluation criteria was developed by the USDA Nutrient Data
Laboratory. The expanded data evaluation system was created as a module
for the recently redesigned USDA Nutrient Databank, Architecture and
Integration Management, Nutrient Data Bank System (AIM-NDBS) (80).

In addition to the original USDA data quality evaluation, we applied
the following procedures to compilation of the data on vitamin E:

1. All data were obtained from the scientific literature or, in some
instances, contract reports to USDA originating in the authors’
laboratory. None was retrieved from existing handbook compilations,
databases, or review articles.

2. Data for the most part represent values determined by LC and GC.
In a few cases, data were obtained by two-dimensional thin-layer-
chromatography (TLC) or other analytical methods. These studies
are denoted in Table 8.3 by footnote h on the reference number.

3. Means were calculated from analyses of like samples, if not
provided by the original authors.

4. All values for the vitamin E homologues were converted to
milligrams per 100g if not reported as such.
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5. Milligrams α-tocopherol equivalent values were calculated from
the data if not provided in the original report.

6. If a study was rated as zero by evaluation of the analytical method or
if any three ratings were zero, the data were not included in the mean
or range reported for the specific food matrices. A quality index of 1
or greater indicated an acceptable value for use in the table (74).

8.3.2. Vitamin E Composition of Food

Table 8.3 represents data compiled from 111 research publications and
from USDA contracts completed in the authors’ laboratory from 1988 to
2001. Data used for the compilation appeared in the literature from 1970
through 2002. Publications appearing after 1980 represent data collected
almost exclusively by high-performance liquid chromatography (HPLC)
analysis. Studies from 1970 through 1979 include most of the meaningful
reports on the vitamin E content of food assayed by gas chromatographic
techniques. These data were included in previous compilations of vitamin
E food composition (33, 71–72). For the majority of the food items, data
published before 1970 were not included in the tabulation. In the case of
fats and oils, a few significant composition papers published in the 1960s
were included. Although we have attempted over the years to compile all
of the available literature on vitamin E in foods, undoubtedly some
pertinent data have been omitted. To those authors, we apologize and ask
to be informed of such omissions so that the data will be included in
future revisions of the table.

8.3.2.1. Oils and Fats. Not surprisingly, the largest body of food
composition data on vitamin E exists for oils and fats. Since all natural

TABLE 8.2 Assignment and Meaning of Confidence Codes

Source: Modified from Refs. 74–77.
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forms of vitamin E are plant-derived, vegetable oils are the single most
important and concentrated source of vitamin E to the human. Early studies
(63, 167, 168) as compiled by Ames (70) showed that in the average human
diet in the United States more than 50% of the vitamin E was obtained
from oilseeds and vegetable sources. Carpenter et al. (81) reported the rapid
increase in vegetable oil consumption in the United States during the mid-
1900s. Consumption of liquid vegetable oils increased from 6.5% of all fat
consumed (1947–49) to 16.3% in 1973. Margarine and dairy products at
this point contributed 6.8% and 10%, respectively, of total fat consumed.

During this period, increased emphasis was placed on method
development and the completion of studies to delineate the content of vitamin
E in specific foods. Research emphasis on food composition was due to the
following factors: (a) increased understanding of human and animal vitamin
E requirements, (b) understanding of the relationship of requirements to the
level of intake of polyunsaturated fatty acids, and (c) clearer understanding
of oxidative aspects of oil stability and the oil’s vitamin E content.

Data collected before 1970 were extensive enough in the identification
and quantification of vitamin E profiles of oils and fats to show that
consistent patterns existed for tocopherols and tocotrienols by food
source. Slover (59) first recognized this aspect of food composition. Data
on fats and oils in Table 8.3 include several studies completed during the
1960s (91–92, 101, 106) by thin-layer or early gas chromatographic
techniques. These data are quite comparable to data provided by later
studies using more refined GC and HPLC methods.

The vitamin E content of a specific plant oil is quite variable because of
cultivar variation and above all variation induced by oxidative changes
that occur throughout the harvesting, processing, marketing, and
utilization stages. Because of the natural antioxidant activity of the vitamin
E homologues, oxidative events can lead to large losses in biological
activity (see Chapters 3 and 5). The differences in biological activity of
the vitamin E homologues led to the development of the milligram α-TE
calculation and its acceptance by the nutrition community as a measure
of the biological activity of vitamin E in a food source from all forms of
the vitamin (34). Biological activity reported as milligrams α-TE is largely
influenced by the amount of α-T in the fat or oil. However, for some oils,
such as soybean, quite large amounts of other homologues can
significantly contribute to the milligram α-TE value. In the future, use of
milligram α-T will be less emphasized as a result of better understanding
of the role of α-T in human nutrition (see Sec. 8.2.1) (36). However, for
comparative purposes, milligram α-TE is included in the vitamin E
composition table. Table 8.4 summarizes some of the data on fats and
oils with regard to a-T, total vitamin E, milligram a-TE levels, and primary
forms of vitamin E. Mean values from Table 8.3 were used to formulate
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TABLE 8.3 Tocopherols and Tocotrienols in Selected Food Products (mg/100g)
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TABLE 8.3 Continued

aCC, confidence code; bQI, quality index; cα-T, α-tocophenol; β-T, β-tocophenol; γ-T, γ-tocophenol; δ-T, δ-tocophenol; dα-T3, atocotrienol; β-T3, β-tocotrienol; γ-T3,
γ-tocotrienol; δ-T3, δ-tocotrienol; emg α-tocophenol equivalents; fonly α-tocophenol was assayed; gC, corn oil; SB, soybean oil; P, palm oil; SF, safflower oil; SN,
sunflower oil; CS, cottonseed oil; CA, canola oil; hnot assayed by GC or LC; iassayed as α-tocophenyl acetate.
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Table 8.4. The oils and fats are ordered from the highest to lowest α-T
level. From this brief table, several generalizations about the vitamin E
content of fats and oils are apparent:

1. Oils with the highest α-T content have the highest milligram α-TE
values.

2. Of the oils with the greatest world consumption, only palm oil
contains tocotrienols in quantity.

3. Total tocopherol plus tocotrienol (T+T3) is not a reliable indicator
of milligram α-TE.

4. In some oils, including soybean, peanut, corn, and canola, γ-T is
present in large enough quantities to contribute appreciably to
milligram α-TE levels.

5. Coconut, cocoa butter, and palm kernel oil contain low amounts
of vitamin E.

6. Animal products (butter, lard) contain only low levels of α-T (171).

As discussed in Chapter 1 and Chapter 2, interest in the tocotrienols is
dramatically increasing as the knowledge of their specific physiological
effects more clearly differentiates them from the effects of the tocopherols.

TABLE 8.4 Tocopherol and Tocotrienol Content of Selected Fats and Oils and
Their Primary Homologuesa

aIn decreasing order of α-T levels.
bData from Table 8.3.
α-T, α-tocopherol; γ-T3, γ-tocotrienol.
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Such effects as hypercholesterolemic activity and anticarcinogenic
properties are linked to the inhibition of 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGR), which is the rate-limiting enzyme in
isoprenoid synthesis. Many investigators and nutritionists believe that the
tocotrienols are a significant dietary factor apart from α-T. Other oils
than palm contain tocotrienols. These include oats (α-T3, β-T3), barley
(α-T3, β-T3, γ-T3), coconut oil (α-T3, β-T3, γ-3), corn oil (α-T3, γ-T3),
rice bran oil (α-T3, γ-T3, δ-T3), and wheat germ oil (α-T3, β-T3, γ-T3).
Of these, high-quality rice bran oil matches palm oil in diversity and
contains a higher total amount of the tocotrienols. Data are sparse on the
vitamin E content of rice bran oil, but work completed in 1999 indicates
that heat-stabilized rice bran oil is an excellent source of α-T3 with a
lesser amount of δ-T3 (108). Palm oil is an excellent source of α-T3 and γ-
T3 with measurable amounts of β-T3 and δ-T3.

8.3.2.2. Margarines, Salad Oils, Spreads, Shortening, Peanut Butter. As
indicated by previous reviews (33, 70, 71, 72), the vitamin E content of
margarine varies greatly, depending upon the types of oils used in
formulation. Further, reduced-fat and fat-free margarinelike products
contain reduced levels of vitamin E unless fortified (115, 117–120). We
have organized the compositional data on margarines in Table 8.3 into full-
fat, reduced-fat, and fat-free product categories. Product types were further
separated into subcategories based on the oil composition of the products.
However, except for margarines produced entirely from corn oil or soybean
oil, data are too sparse to provide reliable means. In comparing corn oil
margarines to soybean oil margarines, the effects of the oil component are
readily apparent. The corn oil margarines contained a mean α-T level of
18.6mg/100g and a mean total tocopherol level of 58.7mg/100g. Soybean
oil margarines averaged 4.6mg/100g of α-T with a total vitamin E content
of 70.5mg/100g. Because of the much higher content of α-T, corn oil
margarines provide 21.1mg a-TE/100g compared to 9.7mg α-TE/100g for
soybean oil margarines. This is a simple comparison based on single-
component products; however, one can readily see the impact of oil type on
the α-T level of the margarine. Oils with potential to increase the α-T
content of margarines because of relatively high α-T contents include
sunflower, safflower, cottonseed, canola, corn, and palm. Margarines that
contain palm oil are sources of tocotrienols (α-T3, γ-T3, and δ-T3).

Studies on the vitamin E composition of margarine published in the late
1990s include Rader et al (118). and Ye et al (115). The Rader et al (118).
study clearly showed that reduced-fat and fat-free margarines contained
appreciably less vitamin E than 80% fat margarines. α-Tocopherol levels
varied with total fat content and with the oils used as ingredients. Highest
α-T contents were present in margarines formulated with corn and sunflower
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oils. Margarines formulated with soybean oil contained the lowest level of
α-T. Ye et al. (115) provided a simple extraction procedure and HPLC
determination for application to margarines and reduced-fat products. Their
data also showed significantly lower α-T levels in reduced-fat margarines
and spreads. The vitamin E content ranged from 4.4mg α-T/100g in 64%
reduced-fat margarine containing soybean oil as the only oil to 19.3 α-T/
100g in a full-fat margarine containing only corn oil. Earlier work by Slover
et al. (91) indicated tocopherol levels were highly variable in margarines.
These authors attributed the variability to the natural variability in the oil
sources and the effects of processing and storage. α-T levels varied from
approximately 1 to 25mg/100g.

Limited data are available on the vitamin E content of mayonnaise and
salad dressings. University of Georgia studies completed for the USDA
Nutrient Composition Laboratory showed that full-fat mayonnaise
contained 3.2mg α-T/100g whereas a low-fat product contained only trace
amounts of α-T.[87, 88] The vitamin E content of salad dressings depends
predominantly on the oil content and the type of oils used in the
formulation. Butter contains only low levels of α-T. α-T levels were
reported to range from 1.36 to 1.96mg/100g in Bauernfeind’s review (72).
A more recent study reported 3.2mg α-T/100g (94).

Peanut butter, a significant source of α-T in the U.S. consumer’s diet,
contains 10mg α-T/100g according to the data compiled in Table 8.3.

8.3.2.3. Cereals, Cereal Products, and Baked Products. A distinguishing
characteristic of cereal grains is the presence of tocotrienols. Therefore,
because of the quantities of cereals and cereal products consumed in most
diets, these foods provide a source of the tocotrienols in Western diets, in
which palm oil is not commonly consumed. Although most cereal grains
contain less than 2.0mg α-T/100g, the amount consumed and the diversity
of the vitamin E homologues present make this staple food group a significant
source of tocopherols and tocotrienols. Bauernfeind (72) summarized the
vitamin E content of baked cereal products with the following points:

1. The vitamin E content of baked grain products originates from the
grain fraction (flour, bran) and from the shortening, margarine, or
butter added as ingredients.

2. Variability in baked cereal products is due to formulation,
processing, handling, and storage.

3. Depending on the recipe and cooking method, baked products are
fairly good sources of vitamin E.

Because cereal oils are concentrated in the germ, isolated germ fractions
are significantly higher in vitamin E content when compared to the whole
grain. Data in Table 8.3 show that the barley germ contains 13 times the

Copyright © 2004 by Marcel Dekker, Inc.



Chapter 8488

α-T content of whole barley grain. Likewise, wheat germ contains
approximately 10 times the level found in the whole wheat kernel.

In the review presented by McLaughlin and Weihrauch (33), bleaching
of wheat flour was reported to result in a 65% loss of vitamin E. Data in
Table 8.3 show that wheat flour contains 0.2 α-T/100g, a level that is
considerably lower than that in wheat endosperm (0.4mg α-T/100g).

8.3.2.4. Milk, Dairy Products, and Eggs. Dairy products contain α-T at
low levels. Dial and Eitenmiller (87) reported 0.07 and 0.1mg α-T/100g
in 2% and whole milk (3.25%), respectively. These values are similar to
those reported earlier (33, 72). Mature human milk has three to five times
the α-T level of bovine milk. Vitamin E is not detectable in nonfat dry
milk and is only present at trace levels in skim milk since the α-T is removed
with the butterfat. Because of concentration effects, cheese produced from
full-fat milk contains appreciably more α-T on a per-gram basis. Full-fat
cheese values reported in Table 8.3 range from 0.3 to 0.5mg α-T/100g.

In eggs, all of the vitamin E is in the yolk (33). Bauernfeind (72) reported
that the α-T content of egg yolk ranged from 1.6 to 3.9mg/100g. These
values are much lower than 1998 data provided by Botsoglou et al. (137).
These authors reported a range of<2 to 113mg α-T/100g yolk. The mean
α-T level was 15 for 20 egg yolk samples collected in Greece. The large
degree of variability was attributed to differences in diets and the inclusion
of vitamin E supplements in some of the diets. Vitamin E transfer from
the diet to egg yolk has been demonstrated.[178–180] Widespread use of
vitamin E supplementation of layer diets would indicate that older values
for the vitamin E content of eggs are invalid. Dial and Eitenmiller (87)
assayed six whole egg samples collected from various geographic areas
and reported α-T levels of 0.6mg/100g. Earlier data summarized by
Bauernfeind gave a α-T level of 0.46mg/100g.

8.3.2.5. Meat, Fish, and Seafood. Muscle foods almost exclusively contain
α-T at levels less than 1mg/100g. Organ tissues contain slightly higher
levels (33). As discussed in detail in Chapter 4, supplementation of the
diet of many species can increase vitamin E levels in muscles and organs
and, thus, increase oxidative stability of the raw and processed products
as well as the nutritive value.

8.3.2.6. Fruits and Vegetables. Most fresh fruits and vegetables contain
less than 1mg α-T/100g. α-Tocopherol followed by γ-T are the pre-
dominant forms, although β-T has been reported at trace levels in some
fruits and vegetables. Tocotrienols are absent except at low levels in a few
products, and α-tocotrienol (α-T3) is the most commonly occurring
tocotrienol. Corn contains γ-T3 at higher levels than any other vegetable
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denoted in Table 8.3. Blueberry, cranberry, and lingonberry have
appreciable quantities of γ-T3.

Various authors have presented the following observations that summarize
the vitamin E content of fresh fruits and vegetables: [33, 72, 145]

1. Vitamin E is more concentrated in leaves than in roots on stems.
2. Vitamin E level is higher in dark green leaves compared to light

green tissues.
3. Vitamin E level is higher in mature leaves than in small immature

leaves.
4. Vitamin E variation within a plant species depends on cultivar,

uneven distribution among different parts of the plant, maturity,
growing, harvesting, and marketing conditions.

5. Because of the many factors that influence the vitamin E content
of fresh fruits and vegetables and the considerable effect of
globalization on supplies throughout the year, it is difficult to
obtain a truly representative sample.

Data collected on the vitamin E content of fruits and vegetables since
1970 are of generally high quality with attention being given to sampling
protocols. Significant studies include the work of Piironen et al (145).
Hogarty et al. (120), and Dial and Eitenmiller (87), and that completed
under USDA contract. [87, 88]

8.3.2.7. Infant Formula and Baby Foods. Information on the vitamin E
content of commercial infant formula is hard to interpret because of
variation in methods of reporting the concentration. International units are
often used instead of milligrams or mg α-TE units, values are reported on
powder or reconsituted basis, and, often, only all-rac-α-tocopherol acetate
values are provided since this is the form used for formulation. In Table 8.3,
we converted all available data to α-T on either a 100-g powder basis or a
100-g reconstituted basis. Another confusing convention is to report nutrient
concentrations on the basis of 100kcal since this is the convention used in
the Infant Formula Act of 1980 (181), which sets standards for infant
formula in the United States. Despite lack of uniformity in reporting of the
data, excellent data exist on the vitamin E content of infant formula and
reliable methods have been available for its quantification since the 1980s.

Studies by Landen et al. (170, 171) Tanner et al. (172) and Thompson
and Hatina (173) provide vitamin E levels on commercial formulas produced
in the United States and report the levels on a reconstituted basis. The study
by Landen et al. (171) is the most comprehensive of all studies completed
on vitamin E in infant formulas as a result of the sample size included in the
study—46 milk-based and 31 soy-based formulas. This study, however,
reported only all-rac-α-tocopheryl acetate amounts and did not include
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natural tocopherol levels originating from the formula ingredients. This
condition is not a significant shortcoming since work reported by other
investigators shows that natural tocopherols make up only a small percentage
of total tocopherols. Thompson and Hatina (173) reported that
supplemented all-rac-α-tocopheryl acetate provided approximately 93%
of the α-T in the formula they analyzed. Similar indications are present in
the data in Table 8.3. The Landen et al (171). study reported mean α-
tocophenyl acetate levels of 2.3mg/100g for reconstituted milk-based
formula. Mean vitamin E levels ranged from 97% of label declarations to
118% of label declarations for concentrated formulas.

The study by Tanner et al (172). is significant in that it is the
collaborative study for the currently accepted method to determine vitamin
E in milk-based formula (see Chapter 7). Values provided for three formulas
averaged 10.1mg α-tocopheryl acetate/100g on a powder basis.

Other vitamin E values reported for milk-based formula on a powder
basis were derived from studies by Indyk (109, 112), Syväoja et al. (139)
Tuan et al. (148) and Woollard et al. (174).

Some data exist on the vitamin E content of weaning foods. Most of the
available values originated from work completed at the Food and Nutrition
Research Institute, Manila, Philippines, on combinations of rice, cowpea,
mungbean, and corn in germinated and nongerminated mixtures of the cereals
and legumes (149). In general, germination decreased tocopherol levels, and
the largest decreases occurred in the γ-T fraction of the corn-mungbean mixture.

Quite a large number of baby foods commonly available commercially
have been analyzed for vitamin E content. Published data are available in
studies by Davis (150) and Syväoja et al (139). The tocopherol and tocotrienol
levels are similar to levels noted in like fresh products (fruits, vegetables,
meats) and do not seem to show negative processing effects. In the study
pertaining to Finnish baby foods (139), mg α-T equivalents were 0.46/100g
in fruit-berry products and 0.38/100g in meat-vegetable combinations. Davis
noted as much as twofold differences in α-T content between like samples
with different processing lot numbers. It was indicated that storage time
and conditions were sources of some of the differences found in the study.
However, natural variation could also cause such differences. This, again,
indicates strict attention to the selection of products to ensure representative
sampling. The Finnish study used 30 samples of each product, representing
10 packages of freshly manufactured product, 10 of product stored for
about 50% of its shelf life, and 10 of product approaching its best-if-used-
date. A composite of the 30 units was used to form a representative sample.

8.3.2.8. Legumes. Available data on legumes show that most legumes
contain less than 0.5mg α-T/100g. In a study completed for the USDA,
Dial and Eitenmiller (87) compared dried legumes to boiled, ready-to-eat
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products. Boiling had variable effects on vitamin E levels as measured on
a dry weight basis, indicating differences in leaching losses of soluble
components among the various legumes included in the study. In some
cases, total vitamin E level was appreciably higher in boiled products
than in dry, uncooked legumes (dry weight basis).

8.3.2.9. Nuts and Seeds Nuts and seeds represent some of the most
concentrated vitamin E sources other than plant oils available to the
consumer. Additionally, some, such as pistachios, macadamia, and cashews,
contain tocotrienols, adding diversity to the profile of tocopherols and
tocotrienols in the diet. Table 8.5 summarizes data from Table 8.3 for some
nuts and seeds that are consumed in quantity. Almond shows the highest α-
T level of any commonly consumed nut and contains mostly α-T with small
quantities of β-, γ-, and δ-T. Peanuts contain an intermediate amount of α-
T with higher levels of γ-T. It is significant to note that even though the
peanut rates below some nuts and seeds, peanut butter alone accounts for
2.3% of total vitamin E available in the U.S. diet (182). Macadamia is
unique in that it contains only α-T3, although at less than 2mg/100g.

8.4. ααααα-TOCOPHEROL LEVELS IN FOODS

Because of the specificity of the human for the 2R-stereoisomeric forms
of α-T (see Chapter 2), the Institute of Medicine, Panel on Dietary
Antioxidants and Related Compounds (36), defined vitamin E only in
relation to RRR-, RSR-, RRS-, and RSS-α-T when setting recommended

TABLE 8.5 Tocopherol and Tocotrienol Content of Selected Nuts and Their
Primary Homologues

aIn decreasing order of α-T levels.
bData from Table 8.3.
α-T, α-tocopherol; γ-T3, γ-tocotrienol.
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TABLE 8.6 α-Tocopherol and Total Tocopherols and Tocotrienols and α-
Tocopherol Equivalents in Foodsa

aData represents mean values from Table 8.3.
bIn milligrams per 100g.
α-T, α-tocopherol; γ-T3, γ-tocotrienol.
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intakes. Table 8.6 presents mean values of α-T and total tocopherol values
for the broad range of foods presented in Table 8.3. This table provides a
summary of the α-T quantities in foods on a high to low ranking based
on the mean values derived from current literature.

8.5. QUALITY EVALUATION OF ANALYTICAL DATA

Table 8.7 presents the mean quality index (QI) for the 14 food categories
represented in Table 8.3. Although the oils and fats category contains the
largest number of observations represented in Table 8.3, this category has
a relatively low QI of 1.7. This low quality score for the most significant
vitamin E source for the human is troubling, yet, if one studies the data
sources in detail, understandable. The low score is attributable to the
following factors: (a) major studies were completed before quality
evaluation of data was given high priority in compositional studies; (b)
attention was not given to sample numbers, complete sample descriptions,
or the general area of planning to ensure representative sampling; (c) many
of the data originated from method development studies in which
sampling was not a high-priority part of the research; (d) in some cases,
quality control of the analytical approach was not apparent.

If one keeps in perspective the problems involved with the collection of
meaningful food compositional data, the deficiencies still apparent in the
available vitamin E data are not surprising. The QI comparisons in Table
8.7 also show several food categories such as fruits, vegetables, and

TABLE 8.7 Quality Indexes for Vitamin E Composition
Data by Food Category
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margarines that have relatively high QI evaluations. For the most part,
these studies were recently completed with few sampling or analytical
problems. It is encouraging to realize that worldwide efforts of many
individuals and organizations that stress improvement of food
compositional studies are having a positive effect. Food composition
researchers in all areas of food composition research are now generating
meaningful values and not just numbers. This fact is readily apparent in
recently published work on vitamin E composition.
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