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Abstract: Vitamin E is the general term for all tocopherols and tocotrienals, of which a-tocopheral is the nat-
ural and biologically most active form. Although y-tocopherol makes a significant contribution to the vitamin E
CONTENT in foods, it is less effective in animal and human tissues, where a-tocopherol is the most effective
chain-breaking lipid-soluble antioxidant. The antioxidant function of vitamin E is critical for the prevention of
oxidation of tissue PUFA.

Animal experiments have shown that increasing the degree of dietary fatty acid unsaturation increases the
peroxidizability of the lipids and reduces the time required to develop symptoms of vitamin E deficiency. From
these experiments, relative amounts of vitamin E required to protect the various fatty acids from being peroxi-
dized, could be estimated.

Since systematic studies on the vitamin E requirement in relation to PUFA consumption have not been per-
formed in man, recommendations for vitamin E intake are based on animal experiments and human food intake
data. An intake of 0.6 mg a-tocopherol equivalents per gram linoleic acid is generally seen as adequate for hu-
man adults. The minimum vitamin E requirement at consumption of fatty acids with a higher degree of unsatu-
ration can be calculated by a formula, which takes into account the peroxidizability of unsaturated fatty acids
and is based on the results of animal experiments.

There are, however, no clear data on the vitamin E requirement of humans consuming the more unsaturated
fatty acids as for instance EPA (20:5, n-3) and DHA (22:6, n-3). Studies investigating the effects of EPA and
DHA supplementation have shown an increase in lipid peroxidation, although amounts of vitamin E were pre-
sent that are considered adequate in relation to the calculated oxidative potential of these fatty acids. Further-
more, a calculation of the vitamin E requirement, using recent nutritional intake data, shows that a reduction in
total fat intake with a concomitant increasein PUFA consumption, including EPA and DHA, will result in anin-
creased amount of vitamin E required.
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tricht, the Netherlands
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In addition, the methods used in previous studies investigating vitamin E requirement and PUFA consump-
tion (for instance erythrocyte hemolysis), and the techniques used to assess lipid peroxidation (e.g. MDA analy-
sis), may be unsuitable to establish a quantitative relation between vitamin E intake and consumption of highly
unsaturated fatty acids. Therefore, further studies are required to establish the vitamin E requirement when the
intake of longer-chain, more-unsaturated fatty acids is increased. For this purpose it is hecessary to use func-
tional techniquesbased on the measurement of lipid peroxidation in vivo. Until these dataare available, the wide-
ly used ratio of at least 0.6 mg a-TE/g PUFA is suggested. Higher levels may be necessary, however, for fats
that arerich in fatty acids containing more than two double bonds.
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Introduction

In recent yearsincreasing evidence is emerging that a de-
creaseintotal fat consumption, with anincreaseinthein-
take of mono- and polyunsaturated fatty acids at the ex-
pense of saturated fatty acids, has several health benefits,
including a decrease in the incidence of cardiovascular
disease.

Increasing the consumption of polyunsaturated fatty
acids (PUFA), i.e. the essential fatty acids (EFA) linoleic
and a-linolenic acid and their longer-chain, more unsatu-
rated derivatives, the long-chain polyenes (LCP), may
have consequences for the vitamin E requirement. Since
more than 30 yearsit is known that, in animals aswell as
inman, vitamin E isneeded to protect PUFA in membrane
lipidsfrom being peroxidized, and that the requirement of
vitamin Eisclosely related to the dietary intake of PUFA.
Thedependency of thevitamin E statuson thedietary con-
sumption of PUFA hasfrequently beendescribedinaqual-
itative way, and there is clear evidence from animal ex-
periments aswell as human studies that the vitamin E re-
quirement increases with the amount and degree of un-
saturation of thePUFA consumed [1-3]. However, thepre-
cise amount of vitamin E required to compensate for the
increased demand caused by dietary PUFA has not been
systematically investigated in man.

Currently, requirements of vitamin E depending upon
the dietary intake of PUFA must be extrapolated from an-
imal data. It is, however, not clear whether the present rec-
ommendations for the vitamin E intake at a higher con-
sumption of PUFA with different degrees of unsaturation
are sufficiently effective to prevent peroxidation of mem-
brane lipids in humans.

Therefore, the am of this review is to summarize the
science base of these recommendations and to critically
assesswhether anincreased PUFA consumptionwouldre-
quire ahigher vitamin E intake.

Vitamin E

Vitamin E is afat-soluble vitamin with antioxidant activ-
ity and is the genera term for al tocopherols and to-
cotrienols [4—7]. Both the tocopherols and tocotrienols
consist of four homologues. the a-, B-, y- and &-toco-
pherols and the a-, -, y- and &-tocotrienols. All toco-
pherols have 3 asymetric C-atoms in their side chains;
however, in nature only the RRR formsare occurring. The
biologically most active form is a-tocopherol (formerly
called d-a-tocopherol), also the most widely available
form of vitamin E in food and the primary form found in
animal tissues [4, 6]. a-Tocopherol is aso synthesized
commercialy and this form should be designated as all-
rac -a-tocopherol (formerly called di-a-tocopherol) [8].
The acetate esters of a-tocopherol and al-rac-a-toco-
pherol arethe two main sources of vitamin E availablefor
commercia use [4]. For dietary purposes, the term a-to-
copherol equivalent (a-TE) was introduced to express vi-
tamin E activity. One a-TE is the activity of 1 mg of a-
tocopherol or 1.36 mg of all-rac-a-tocopherol. The activ-
ity of 1 mg of the acetate form of all-rac-a-tocopherol has
been defined as equivalent to 1 International Unit (1U) of
vitamin E (or 0.67 a-TE), and 1 mg of a-tocopherol is
equal to 1.49 1U [§].

The main biological functions of vitamin E are based
on its antioxidant property. Vitamin E is the most effec-
tive chain-breaking lipid-soluble antioxidant [6]. Thisan-
tioxidant property of vitamin E is believed to be based on
its capability of scavenging lipid radicalsin the course of
initiation and propagation of lipid peroxidation [9]. Vita-
min E especially protects PUFA in phospholipids of bio-
logical membranesand in plasmalipoproteinsagainst per-
oxidation [5]. Steady-state concentrations of vitamin E in
membranes are determined by the efficiency of itsincor-
poration into membranes by transfer from blood lipopro-
teins, and its metabolism in these membranes [9].

In healthy humans vitamin E deficiency israre, but it
can occur in patients with lipid malabsorption syndromes
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such as cholestatic liver disease or abetalipoproteinemia.
Vitamin E deficiency is characterized by peripheral neu-
ropathy and spinocerebellar ataxia. Alsoin children, lipid
malabsorption (asin cystic fibrosis or biliary atresia) can
produce severe neurological symptoms [6]. Although a
normal, balanced diet contains sufficient vitamin E to pre-
vent deficiency symptoms in humans, there are several
epidemiologial studies suggesting beneficial associations
between dietary intake of vitamin E and coronary heart
disease, cancer and theimmuneresponse[4, 6, 10], which
are thought to result from its antioxidant effect.

Vitamin E in foods

When eval uating food products as adequate sources of vi-
tamin E, afew points have to be considered. Firstly, there
islarge variation in the vitamin E content of foods, and in
particular inthe proportion of the different tocopherolsand
tocotrienols, depending on processing, storage and prepa-
ration procedures during which large losses can occur [§].
Secondly, the eight known homol ogues of vitamin E have
different biological activities. Therefore, the conversion
factorsfor thevariousactive compoundsof vitamin E, used
to calculate total vitamin E activity, are different. More-
over, they are not always used in a consistent way [11].
Based on animal experimentsit is generally assumed that
the relative activities of y-tocopherol, 3-tocopherol and
a-tocotrienol are 0.1, 0.5 and 0.3 respectively, compared
to a-tocopherol [8]. Both a-tocopherol and y-tocopherol
make a significant contribution to the vitamin E activity
in foods. However, as mentioned before, the antioxidant
activity of vitamin E in human and animal tissuesis most
pronounced in the form of a-tocopherol [4, 6].

In this article, the vitamin E content of food products
will be expressed as mg a-TE per 100 g food.

Vitamin E in vegetable products

Most fruits and vegetables contain rather low amounts of
vitamin E (< 1 mg/100 g). Only green leafy vegetables
supply considerable amounts of vitamin E.

In contrast, vegetable oilsareamong therichest sources
of tocopherols, mainly a-tocopherol. Soybeanoil and corn
ail have relatively high concentrations of y-tocopherol.
Coconut ail is reported to have the lowest vitamin E ac-
tivity, approximately 0.7 mg a-TE, while wheat germ ail
has the highest at approximately 173 mg a-TE per 100 g
of ail. Palm oil and rice bran oil are particularly richin a-
and y-tocotrienol [12].

Food products containing large amounts of plant oils
are margarines and salad dressings. The level of total vit-
amin E activity in these products varies with the kind of
oil used, the extent of processing, and the storage time
[13].

Vitamin E in animal products

In general, meat products do not contain large amounts of
vitamin E (approximately 0.5 mg/100 g). Thisisto be ex-
pected, since animal s derive vitamin E entirely from their
diet. a-Tocopherol is the major form present, but animal
tissues also contain small amounts of y-tocopherol, ap-
proximately 0.03 mg/100 g [13, 14]. The lower y-toco-
pherol content of animal tissues can be attributed to the
specificity of ahepatic a-tocopherol binding protein that
isless effective in binding y-tocopherol. Although thein-
testinal absorption of a- and y-tocopherol is similar, the
liver, responsible for maintaining plasma vitamin E con-
centrations and for delivery of vitamin E to peripheral tis-
sues, is able to discriminate between these two toco-
pherols. Consequently, the blood lipoproteins rel eased by
the liver will be particularly rich in a-tocopherol result-
ing in a higher delivery of a-tocopherol, compared to y-
tocopherol, to the membranes of peripheral tissues[5, 7].

The vitamin E content of fish varies with the species
and apparently isrelated to thediet of thefish. Asinmeats,
a-tocopherol is the principal form present. The a-toco-
pherol content infish muscleisrelatively low (< 2 mg/100
g) in comparison to fish liver in which the a-tocopherol
content rangesfrom lessthan 1 mg/100 g to almost 30 mg/
1009 [13, 14]. Furthermore, it hasbeen observed that |ow-
fat fish (e.g. cod) had lower levels of a-tocopherol than
high-fat fish (e.g. saimon) [15].

Most common animal fats and oils contain less than
4 mg vitamin E per 100 g. There islarge variation in the
vitamin E content of fish oils among species. Moreover,
body oil generally has a lower vitamin E content (1-75
mg/100 g) than liver oil, which can attain values as high
as 200 gm/100 g [13, 14].

Methods used to relate vitamin E
requirement to PUFA intake

As mentioned before, the antioxidant function of vitamin
Eiscritical for the prevention of oxidation of tissue PUFA.
Although there are alarge number of studies reporting a
relation between vitamin E consumption and PUFA in-
take, this discussion will belimited to the results of those
studies upon which the current recommendations for vit-
amin E are based. In particular, the methods used to study
vitamin E requirement in these experiments will be criti-
cally evaluated.

Myopathy in ratsasa symptom of vitamin E deficiency
A rat study performed by Witting and Horwitt [2] is gen-
erally seen asthe most thorough attempt to relate vitamin
E requirement to PUFA intake [11, 16-18]. In this study
it is suggested that there might be a relation between the
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onset of a-tocopherol deficiency symptomsand aspecific
level of lipid peroxidation in animal tissues. Earlier stud-
ies demonstrated that animals fed a tocopherol deficient
diet develop avariety of pathological conditions, includ-
ing myopathy. Other animal experiments showed that de-
ficiency symptoms could be prevented by supplementa-
tion with synthetic fat-soluble antioxidants [2].

Witting and Horwitt [2] postulated that in the case of a
relation between tocopherol deficiency symptoms and
lipid peroxidation, the rate at which deficiency develops
should be related to the degree of unsaturation of the var-
ious fatty acids rather than to the total amount of unsatu-
ration in the dietary fat. In the kinetics of autoxidation in
vitro, the overall rate of oxidation is dependent ontherate
of the slowest reaction, i.e. ROO- + RH - ROOH + R-,
where ROO-: is a lipid peroxyl radical, RH is a PUFA,
ROOH is alipid hydroperoxide and R- is alipid radical.
Indeed, thisreaction is highly dependent on the nature of
the R-group. Accordingly, from in vitro experimentsit is
known that the peroxidizability of unsaturated fatty acids
increasesamost linearly with the number of doublebonds
present in the molecule [19]. The relative maximal oxida-
tion rates for mono-, di-, tri-, tetra-, penta- and hexaenoic
acids appeared to be 0.025:1:2:4:6:8, respectively [19].

In their experiment, Witting and Horwitt [2] fed toco-
pherol deficient ratsdietscontaining variousspecially pre-
pared fats, which differed only in composition with re-
spect to the PUFA but were, with one exception, of con-
stant total unsaturation. The aim of this experiment was
toinvestigate theinteraction of dietary tocopherol and the
degree of unsaturation of fatty acids. The rate of develop-
ment of creatinuria, a symptom of myopathy, i.e. muscle
cell membrane damage, was used as measure for the per-
oxidizabhility of the experimental diets[2].

The results showed that the fatty acid composition of
the muscle phospholipids of the rats was affected by the
different dietary lipids fed, and that there was a negative
relation between the estimated peroxidizability of mus-
cular fatty acids, which increases asthe number of double
bonds per molecule increases, and the rate at which cre-
atinuria developed. Thus, the time required for the pro-
duction of creatinuriain rats fed diets without added vita-
min E isdependent on the nature of the dietary fatty acids.
The higher the degree of unsaturation, i.e. the higher the
number of double bonds in the fatty acid, the larger the
amount of peroxidation products formed, and the earlier
the onset of deficiency symptoms like myopathy.

The relative contributions of the various unsaturated
fatty acidsininducing creatinuriawere comparableto the
relative oxidation rates of PUFA as shown in thein vitro
experiments by Holman [19]. Accordingly, the relative
amountsof tocopherol required to protect the variousfatty
acids from being peroxidized were estimated to be ap-

proximately in the ratios 0.3:2:3:4:5:6 for mono-, di-, tri-,
tetra-, penta- and hexaenoic acids respectively [2]. How-
ever, since neither the tocopherol content of the muscle
membranes nor the plasmatocopherol concentration were
analyzed, it isnot possibleto directly relate the amount of
tocopherol required to the amount of peroxidizable PUFA
in phospholipids. In addition, it is not clear whether the
same ratios as obtained and estimated from animal data
are applicable to humans.

This study, as well as an experiment in ducklings by
Jager [20], indicatesthat, when studying the vitamin E re-
guirement, it isimportant to take into account not only the
fatty acid composition and tocopherol content of the diet,
but of the biomembranes as well. Furthermore, it should
be evident that, although myopathy might be avalid indi-
cator to study vitamin E requirement in animals, this
method can not be used for human studies.

Hemolysis of human erythrocytesin relation to
vitamin E requirement

A number of difficulties arise when studying the vitamin
E requirement in man. Besides the ethical problems of
feeding humans experimental diets, which provide mini-
mal levels of a-tocopherol for prolonged periods of time,
there are a number of variable conditions that determine
vitamin E requirement. These conditions include the
amount of peroxidizable compounds in tissues and diet,
and the time required to depl ete the stores of tocopherols
which, inturn, dependsonthelevel of peroxidizable com-
pounds in the tissues [21].

The vitamin E status of erythrocytes has been eval uat-
ed by determining their resistance to hemolysis in vitro
(erythrocyte hemolysis test). This test is based on the re-
quirement for a-tocopherol to stabilize the erythrocyte
membrane. Since vitamin E in the form of a-tocopherol
is the major lipid-soluble antioxidant in red blood cell
membranes, regulation of a-tocopherol concentrationsin
membranesis of critical importance in maintaining struc-
ture and function of these membranes. In the erythrocyte
hemolysis test, the red blood cells are exposed to an oxi-
dizing agent, e.g. hydrogen peroxide, under controlled
conditionsof timeand temperature. Roseand Gyorgy [22]
werethefirst to demonstrate a protective effect of all four
tocopherol isomers, both in vivo as in vitro, on erythro-
cyte hemolysisinduced by dialuric acid in vitamin E de-
ficient rats.

The erythrocyte hemolysis test was also used in the
Elgin project, a long-term study (up to four years) to in-
vestigate the vitamin E requirements in relation to PUFA
intake, mainly linoleic acid, in humans[1, 21, 23, 24]. Up
till now, thisisthe only experimental study on vitamin E
requirement of human adults. In this study, male subjects
were divided in three groups. One group of subjects was
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fed tocopherol-deficient diets (2—-3 mg a-tocopherol/day)
containing increasing amounts of linoleic acid (3.3 g of
linoleicacid per day for 30 months, 16.5 g/day for 9 months
and 33 g/d for 7 months). A second group of subjects re-
ceived the same diets plus a supplement of 15 mg a-to-
copherol acetate per day. A third group of males was fed
aregular hospital diet, providing up to 10% linoleic acid
inabout 70 g of fat and approximately 10 mg a-tocopherol
acetate [21]. Plasma tocopherol concentrations and the
percentage hemolysis of erythrocytes induced by hydro-
gen peroxide were used as parameters for an adequate to-
copherol status.

Inthe non-supplemented group, eachincreaseinthein-
gestion of linoleic acid reduced the plasmatocopherol con-
centration and resulted in a higher percentage of perox-
ide-induced hemolysis. A period of almost two years was
required before maximum susceptibility of erythrocytes
to hydrogen peroxide occurred. Although in the supple-
mented group the plasmatocopherol levelsalso decreased
with each increase in the intake of linoleic acid, the per-
centage of peroxide-induced hemolysis remained low,
evenat highintakesof linoleic acid. However, subjectsdid
not appear to have any tocopherol stores, since erythro-
cyte hemolysis devel oped within one week after finishing
the supplementation. Thus, these results show that ery-
throcyte hemolysisisonly to acertain extent related to the
plasma tocopherol content. Although the fatty acid com-
position of erythrocytes was analyzed, showing a higher
linoleic acid content in subjects ingesting a diet high in
corn ail than in volunteers consuming a regular hospital
diet, these results were not directly related to the extent of
erythrocyte hemolysis.

From these experiments Horwitt et al [1, 21, 23] con-
cluded that the requirement of vitamin E varies as afunc-
tion of the amount of PUFA, i.e. linoleic acid, in the diet.
However, a direct quantitative relation between the
amount of a-tocopherol requiredto prevent hemolysis(i.e.
prevent peroxidation of unsaturated fatty acids in ery-
throcyte membrane phospholipids) and dietary fatty acid
composition was not demonstrated. The a-tocopherol re-
quirement was only estimated to range from a minimum
of lessthan 5 mg/day to a maximum of about 30 mg/day,
depending on the amount of unsaturated fatty acids pre-
sent in the diet.

AccordingtoHorwitt[21] anallowanceshould bemade
for cellular interconversion and retention of PUFA when
calculating the required dietary intake of vitamin E in re-
lation to dietary PUFA consumption. Significant amounts
of PUFA are found in tissues, predominantly in the phos-
pholipids of biological membranes, which are susceptible
to peroxidation. A calculation of the vitamin E require-
ment based on dietary PUFA intake does not takeinto ac-
count these PUFA. It is generally accepted that the fatty

acid composition of tissuelipidscan bealtered, within cer-
tainlimits, by changing the dietary fatty acid composition.
After reanalyzing the data of the Elgin project, Horwitt
[21] introduced a formula for determining the a-toco-
pheral requirement, which includes both the percentage
(% of dietary total lipids) and amount (g) of dietary PU-
FA, and also a baseline value (4 mg), alowing for tissue
synthesis of peroxidizable compounds:

mg a-TE=0.25 (% PUFA +g PUFA)+4mg (Formulal)

Inanother evaluation of thisstudy, adifferent formulawas
proposed to determinethe a-tocopherol requirement [ 25]:

mg a-TE =5+ 0.5* g PUFA (Formula 2)
Both formulas were derived from the same data of the El-
gin project to establish the a-tocopherol requirement, and
it is obvious that different amounts of a-tocopherol are
obtained. Unfortunately, it is not adequately explained
how both formula have been attained [21, 25].

Horwitt’sanalysesof the Elgin project demonstratethat
it isvery difficult to give exact information on vitamin E
requirements in relation to PUFA intake, in particular
when the erythrocyte hemolysis test is used. Horwitt [1]
recognized that the hemolysistest isnothing morethan an
indication of the rate at which erythrocyte fatty acids can
be oxidized. Furthermore, there is no evidence indicating
that thisin vitro assay closely reflects the stability of the
erythrocyte in vivo [23, 26].

In conclusion, although the erythrocyte hemolysis test
may be avalid indicator of vitamin E status, it has insuf-
ficientyl been validated to allow assessment of the vita-
min E requirement in relation to PUFA content and com-
position in diet and membranes.

A dietary vitamin E/PUFA ratio

Harrisand Embree[3] proposed to use avitamin E/PUFA
ratio for comparison of various diets and foods with re-
spect to mg a-tocopherol per g PUFA. According to Har-
ris and Embree [3], the results of Horwitt's experiments
showed that the minimum ratio of a-tocopherol/PUFA at
which no deficiency symptoms devel oped, was between
0.5 and 0.8 mg/g for the experimental diets used. Analy-
sisof theresults of food consumption surveysin the Unit-
ed States revealed a ratio of 0.6 mg a-tocopherol per g
PUFA, predominantly linoleic acid. They proposed to use
the value of 0.6 as areference ratio for an adequate sup-
ply of vitamin E, which seems to be well in agreement
with ratios found in various animal experiments. Howev-
er, itisdifficult to compare the results of these studies be-
cause of species variation and differences in experimen-
tal techniques, including the deficiency symptomsthat are
under examination, time of depletion and interaction with
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other nutrients. Moreover, this value is mainly based on
linoleic acid as the major PUFA and may not be adequate
when the intake of longer-chain, more-unsaturated fatty
acidsisincreased.

Theanalysisof Harrisand Embree hasled to somecrit-
icism[20, 27]. In animalsit was demonstrated that the vi-
tamin E requirement increased only aslong asan increase
in the amount of dietary PUFA resulted in anincreasein
tissue [20, 27]. Consequently, the vitamin E/PUFA ratio
for quantities of PUFA higher than those required to sat-
urate tissue PUFA approaches zero. In addition, vitamin
E requirement is not only increased during a high PUFA
diet, but also for a certain period after returning to a nor-
mal mixed diet because tissue PUFA content is still high.
Moreover, linoleic acid is not the only dietary unsaturat-
ed fatty acid to be considered in evaluating the vitamin E
requirement [27]. According to Witting [27], the critical
vitamin E/PUFA ratio istherefore not applicable to all di-
etary regimens.

Present recommendations for vitamin E
intake

Despite the difficulties of establishing arelation between
vitamin E and PUFA in aquantitative way, in recent years
anumber of recommendations for vitamin E intake have
come forward.

In the 10th edition of the Recommended Dietary Al-
lowances [8] of the United States Food and Nutrition
Board, a ratio of approximately 0.4 mg a-tocopherol/g
linoleic acid has been suggested as adequate for adult hu-
mans [8]. This RDA value is simply based on the obser-
vation that the amounts of vitamin E and PUFA consumed
by healthy individual singesting balanced dietsin the Unit-
ed States appeared to maintain normal physiological func-
tion and prevent deficiency symptoms. Therefore, the
RDA for men and women was set to 10 and 8 mg a-TE
(15and 12 1U), respectively [8]. Indeed, based on the Sec-
ond National Health and Nutrition Examination Survey
(NHANES 1) in the United States, mean dietary intakes
of vitamin E, expressedin a-TE, werefound to be 9.6 mg/
day for men and 7.0 mg/day for women. Mean dietary in-
takes of PUFA were reported to be 16.3 g/day in men and
10.8 g/day in women [28]. However, it should be reiterat-
ed that the RDA value used is arbitrary, because it is not
based on experimental studies and does not take into ac-
count potential differences in the amount of PUFA con-
sumed.

Other recommendations for vitamin E intake as estab-
lished by the FAO/WHO [29], the scientific Committee
on Food (SCF) of the European Union [30], and the Ger-
man Society of Nutrition [31], are related to the dietary
PUFA intake.

The FAO/WHO recommended at high PUFA intakesa
ratioof 0.6 mga-TE/gPUFA [29], comparabletothevalue
suggested by Harrisand Embree[3]. Unfortunately, inthis
recommendation it is not explained what level of dietary
PUFA consumption is considered as a high PUFA intake.

In contrast, the SCF [30] proposed arelative intake of
0.4 mg a-TE/g PUFA. In contrast, the SCF[30] proposed
a relative intake of 0.4 mg a-TE/g PUFA. This recom-
mendation is based on the a-TE/PUFA ratio found in a
normal American diet. According to the SCF, thereis no
evidence that this level of a-tocopherol consumption is
not sufficient, provided that theintake does not fall below
4 and 3 mg/day for male and female adults. respectively.

Consistent with Horwittt [21, 25], the German Society
of Nutrition proposed in 1991 a minimum daily intake of
5 mg a-tocopherol to prevent lipid peroxidation in tissue
lipids at moderate PUFA intakes (< 7 g linoleic acid per
day) [31]. The German Society of Nutrition also suggest-
ed that an additional vitamin E requirement needs to be
calculated on the basis of the maximal oxidation ratesin
vitro of PUFA with different degrees of unsaturation [2,
19], multiplied by afactor 0.5 (Formula 3). At the usual
PUFA intake of about 21 g/day, it was thought unneces-
sary to include the minimum daily intake of 5 mg in the
formula (see Formula 4). Accordingly, the following for-
mulas could be used to calculate a-tocopherol require-
ment [11, 31]:

at linoleic acid intake < 7 g/day:
mgoa-TE=5+05(0.025G,1 +1 Gy +

2G3+4G4+6G5+8Ge) (FormuIaB)
at linoleic acid intake > 7 g/day:
mga-TE=05(0.025G1+1G, +

2G3+4G4+6G5+8Ge) (Formula4)

where G, = grams of unsaturated fatty acids
with n double bonds.

When it isassumed that the average PUFA intake (21 g/d)
consists of 18 g linoleic acid (2 double bonds) and 3 g a-
linolenicacid (3 doublebonds) per day, adienoic+trienoic
acid equivalent of 24 g will be obtained. Consequently,
the daily a-tocopheral requirement to prevent lipid per-
oxidation at thislevel of PUFA intake will be 0.5 x 24 =
12 mg a-TE, which isin good agreement with the vita-
min E intake recommended by the German Society of Nu-
trition [31]. Thislevel is comparable to the mean dietary
consumption of vitamin Ein Germany, 14 and 11.5mg a-
TE per day for men and women, respectively [11].

After analyzing the results of animal and human stud-
ies, Muggli [16] concluded that aratio of 0.6 mg a-toco-
pherol/g linoleic acid, as proposed by Harrisand Embree
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[3], could be used to determine human requirements. He
introduced aformulain order to convert the relative vita-
min E requirement for individual PUFA (0.3:2:3:4:5:6),
as determined by Witting and Horwitt [2], into absolute
amounts[16, 17]. A ratio of 0.6 mg a-tocopherol/glinole-
ic acid is used as areference value. In order to obtain mg
of a-TE required to protect grams of unsaturated fatty
acids with different numbers of double bonds, Muggli’'s
formula can be revised in the following way [11]:

mga-TE=0.09G; +0.6 G, +0.9 G +
12G4+15G5+1.8 Ge)

where G, = grams of unsaturated fatty acids
with n double bonds.

(Formula )

Revision of vitamin E intake and
PUFA consumption

As is clear from the studies and recommendations de-
scribed above, there is no agreement upon the exact
amount of vitamin E required when consuming various
unsaturated fatty acids. Critical points are that these rec-
ommendations are based on animal experiments and food
intake data that are not adequately validated. Moreover,
themethodsused inthe studiesdescribed have several lim-
itations, which makeit difficult to quantify therelation be-
tween vitamin E and PUFA.

In the following paragraphs, studies are summarized
investigating the effects of the intake of the highly unsat-
urated n-3 fatty acidson vitamin E statusand lipid peroxida-
tion as measured with the MDA method. Furthermore,
the applicability of the MDA method will be critically
evaluated.

Effects of consumption of foodsrich in PUFA on
vitamin E statusand lipid peroxidation

Thereisincreasing evidence that consumption of fish and
fish oils containing n-3 PUFA, especially eicosapenta-
enoic acid (EPA, 20:5n-3) and docosahexaenoic acid
(DHA, 22:6n-3), isbeneficial in the prevention of cardio-
vascular disease [32] and possibly cancer [33]. Fish oils
have been shown to be hypolipidemic by lowering total
triglyceridesin circulating blood and may also have an-
ti-thrombotic effects [32].

However, the n-3 PUFA in fish and fish oils are also
highly unsaturated and consequently, very susceptible to
peroxidation. Since the requirement for vitamin E, asthe
major lipid-soluble antioxidant, is elevated when the in-
take of PUFA increases, an enhanced consumption of fish
or fish oils, for instance by using supplements containing
themajor fish oil fatty acids EPA and DHA, may increase
the need for vitamin E.

It is generally assumed that foods high in PUFA, e.g.
EPA and DHA, often also contain considerable amounts
of vitamin E, thereby providing an adequate vitamin E/
PUFA ratio. However, some food products are rich in
PUFA but contain relatively low levels of a-TE. There-
fore, Bassler [18] stipulates that only the net vitamin E
content should be considered when eval uating the vitamin
E supply in food products that are high in PUFA. The net
vitamin E content isthe total vitamin E content minus vi-
tamin E needed for PUFA protection, as calculated ac-
cording to the formula of Muggli [16, 17]. Conseguently,
foods relatively high in PUFA and low in vitamin E may
have a negative net vitamin E content.

With respect to the amounts of vitamin E and PUFA
(primarily EPA and DHA) infishand fish oils, itisevident
that there is much variation between and within species.
Furthermore, it is possible that there are seasonal varia-
tionsin the vitamin E content of certain fish species[15].

Tablel: Vitamin E, expressed in a-tocopherol equivalents (a-TE), and PUFA content of somefish species[13, 15, 34] and the amount

of vitamin E required, according to Muggli [16, 17]

Fish type Unsaturated fatty acids (g/100 g) o-TE o-TE required
mono di tri tetra penta hexa (mg/100 g) (mg/100 g)
Cod 0.07 - - 0.01 0.09 0.23 0.23 0.57
Haddock 0.07 - - 0.02 0.08 0.14 0.39 0.40
Halibut 0.99 - - 0.03 021 0.22 0.85 0.84
Herring 4.84 0.03 0.02 0.09 112 1.29 1.07 458
Mackerel 9.06 0.05 0.06 0.26 164 2.16 152 7.56
Rainbow trout 1.46 0.02 0.01 0.03 0.16 0.50 0.20 133
Salmon 2.65 0.04 0.02 0.07 0.39 0.73 2.02 2.26
Winter flounder 0.06 - - 0.02 0.09 0.12 0.36 0.38
Wolffish 0.09 - - 0.03 0.14 0.06 2.10 0.36
Crab 0.20 - - 0.03 0.21 0.09 2.25 0.53
Lobster 0.44 0.01 - 0.03 0.24 0.12 1.47 0.66
Mussel 0.36 0.05 - 0.05 0.15 0.17 0.74 0.65
Oyster 0.17 - - 0.02 0.11 0.09 0.85 0.37
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Tablel presentsthevitamin E and unsaturated fatty acid
contents of some fish species [13, 15, 34]. In addition, it
shows the amount of vitamin E required, calculated ac-
cordingtotherevised formulaof Muggli (Formula5). The
unsaturated fatty acidswith 1, 2, 3, 4, 5 and 6 doublebonds
are indicated by mono, di, tri, tetra, penta and hexa, re-
spectively, and the amounts of vitamin E are given asthe
amounts of a-TE, since a-tocopherol isthe major form of
vitamin E present in fish [14].

Asis clear from Table |, most of the fish species can
not be regarded as containing adequate amounts of vita-
min E. Indeed, more than half of the fish types presented,
contain equivalent or lower levels of a-tocopherol thanis
required. In particular herring and mackerel have alarge
negative vitamin E content: —3.51 and —6.04 mg respec-
tively. Only wolffish and crab have an additional a-toco-
pherol content of more than 1.5 mg/100 g. Thus, using
Muggli’s formulato evaluate the vitamin E status of fish
food shows that the a-tocopherol content of fishisrela
tively low and that increased consumption of fish may
compromise the vitamin E status in humans.

Results of an observational study showed that extreme
fish consumption does not affect plasma antioxidant lev-
els. Although subjects usually consuming ahigh-fish diet
(103 g/day) had higher EPA and DHA intakes and higher
levels of plasman-3 fatty acids than subjects on an habit-
ual low-fish diet (5 g/day), therewere no differencesin vi-
tamin E intake and concentrations of a-tocopherol in
plasma between the two groups [35]. When the formula
of Muggli isappliedto theintake data of unsaturated fatty
acids in both groups, the a-tocopherol requirement will
be 8.97 and 8.28 mg/day for the high-fish and low-fish
group, respectively, valuesthat areonly slightly lower than
the actual vitamin E intakes (9.0 and 10.5 mg/day). How-
ever, sinceinthisstudy markersof lipid peroxidationwere
not measured, any possible adverse effectsof the more ox-
idation-susceptible n-3 fatty aicds in fish cannot be ruled
out. Therefore, itisnot clear whether the vitamin E intake
of 10.5 mg/day in the high-fish group is sufficient to pre-
vent lipid peroxidation.

Several studieshaveinvestigated theeffect of increased
intakes of the major fish fatty acids EPA and DHA, in the
form of commercial fish oil supplements, on vitamin E
status and lipid peroxidation. Most fish oil supplements
contain amounts of vitamin E that are equal to or exceed
the levels that are required according to Muggli’s formu-
la, taking into account the fatty acid composition of the
supplements. Nevertheless, lipid peroxidation could not
be prevented in subjects receiving fish oil supplements,
suggesting that the vitamin E content of either the sup-
plements or the total diet is not adequate [36-38]. Fur-
thermore, additional vitamin E supplementation gave in-
consistent results.

Brown and Wahle [37] found no difference in the
plasma concentration of thiobarbituric acid responsive
substances (TBARS) between volunteers only receiving
fish oil supplements (15 g/day) and a group of subjects
that was also supplemented with 268 mg additional vita-
min E (a-TE), despite the fact that the extra vitamin E
caused a significant increase in plasma vitamin E con-
centration. Haglund et al [39], found no effect of fish ail
containing 1.0 mg a-TE/g oil on levels of plasma MDA
and serum vitamin E, while fish oil containing only 0.2
mg a-TE/g significantly increased the concentration of
plasmaM DA and reduced serum vitamin E concentration.
Allard et al [40] reported a significant increase in plasma
MDA and lipid peroxide concentrations in subjects re-
ceiving supplementsmainly containing EPA and DHA, ir-
respective of 604 mg additional vitamin E (a-TE). In con-
trast, theresults of across-over trial with post-menopausal
women receiving fish oil capsules (15 g/day) and differ-
ent doses of vitamin E (0, 91, 182, 364 mg a-TE) showed
that the concentration of urinary TBARS decreased lin-
early asthe dose of vitamin E increased. However, no vi-
tamin E dose-dependent response was found in the con-
centrations of the MDA-TBA adduct in both plasma and
urine [41]. Wander et al [41] concluded that more studies
are necessary to assess the oxidative potential of highly
unsaturated fatty acids, i.e. EPA and DHA, and theamount
of vitamin E that is required to prevent peroxidation. A
study of Nair et al [38] also showed a protective effect of
vitamin E on lipid peroxidation. Daily supplementation of
15 g fishail, containing 4.53 g EPA and 1.96 g DHA, led
to reduced plasma a-tocopherol concentrations and ele-
vated MDA levels, but values returned to baseline levels
after 147 mg a-TE was given in addition to the 15 g of
fish oil.

Tablell summarizestheresults of studiesinvestigating
the effects of EPA and DHA (and vitamin E) supplemen-
tation on vitamin E status and lipid peroxidation in hu-
mans. The vitamin E content of the supplements is ex-
pressed in mg a-TE. From most fish il supplements on-
ly theamountsof EPA and DHA present isexactly known.
Asaconsequence, only thesetwo fatty acids could be used
to calculatetheamount of a-TE that should have been pre-
sent in the supplement. However, since in Muggli’s for-
mula EPA and DHA have the largest conversion factors
andusually arethemajor PUFA infishail, other fatty acids
will contribute only to alimited extent to thevitamin E re-
guirement.

Asis clear from Tabel |, different doses of EPA and
DHA have been used, asisa sotruefor thevitamin E con-
tent of the fish oil supplements. Furthermore, different
doses of additional vitamin E have been supplemented.
From the results presented it appears that in some studies
even large doses of extra vitamin E could not prevent an
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Tablell: Summary of studiesinvestigating the effects of n-3 PUFA and vitamin E on vitamin E status and lipid peroxidation in man.

Vitamin E is expressed in a-tocopherol equivalents (a-TE)

Daily dose fatty acids Daily dose Calculated a-TE Lipid Plasma Duration  Refer-
in FO supplement (g) a-TEinFO requirement supplement perox- a-toco- (weeks) ence
supplement o-TEinFO (mg) idation pherol

EPA DHA (mg) supplement (mg)*

1.68 0.72 4.0 3.82 Increase No effect 12 36
2.00 1.30 10.1 5.34 Increase No effect 2 37
2.00 1.30 10.1 5.34 No effect  No effect 4 37
2.00 1.30 10.1 534 268 Increase Increase 2 37
2.00 1.30 10.1 5.34 268 No effect  Increase 4 37
4.53 1.96 11.0 10.32 Increase Decrease 10 38
453 1.96 11.0 10.32 147 Decrease  No effect 8 38
4.10 3.60 2.0 12.63 No effect  No effect 4 53
4.10 3.60 2.0 12.63 Increase No effect 25 53
3.062 2.262 8.66 Increase No effect 6 40
3.062 2.262 8.66 604 Increase Increase 6 40
2.75 1.85 16.3 7.46 - Increase 6 54
2.46 1.80 6.93 91 Decrease  Increase 5 41

* The requirement a-TE in the FO supplement is cal culated according to Muggli’s formula.
FO = Fish oil; EPA = Eicosapentaenoic acid (20:5 n-3); DHA = Docosahexaenoic acid (22:6 n-3).

increase in lipid peroxidation [37, 40], whereas in other
studies a distinct protective effect is demonstrated.

The inconsistency in these results may be due to dif-
ferences in the methodology that is used to measure lipid
peroxidation. Furthermore, it is possible that nutritional
co-factors play arolein the process of lipid peroxidation,
for instance vitamin C. Vitamin C isthe major line of an-
tioxidative defense against radicals in the agueous phase
and lipid peroxidation in plasma, but it is also crucial for
the recycling of vitamin E [42]. According to Gey [42],
there is evidence that the vitamins C and E interact also
in vivo in man, and that the functional coupling of these
vitaminsisacrucial part of the overall antioxidant poten-
tial. However, in the studies described above, the influ-
ence of vitamin C on lipid peroxidation and on the recy-
cling processof vitamin E has not beentakeninto account.

Therefore, when investigating the amount of vitamin E
that is needed to prevent lipid peroxidation when the con-
sumption of fish fatty acids, e.g. EPA and DHA is in-
creased, the influence of co-nutrients as vitamin C should
also be taken into account.

Influence of areduction in fat intake on vitamin E
requirement

In previous chaptersit is discussed that the vitamin E re-
quirement is elevated when the consumption of PUFA is
increased. Therefore, adecreasein total fat intake, with a
shift in the ratio from saturated fatty acids (SAFA) to
PUFA, may also have consequences for the vitamin E re-
quirement.

In the following example it is pointed ou that the vita-
min E requirement, calculated according to the formula
of Muggli as revised by Gassmann [11], is increased by
3 mg/day when the dietary fat content and compositionis
altered according to the recommendations of several pub-
lic health organizations. adecreaseintotal fat intaketo 30
energy percent (en%), and a decrease in SAFA and in-
creasein PUFA and monounsaturated fatty acids (MUFA)
at aratio of 10:10:10 en% [6].

In the calculation it is assumed that the habitual daily
fat intake is 40 en%. Recent nutritional intake data have
shown that 40 en% of total daily fat intake consists of
16.7 en% SAFA, 15.6 en% MUFA and 7.7 en% PUFA and
PUFA can bedividedin 6.6 en% linoleic acid, 1.1 en% a-
linolenic acid, 0.1 en% EPA and 0.1 en% DHA (R.P.
Mensink, personal communication). Assuming adaily en-
ergy intake of 2250 kcal, the intake of the different fatty
acids can be calculated in grams, i.e. 39 g MUFA, 16.6 g
linoleic acid, 2.75 g a-linolenic acid, and 0.25 g of both
EPA and DHA.. Accordingly, vitamin E requirement will
be 16.7 g/day.

In contrast, at a similar daily energy intake but a
reduced total fat consumption of 30 en%, consisting of
10 en% of both SAFA, MUFA and PUFA, and PUFA con-
sisting of 8 en% linoleic acid, 1.5 en% a-linolenic acid
and 0.25 en% of both EPA and DHA, the calculated vita-
min E requirement will be 19.7 mg/day.

The above calculation demonstrates that although total
fat intakeisreduced, vitamin E rquirement, cal cul ated ac-
cording to the Muggli formula, is increased when the
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SAFA/PUFA ratio is decreased. Thus, although a reduc-
tionintotal fatintakewithaconcomitantincreasein PUFA
consumption is considered beneficial with respect to the
risk of cardiovascular disease, the vitamin E status may
be negatively influenced.

Evaluation of the MDA technique to measurelipid
peroxidation

A method commonly used to assess lipid peroxidation is
the determination of malondialdehyde (MDA), an end
product of oxidative lipid degradation, or of a derivative
of MDA generated by its reaction with thiobarbituric acid
(TBA). At low pH and high temperature, MDA readily re-
acts with TBA to form ared, fluorescent 1:2 MDA:TBA
adduct, which can be measured by fluorescence spec-
trophotometry [43, 44]. Several studies have demonstrat-
ed anincreased production of MDA or TBA-reactive sub-
stances (TBARS) in subjects receiving dietary supple-
ments with a high PUFA content, and close associations
between vitamin E and PUFA have been observed [36-38,
45]. However, there are no studies in which this method
was used to establish the amount of vitamin E required
preventing MDA formation at different intake levels of
PUFA. In addition, the determination of MDA asindex of
lipid peroxidation has several limitations that should be
taken into account when attempting to quantify the rela-
tion between vitamin E and PUFA.

It is assumed that a quantitative relationship exists be-
tween lipid peroxidation and the formation of MDA and
that the formation of TBARS during the TBA-test is spe-
cific for the presence and amount of lipid peroxides, i.e.
lipid-derived MDA [43]. However, according to Janero
[43], who extensively reviewed the available literature on
MDA and TBA-reactivity, there are several important fac-
tors, which influence the relationship between MDA de-
rived from lipid oxidation products and its reactivity in a
TBA-test. Firstly, it iswell documented that the TBA-test
is not specific for MDA. Lipid peroxide-derived decom-
position products other than MDA and substances not re-
lated to lipid peroxidation can form TBA complexesalso.
In addition, MDA is able to react with other molecules
than TBA. Furthermore, MDA is not the only end product
of lipid peroxidation nor isthissubstance exclusively gen-
erated through lipid peroxidation. An important point is
that the formation of MDA as a result of lipid peroxida-
tion varies with the nature of the PUFA peroxidized, es-
pecialy with its degree of unsaturation. Therefore, the
amount of MDA formed does not give reliable and un-
equivocal information on the precise nature of the MDA,
precursors, nor can the TBA-test response be considered
a quantitative measure of lipid peroxidation [43]. Ac-
cording to Gutteridge and Halliwell [46], the TBA-test
may give misleading results when used on human mater-

ial, especialy plasma, which contains many substances
that react in the TBA-assay.

When assessing the vitamin E requirement in relation
to PUFA consumption it is, however, necessary to deter-
mine the extent of lipid peroxidation as a quantitative
marker of free radical generation.

Recommendations for futureresearch

Asdiscussed above, thevitamin E requirement in man has
frequently been studied in relation to linoleic acid as the
principal PUFA being consumed. However, the effects of
consumption of the highly unsaturated L CP on vitamin E
requirement have not been adequately investigated. In ad-
dition, the frequently used MDA -technique may not be
suitable to study the extent of lipid peroxidation in rela-
tion to vitamin E requirement.

Therefore, to study the relation between vitamin E and
PUFA, it is necessary to use functional techniques based
on the measurement of lipid peroxidation in vivo. Re-
cently, an immunoassay method for the measurement of
isoprostancesin plasmaor urine has been developed [47].
The F.-isoprostane, 8-iso-PGF.y, has been shown to be
formed in vivo as a result of free radical-catalyzed lipid
peroxidation of arachidonic acid. Thisreaction occursin-
dependent of the cyclooxygenase pathway [48]. Studies
have shown that the measurement of circulation amounts
of 8-is0-PGF, isareliableindex for the determination of
oxidative stress status in humans [49, 50], provided the
tissue content of arachidonic acid in stable. Furthermore,
assessment of oxidized low density lipoprotein (oxLDL)
in plasma by using a monoclonal antibody raised against
oxLDL may also provide an adequate marker of lipid per-
oxidation in vivo [51, 52].

Thus, astudy should be considered to investigate vita-
min E requirement in relation to the consumption of
PUFA, especially the highly unsaturated LCP, using F»-
isoprostanes and oxL DL as markers of lipid peroxidation.
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