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Optimal nutrition: vitamin E

P. A. Morrissey* and P. J. A. Sheehy
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Interest in the role of vitamin E in disease prevention has encouraged the search for reliable indices
of vitamin E status. Most studies in human subjects make use of static markers, usually
a-tocopherol concentrations in plasma or serum. Plasma or setaoopherol concentrations of
<11-6, 11-6-16-2, and >16:ol/l are normally regarded as indicating deficient, low and
acceptable vitamin E status respectively, although more recently it has been suggested that the
optimal plasmao-tocopherol concentration for protection against cardiovascular disease and
cancer is > 3@mol/l at common plasma lipid concentrations in combination with plasma vitamin

C concentrations of >50mol/l and >0-4imol B-carotene/l. Assessment of vitamin E status has
also been based ono-tocopherol concentrations in erythrocytes, lymphocytes, platelets,
lipoproteins, adipose tissue, buccal mucosal cells and LDL, and tmeopherol y-tocopherol in

serum or plasma. Erythrocyte susceptibility to haemolysis or lipid oxidation, breath hydrocarbon
exhalation, oxidative resistance of LDL, arattocopheryl quinone concentrations in
cerebrospinal fluid have been used as functional markers of vitamin E status. However, many of
these tests tend to be non-specific and poorly standardized. The recognition that vitamin E has
important roles in platelet, vascular and immune function in addition to its antioxidant properties
may lead to the identification of more specific biomarkers of vitamin E status.

Vitamin E: Biomarkers

Vitamin E is the generic term used to describe at least eight The most widely accepted biological function of vitamin
naturally-occurring compounds that exhibit the biological E is its antioxidant property. In addition, it directly

activity of a-tocopherol. The group comprises (3-, y- and influences cellular responses to oxidative stress through
o-tocopherol anda-, B-, y-, and é-tocotrienol. All these modulation of signal-transduction pathways (Azti al
compounds occur as a variety of isom&RRa-tocopherol 1992). Increasing evidence implicates free radical-mediated

has the highest biological activity according to rat fetal cell and tissue damage in the pathogenesis of various
resorption (Weiser & Vecchi, 1982) or pyruvate kinase degenerative diseases, including cardiovascular disease,
(EC 2.7.1.40; Machlinet al 1982) assays, and accounts cancer, inflammatory diseases, diabetes mellitus, neuro-
for approximately 90 % of the vitamin E activity found degenerative diseases and cataract. Vitamin E is the
in tissues (Cohn, 1997). The other tocopherols andmost effective chain-breaking lipid-soluble antioxidant in
tocotrienols are less biologically active but they are at biological membranes, where it contributes to membrane
least as abundant astocopherol in certain foods (notably stability and protects critical cellular structures against
y-tocopherol in maize oily- andd-tocopherol in soyabean damage from free radicals and reactive products of lipid
oil andy-tocopherol andi-tocotrienol in palm oil; Sheppard oxidation (Meydani, 1995). Until clinical trials involving

et al 1993). The commercially-available synthetic forms of supplements of vitamin E and other antioxidant micro-
vitamin E comprise an approximately equal mixture of nutrients were started in the mid-1980s, prospective studies
eight stereoisomeric forms aftocopherol. The expression involving the examination of serum vitamin E levels and the
of vitamin E activity has changed from the former US occurrence of cardiovascular disease and cancer were the
Pharmacopeia vitamin E units (IU) to ntgtocopherol primary source of evidence, and results from these types of
equivalentsq-TE), where 1 m@-TE is equal to the activity  studies are inconsistent regarding possible disease preven-
of 1 mgRRRa-tocopherol or 1-49 mg athc-a-tocopheryl tion by vitamin E (Roclet al 1996). The evidence over the
acetate. last 10 years is supportive of a role for vitamin E in the

Abbreviations: 0xo8dG, 8-oxo-7,8-dihydro~2leoxyguanosineg-TE, a-tocopherol equivalents.
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prevention of cardiovascular disease, but less so in the pre- Biomarkers of vitamin E status
vention of cancer. However, the results of several ongoing
large randomized intervention trials must be awaited before
conclusions can be drawn. Most studies measuring vitamin E status in human
subjects make use of static markers, usuattpcopherol
concentrations in plasma or serumTocopherol may also
be measured in erythrocytes, lymphocytes, platelets,
The intense interest in the role of vitamin E in disease lipoproteins, adipose tissue and buccal mucosal cells.
prevention has encouraged the search for reliable indices of-Tocopherol may also be measured. One of the questions to
vitamin E status for use in basic research, epidemiology,be considered when using these less common biomarkers is
clinical trials and large-scale intervention studies. In princi- whether they are markers of the dietary intake or of the
ple, nutritional status can be assessed by measuring dietarinternal dose. To answer this question, a better knowledge of
intake, by clinical examination, or by the measurement of vitamin E metabolism and distribution is required.
biochemical and/or physiological markers. The reliability of
dietary intake data is reduced by factors such as incomplete
food—nutrient databases, variability in food composition or
preparation, inconsistency of subjects’ eating habits, recallThis variable remains the most used biomarker to assess
biases between cases and controls, and inter-individualitamin E status and, consequently, is the one for which
differences in nutrient absorption and metabolism. Also, most data are available (Farrell al 1978; Lookeret al
high intakes of a nutrient might only be a marker for some 1989; Hercbergt al. 1994; Winklhofer-Roolet al. 1997).
other nutrient, non-nutrient, dietary practice or lifestyle The measurement is technically simple, but there are a vari-
habit that could itself be the true preventive factor ety of confounding factors, including the effects of age, sex,
(Blumberg, 1995). Clinical methods lack the sensitivity to plasma lipids, lipid-lowering drugs and smoking, that must
diagnose marginal status, in which the depletion of body be taken into consideration (Beat al 1998). In addition,
stores is serious enough to cause functional impairment butnany disease states are associated with changes in vitamin E
not clinical signs. Indeed, for some nutrients, including status, and it is not easy to determine whether these changes
vitamin E, clinical deficiency is rare. Thus, increasing are a cause or a consequence of the disease process. Plasma
emphasis is being placed on the identification, validation or seruma-tocopherol concentrations of <11-6, 11-6-16-2,
and exploitation of more sensitive biochemical or physio- and >16-Zimol/l are normally regarded as indicating
logical markers (biomarkers) of nutrient status. In parallel deficient, low and acceptable vitamin E status respectively
with these investigations is the development of valid early (Sauberlichet al 1974). However, based on a review of
and intermediate markers of disease risk and disease proevidence from cross-cultural and prospective epidemiology
gression. Taken together, these markers provide informationand case—control studies, Gey (188% contended that the
on the bioavailability, turnover, metabolism, interactions, optimal plasmaa-tocopherol concentration for protection
and mechanisms of action of nutrients which is critical for against cardiovascular disease and cancer wagm@id at
identifying the types of populations that would be most common plasma lipid concentrations (cholesterol 2200 mg/l
responsive in large clinical trials, the optimal timing of the and triacylglycerols 1000 mg/l) in combination with plasma
intervention, and optimal trial duration and design. Appro- vitamin C concentrations of >%0nol/l and >0-4imol
priate markers can also be used to validate dietary intake3-carotene/l (>0-fimol total carotene/l). Traber & Sies
data and to obtain additional information from banked spec-(1996) estimated that, on average, a daily dietary intake of
imens (Kohlmeier, 1995). about 15-30 mgu-tocopherol is required to maintain this
Biomarkers of nutrient status may be referred to asplasma level, an amount which could be obtained from
‘static’ or ‘functional’. Examples of static markers include dietary sources if a concerted effort was made to eat foods
the concentrations of a nutrient or its metabolites in blood high in vitamin E. In contrast, the amounts of supplemental
or urine, while functional markers include the level or vitamin E suggested as protective from epidemiological
response of a nutrient-related variable such as an enzymstudies are many times higher than those that could be
activity, an abnormal metabolite (which might also be obtained from the diet.
a marker of disease risk) or a physiological function. The correlation between-tocopherol and blood lipids,
Ideally, the biomarkers selected should be inexpensiveespecially cholesterol, is very strong, particularly in hypo-
to collect and analyse, requiring small amounts of or hyperlipaemia. Consequently, it is recommended that
specimen obtained in a low- to non-invasive manner. In theplasma or serunmo-tocopherol concentrations be lipid-
case of biomarkers of dietary exposure, they should persistorrected (i.e. expressed relative to either the sum of
for long periods of time, represent the integrated exposurecholesterol and triacylglycerols or to cholesterol alone). For
over time and all routes of entry, and be specific and highly convenience a-tocopherol: cholesterol is the simplest to
predictive of that exposure; assays for the markers shouldobtain and probably the most useful, with values below
be sensitive, specific and reliable, and baseline values in the-2umol a-tocopherol/mmol cholesterol indicating a risk of
unexposed population should be low (Kohlmeier, 1995). deficiency (Thurnhanet al 1986). The optimal value for
However, these requirements are seldom, if ever, com-a-tocopherol:cholesterol was estimated by Gey (2995
pletely met. to be >5-21mol/mmol.

Static markers

Biomarkers in nutritional status assessment

Plasma or serum-tocopherol concentration
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a-Tocopherol in other blood components significantly between patients and healthy age-matched
controls, but patients had a lower mean seyttotopherol
concentration and an elevatedtocopherol y-tocopherol.
The reasons for this finding, and its practical significance,
are unclear.

y-Tocopherol is probably worthy of much more consider-
ation in its own right than it has received up to now.
Recent studies (Christegt al 1997) on the effects af-
andy-tocopherol against peroxynitrite in LDL suggest that
y-tocopherol can act as a trap for membrane-soluble
electrophilic nitrogen oxides and other electrophilic
mutagens, forming stable carbon-centred adducts through its

Erythrocytea-tocopherol concentrations have been used in
attempting to evaluate vitamin E status in a variety of sub-
ject groups such as cystic fibrosis patients (Faeelal
1977), premature infants and children (Miebal 1985),
and hypertensive patients (Weat al 1996). The latter
authors reported that erythrocytetocopherol concentra-
tions were significantly lower in a group of hypertensive
patients compared with normotensive controls, although
plasmaa-tocopherol levels were similar in both groups. A
disadvantage of erythrocytetocopherol is that values are

affected by packed cell volume and also by plasma lipid nucleophilic 5-position, which is blocked ortocopherol.

levels (Bieriet al 1977). .
It ha(s been suggest)ed thatocopherol concentrations in O:}her stud||es (CI(—:-qTent &hBoulrre, 1997)|_d%mons_trated ;chat
: when supplementgttocopherol was supplied continuously
platelets and lymphocytes may be more useful biomarkers. . L . .
S . in rat diets it induced a marked increaseaitocopherol
g{ \;lltar(rllggg) Sﬁéfg&?:‘g}_iggze h'grcﬁwégﬁoccgéfétigﬁgmiﬁnn concentrations in serum and tissues, suggesting that there is
: P a relationship betweem- andy-tocopherolin vivo and that

plasma, plasma lipids, erythrocytes, platelets and lym- ) :
. ; . 7. the biopotency of dietargi-tocopherol could depend to
phocytes from twenty subjects on graded intakes of vitamin some extent on habitual intakes ysfocopherol. Whether

E. a-Tocopherol levels were determined before supple- this situation is due to increased expression of hepatic

?Oer%tg t'%r:’_ afggggv;l)rr:gerﬁ V\;eceelgt e% Sugr? Cliemaef? ;?t'osnupvg;gl a-tocopherol transfer protein mRNA, as has been shown for
: : e i d-tocopherol (Fechneet al 1998), is unclear. A role for

mentation with 100 mgpL-a-tocopheryl ap_etate/d for a . I}/—tocopherol in reducing peroxides and mutagens in faeces

further 6 weeks. Platelets were more sensitive to changes i g

vitamin E intake than the other blood elements. In contrast has ‘."‘ISO t_)een postulated_ (Papp_as, 1996). S|m|!arly, more

Kaempf et al (1994) assessed the vitamin E status of'con5|derat|on should be given to intakes of tocotrienols and
= ; N their biological effects. These compounds have been

twenty-eight healthy - newborn infants and - ninety-two reported to have hypocholesterolaemic properties, to be

children aged from > months to 16 years on the basis 0fbetter antioxidants than the corresponding tocopherols
a-tocopherol levels in plasma, erythrocytes, platelets, andunder a variety of oxidizing conditions, and to have anti-
mononuclear and polymorphonuclear leucocytes. They also y 9 :

measuredi-tocopherol in buccal mucosal cells, which they aggrrez%atig/%ggtérbanrgl;hr?nggC effects (Qureshi &
suggested might reflect body stores of vitamin E. PlasmaQu I ' ' a )-

a-tocopherol levels rose significantly in neonates during the

first week of life, and these changes were also observed to a a-Tocopherol concentration in LDL

slightly lesser extent in mononuclear leucocytes and bucca
mucosal cells. However, erythrocyte, platelet, and poly-
morphonuclear leucocyten-tocopherol levels did not
change significantly during this period. In infants, young
and older childreng-tocopherol levels in plasma, platelets,
buccal mucosal cells and mononuclear leucocytes appeare
to follow the same pattern over time, whereas those in
erythrocytes and polymorphonuclear leucocytes did not.
These authors proposed thattocopherol levels in cells
with LDL receptors, such as mononuclear leucocytes and
buccal mucosal cells, may be more useful markers of
vitamin E status than those in erythrocytes or platelets.

LI'he guestion of whether plasmatocopherol is predictive

of its concentration in LDL is important in the context of the
epidemiological evidence of an inverse relationship between
intakes or plasma levels of vitamin E and the risk of
therosclerosis, and of the LDL oxidation hypothesis. There
re considerable variations in LDi-tocopherol concen-
tration between individuals and these differences were
generally thought to be due mainly to differences in plasma
levels. The fact that taking a vitamin E supplement leads to
an increase in plasma-tocopherol and a parallel and
more or less linear increase in LRI-tocopherol led
Jialal & Grundy (1992) to conclude that plasma levels
of a-tocopherol are a practical surrogate for LBL-
tocopherol. Jialakt al (1995) observed a dose-dependent
increase in plasma and lipid-standardizeeocopherol
Large doses ofu-tocopherol displacei~tocopherol from levels and LDLe-tocopherol with increasing dose of
plasma to bile (Handelmeet al. 1985; Bakeet al 1986), a-tocopherol supplementation (40, 134, 269, 537 and
suggesting that-tocopherol y-tocopherol in plasma or  805mga-TE for 8 weeks). However, in normal unsupple-
serum could be an index of-tocopherol ingestion (e.g. mented individuals, only LDl-tocopherol was strongly
from supplements) and therefore, might be useful for correlated with plasmatocopherol 2 0-68), while LDLe-
monitoring compliance during clinical trials. However, this tocopherol concentration did not reflect plasnoa

Plasma or serum-tocopherol :y-tocopherol

possibility requires validation. tocopherol (2 0-001); Ziouzenkovat al 1996). This find-
In a recent case—control study, Ohnetlal (1996) eval- ing suggests that thee-tocopherol content of LDL may not
uated the predictive power of the serurrtocopherol: be the exclusive determinant for the inverse relationship

y-tocopherol value to discriminate between subjects with between plasma-tocopherol and the risk of cardiovascular
and without CHD. Serumu-tocopherol did not differ  disease, and that other effects such as decreased platelet
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adhesion and aggregation, smooth muscle cell proliferationtissue and that they reflect the daily intake (McMurchie
and monocyte adhesion could be major mechanisms. In anyt al. 1984). Further studies on this potential biomarker of
event, these results indicate that plasm&ocopherol body vitamin E stores are warranted.

concentrations do not provide reliable information on
a-tocopherol concentrations in LDL in unsupplemented
individuals.

The value of LDLea-tocopherol as a predictor of the Since vitamin E is the major lipid-soluble chain-breaking
severity of coronary artery disease was recently evaluatedantioxidant in plasma and tissues, many tests have been
by Regnstronet al (1996) using a scoring system in which developed which attempt to measure functional vitamin E
coronary angiograms were analysed for the number and sizetatus on the basis of the degree of lipid oxidatiorivo, or
of distinct stenotic lesions (global stenosis score). Lipid- the resistance of cells and lipoproteins etc., to stimulated
adjusted serum and LDét-tocopherol concentrations were  lipid oxidationin vitro. Many of these methods are poorly
significantly lower in patients (sixty-four male survivors of standardized and, apart from LDL oxidative susceptibility or
myocardial infarction <45 years) than in thirty-five age- resistance, they have had fairly limited application. Exam-
matched controls, and a significant inverse correlation wasples of tests which have been used to assess vitamin E status
observed between LDL-vitamin E concentration, whether based orin vivo lipid oxidation orin vitro oxidative stress

Functional markers

adjusted to lipid(—0-477,P<0-001) or proteinr(—0-375, susceptibility in various cells, tissues and other matrices are
P<0-01), and global coronary stenosis score. given in the following sections.
a-Tocopherol concentrations in other tissues Susceptibility of erythrocytes to haemolysis or lipid
oxidation

Adipose tissue, liver and muscle represent the major stores
of vitamin E in the body, with about 90 % of the vitamin Erythrocyte haemolysim vitro stimulated by dilute D,
being contained in the adipose tissue (Traber & Kayden,has been used as a functional test of vitamin E deficiency
1987). Although it has a very slow turnover (Bjgrneboe (Machlin, 1984; Miyakeet al 1991). The latter authors

et al. 1990), adipose tissue vitamin E is strongly associateddemonstrated that neonatal erythrocyte membranes have a
with dietary intake (Schafer & Overvad, 1990). This rela- high peroxidative potential due to their high content of poly-
tionship, coupled with the fact that plasroatocopherol unsaturated fatty acids, reflecting an increased requirement
would probably be affected by an acute myocardial for vitamin E. More recently, Girodoret al (1997)
infarction, led to the selection of gluteal adipose tissue = employed a modified erythrocyte haemolysis test using the
tocopherol as a long-term measure of vitamin E status in thefree-radical generator 2;32zo-bis (2-amidinopropane)
EURAMIC study (Kardinaakt al 1993) in preference to  dihydrochloride to assess the effects of antioxidant
plasmaa-tocopherol. Dietary fatty acids had previously vitamin and mineral supplements on oxidative stress
been reported to be potential confounders of adipose tissususceptibility and oxidant defences in elderly subjects.
vitamin E, since vitamin E intake is positively associated Seruma-tocopherol:cholesterol was positively correlated
with that of linoleic acid, while linoleic acid, in adipose (P=0-06) with erythrocyte resistance to haemolysis.
tissue is inversely related to the risk of myocardial infarction Although haemolysis tests reflect impaired integrity of
(Woodet al 1987). However, in multiple regression analy- erythrocyte membranes, they are of limited usefulness for
sis, adjusting for age and centre waist circumference was the/itamin E status assessment because of their lack of specifi-
only independant predictor of adipose tissutcopherol city, as well as the variability of test results and lack of
level in men, while in women no predictorscotocopherol standardization between different laboratories (Anonymous,
level were found (Virtaneret al 1996). There were no 1988).

significant differences in adipose tissaetocopherol con- Malondialdehyde production during exposure of erythro-
centrations between cases of breast cancer and controls. Zheytes to HO, in vitro has also been used to assess vitamin E
et al (1996) examined the dietary intake and breast adiposestatus (Cynamon & Isenberg, 1987). In a study involving
tissue concentrations of vitamin E in women diagnosed with children with cholestatic liver disease at risk of vitamin E
benign breast disease and with breast cancer. Vitamin Edeficiency and vitamin E-sufficient controls, the test was
concentrations in breast adipose tissue were significantlycapable of detecting vitamin E deficiency which was
positively correlated with dietary vitamin E intake confirmed by low plasma-tocopherol and lipid-corrected
(P<0-05). In post-menopausal women, significantly lower plasma a-tocopherol concentrations. In contrast, the
dietary vitamin E intakeR<0-01) and breast adipose tissue erythrocyte haemolysis test underestimated the prevalance
vitamin E concentrations P<0-05) were observed in of vitamin E deficiency. A limitation of the test is that
patients with breast cancer than in subjects with benignmalondialdehyde is estimated by measuring thiobarbituric
breast disease. One obvious limitation of adipose tissueacid-reactive substances which are not specific for malondi-
biopsy sampling is that it is more invasive than blood aldehyde. For this reason the assay cannot be recommended
sampling, and is not practical except in a research settingfor routine assessment of vitamin E status.

However, as described earlier, buccal mucosal cells may be The vitamin E status of pregnant women, neonates and
sampled easily and non-invasively by gentle scraping with anormal adults was assessed by measuripngddsumption
spatula, and are suitable for vitamin E determinations rates in erythrocyte ghost membranes during exposure to
(Kaempfet al 1994). It has been reported that these cells 2,2-azo-bis (2-amidinopropane) dihydrochloride (Mino,
have a similar fatty acid composition to that of adipose 1993). Despite having similar tocopherol concentrations, O
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consumption in ghost membranes of neonates was signifi-individuals, especially at intake269-336 mgx-TE (Jialal
cantly greater#<0-05), and in those of pregnant women & Grundy, 1992; Esterbauet al 1993; Simongt al 1996;
slightly greater than in those from normal adults. The effect Devaraj et al 1997), and there are strong correlations
appeared to be due to differences in membrane arachidonibetween oxidative resistance and LBkecopherol
acid and ‘active hydrogen’ content. This finding suggests concentration in these subjects (Jialal & Grundy, 1992;
that the functional vitamin E status of neonates and pregnanEsterbaueret al 1993; Jialalet al 1995). Princeret al
women is poorer than that in normal adults. (1995) observed in vitamin E-supplemented men and
women that the rate of oxidation was significantly
(P<0:01) decreased at 269 and 537 mgrE/d, and
concluded that vitamin E was the most important variable
Lipid peroxidation results in the production of hydrocarbon that determined oxidative resistance of LDL in the study
gases such as pentane (frarf polyunsaturated fatty acid group. However, the relationship becomes weaker in unsup-
hydroperoxides) and ethane (fran8 polyunsaturated fatty  plemented subjects. Frei & Gaziano (1993) observed that
acid hydroperoxides). Both gases pass through the lungonly 18 % of the lag phase of lipid oxidation in Z&u
into the expired air. Pentane and ethane levels in breathincubated LDL was determined by the vitaminde ¢ y-
samples were correlated wiih vivo lipid peroxidation in tocopherol): cholesterol value of LDL in healthy subjects
rats deprived of dietary vitamin E (Dillagt al 1977), and not taking vitamin E supplements, while others (Dieber-
pentane was inversely proportional to log vitamin E concen- Rothenedeget al. 1991) reported no significant correlation
tration in the diet (Downeyt al 1978). A method for  between oxidative resistance of LDL and Liktocopherol
measuring breath pentane exhalation in adults was describedoncentration. Furthermore, a recent case—control study on
by Lemoyne et al (1987). Pentane exhalation was patients with and without coronary artery disease demon-
significantly higher in vitamin E-deficient patients receiving strated that duration of the lag phase of LDL oxidation was
home parenteral nutrition than in normal adults. Further- independent not only of dietary, plasma or LDL-vitamin E,
more, breath pentane exhalation in normal subjects wasut also of a wide range of other pro-oxidative or anti-
significantly decreased after supplementation with vitamin oxidative plasma factors and coronary risk factors (Halevy
E (67 mga-TE/d for 10d). These authors concluded that et al 1997). These authors speculated that a short lag phase
breath pentane output is a sensitive non-invasive functionalof LDL might be an independent risk factor for coronary
test for assessing vitamin E status. However, it does notartery disease.

appear to have been widely applied, perhaps because of its

technical demands.

Breath hydrocarbons

a-Tocopheryl quinone angtocopheryl hydroquinone

a-Tocopheryl quinone is formdd vivo at sites of oxidative
stress, and it can be reduced enzymically to the hydro-
Oxidatively-modified LDL showsn vitro properties that  quinone (Siegekt al 1997). It has been suggested that
could explain several phenomena in the chain of eventslevels ofa-tocopheryl quinone in cerebrospinal fluid may
leading to the development of atherosclerosis (Steinbergbe an indicator of increased peroxidation in brain and an
et al 1989). LDL is rich in polyunsaturated fatty acids early indicator of degenerative brain diseases. Teglai
which are protected against oxidation by a range of (1994) reported significantly higher concentrations of
lipophilic compounds, includinga- and y-tocopherol, a-tocopheryl quinone in cerebrospinal fluid from
B-carotene and other carotenoids, phytofluene andBinswanger-type dementia patients, but not in patients with
ubiquinol-10. When LDL is exposed to an oxidative stress Alzheimer-type dementiax-Tocopheryl hydroquinone, on
these antioxidants are consumed, after which the propagathe other hand, may be a previously unrecognized natural
tion phase of lipid oxidation commences. The lag-time in antioxidant. In studies on LDL oxidation, Neuzt al
the formation of conjugated dienes provides a sensitive(1997) demonstrated that-tocopheryl hydroquinone was
measure of the resistance of LDL to oxidation and is widely extremely efficient at protecting ubiquinol-l@;tocopherol
assumed to be an indicator of atherogenic risk. Recentand both surface and core lipids in LDL against several
studies, however, have cast some doubt on this assumptiordifferent oxidizing systems.
Kleinveld et al (1994) demonstrated that vitamin E
supplementation of hyperlipidaemic rabbits significantly
(P<0-001) reduced the lag-time of LDL oxidation but did
not significantly reduce the area of aorta covered by plaqueThere is increasing evidence that vitamin E has many other
compared with controls, while Freulgisal (1997) reported  important roles in addition to protecting against lipid
that lag-times in LDL-receptor-deficient rabbits were not oxidation in biological membranes. Properties of vitamin E
correlated with the anti-atherogenic efficacy of different relating to immunostimulation, protection against DNA
antioxidants, including vitamin E. damage, control of smooth muscle cell proliferation, and
Since the major antioxidant in LDL is-tocopherol, it inhibition of platelet aggregation and adhesion continue to
had been thought that the duration of the lag phase of LDLbe elucidated. In time our understanding of these properties
oxidation or the rate of oxidation during the propagation will lead to the identification of more sensitive and disease-
phase might be a useful indicator of the vitamin E status ofspecific biomarkers for vitamin E. Some of these properties
an individual's LDL in vivo. Certainly, the oxidative and potential new biomarkers are highlighted later (pp. 464—
resistance of LDL is increased in vitamin E-supplemented 465). It should be bourne in mind that the response of most,

Oxidative resistance of LDL

Potential new functional biomarkers of vitamin E status
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if not all, these markers is likely to depend on interactions transforming growth factof; which is secreted by smooth
between vitamin E and many other endogenous and exomuscle cells as a growth inhibitor. In contrast, LDL
genous compounds. They should be regarded, therefore, adecreases the release of transforming growth fgcfoom
indices of a process rather than simply as markers of vitaminsmooth muscle cells, thus activating growth. This finding
E concentration in a particular cell or tissue. could explain the important roles of LDL and vitamin E
in increasing and decreasing the risk of atherosclerosis
respectively. Devarait al (1996) observed that interleukin
1 secretion and monocyte—endothelial adhesion was
The transformation of flowing blood into a clot depends on significantly reduced by supplementation with vitamin E
the participation of platelets (Richardson & Steiner, 1993). (805 mga-TE/d for 8 weeks). Azzet al (1997) recently
Their adherence to exposed collagen initiates a sequence akported thati-tocopherol activates protein phosphatase 2A
events that begins with platelet activation and ends with thein aortic smooth muscle of cholesterol-fed rabbits, resulting
change of soluble fibrinogen to insoluble fibrin. In recent in dephosphorylation and inhibition of protein kinasex C-
years, it has become clear that vitamin E supplementation isactivity and, ultimately, inhibition of smooth muscle cell
capable of reducing platelet adhesion (Richardson & proliferation.
Steiner, 1993). In healthy non-smoking normal individuals,
supplementation with vitamin E over a 2-week period
resulted in a significant dose-dependent decrease in platelet
adhesion up to an intake level of 267 mJE/d. The use of biomarkers of DNA damage and DNA repair in
Platelet aggregation is also inhibited by vitamin E. cancer research is well established, and several recent
Freedmaret al (1996) reported that in fifteen normal sub- studies have attempted to relate vitamin E intake or status to
jects, oral supplementation withtocopherol (267-805mg  one or more of these markers. Wan@l (1996) conducted
a-TE/d) resulted in an increase in platetetocopherol a crossover trial on seven subjects who tekarotene
content that correlated with a marked inhibition of platelet (31-4 mg/d) anda-tocopheryl acetate (483 mg-TE/d)
aggregation. Supplementation of hypercholesterolaemicsupplements for 3 months, and reported that there was a
patients with vitamin E (267 mgu-TE/d for 6 weeks) significant inverse relationship between erythrocyte
resulted in a significant inhibition of thrombin-induced spermine (a candidate biomarker for hyperproliferation) and
aggregation (Williamset al 1997). After 6 weeks supple- plasmaa-tocopherol. Cadenas al (1997) fed guinea-pigs
mentation, the mean concentration producing 50 % maxi-on a diet containing 600 mg vitamin C/kg and three different
mum effect for thrombin-induced aggregation increased amounts of vitamin E (15, 150 or 1500mg/kg diet,
132 % P<0-05). Calzadat al (1997) performed a double- representing a marginal deficiency, an optimal diet and a
blind randomized placebo-controlled trial on platelet megadose respectively) for 5 weeks, and measured liver
function in forty healthy volunteers supplemented daily with 8-oxo-7,8-dihydro-2deoxyguanosine (oxo8dG), a repair
vitamin E (300mg), vitamin C (250 mg) ds-carotene product of oxidative DNA damage. Despite very large
(15mg) for 8 weeks. Platelet function was significantly variations in the vitamin E content of the diets and liver,
decreased by vitamin E as revealed by decreased platelehere were no significant differences in oxo8dG levels
aggregation in response to ADP and arachidonic acid,between groups. Similarly, Priemet al (1997) reported
increased sensitivity to inhibition by prostaglandin E, that supplementation of smokers with antioxidants (vitamin
decreased plasm@-thromboglobulin concentration and E, vitamin C and abiquinol-10, in a variety of combinations)
decreased ADP secretion. for 2 months did not result in significant changes in the
The studies cited previously made use of supplements faurinary excretion rate of oxo8dG, despite substantial
in excess of the recommended dietary allowance, and it ischanges in plasma antioxidant concentration. Sister chroma-
not clear what effects, if any, the typical range of dietary tid exchanges in peripheral lymphocytes were not correlated
vitamin E intakes might have on platelet function. However, with plasma antioxidants, including vitamin E, in smokers
some authors (Williamet al 1997) are of the opinion that (van Poppelet al 1993), nor was plasma-tocopherol
the effects of vitamin E on platelet function could explain in significantly predictive of the levels of DNA adducts in
part its anti-atherogenic properties. lymphocytes of current or non-smokers (Wat@l. 1997).

Platelet function

Oxidative damage to DNA and DNA repair

Vascular function Immune system function

In addition to their protective effects within the LDL Vitamin E plays an important role in the maintenance of the
particle, antioxidants may act at the level of the vascular cellimmune system. Vitamin E deficiency impairs the immune
by limiting cellular production of reactive oxygen species response, while supplementation with higher than recom-
and, thus, cell-mediated LDL oxidation (Gokce & Frei, mended dietary levels of vitamin E has, in some instances,
1996). Furthermore, there is increasing evidence that anti-improved immunity. Meydanet al (1997) supplemented
oxidants can also protect against vascular cell dysfunctionhealthy elderly subjects with placebo, 44, 147, or 588mg
that would otherwise promote atherogenesis, such asTE/d for 235d using a double-blind randomized design.
increased adhesion molecule expression and monocytéAll three vitamin E doses significantly enhanc&kQ-05)
recruitment, impaired production or release of NO, and delayed-type hypersensitivity score, with subjects consum-
proliferation of smooth muscle cells. Ozer al (1995) ing 147 mga-TE/d having the highest percentage increase.
reported that a-tocopherol activates the release of A significantly greater F<0-05) antibody response to
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hepatitis B was observed in subjects consuming 147 oron eating a healthy diet, rich in fruit and vegetables, until
588 mga-TE/d, but not in those consuming 44 mgrE/d. conclusive evidence of benefits of vitamin E is demon-
Those subjects consuming 144 mJ E/d also had a signif-  strated in clinical trials (Rexrode & Manson, 1996). In the
icant increase R<0-05) in antibody response to tetanus meantime, efforts should continue to try to elucidate the
toxoid vaccine. These authors concluded that 144mg precise biological mechanisms af-tocopherol at the
TE/d represented the optimal level of vitamin E for the cellular and subcellular level, both as an antioxidant and as a
immune response and suggested that there may be a threshodulator of platelet, vascular and immune function. The
old below which the immunostimulation by vitamin E does other tocopherols and tocotrienols should also be studied
not occur. This suggestion would appear to be supported bynore carefully, as in some cases they seem to have
the finding of de Waaret al (1997) that vitamin E (67 mg  properties not shared ly-tocopherol. The identification,
a-TE/d for 3 months) had no beneficial effect on cellular or validation and incorporation into study design of better
humoral immune responses in elderly subjects. Beharkamarkers of vitamin E status and function, and of reliable
et al (1997) provided protocols for measuring a range of markers of disease risk and progression, will greatly assist
immunological responses, including delayed-type hypersen-our understanding of this important nutrient.
sitivity, lymphocyte proliferation, interleukin 2 production,
cytokine production of interleukin 6 and tumour necrosis
factora, and phagocytosis, which are sensitive to changes
in the availability of vitamin E and which may reflect the Anonymous (1988) New functional tests for vitamin E status in
vitamin E status of an individual more accurately than humansNutrition Reviewsl6, 182-184.
conventional methods. Azzi A, Boscoboinik D, Clement S, Ozer NK, Ricciarelli R,
The traditional view of the relationship between nutrition ~ Stocker A, Tasinato A & Sirikci O (1997) Signalling functions of
and immunity has been that malnutrition interferes with the ~ 9:tocopherol in smooth muscle cellsternational Journal for
body's physical barriers or immune responses and render Vitamin and Nutrition Researdy, 343-349.

. . Azzi A, Boscoboinik D & Hensey C (1992) The protein kinase C
the host more vulnerable to infection. However, recent work family. European Journal of Biochemist3p8 547-557.

by Beck and COHGaQU?Sv summarized in Beck (1997), hasgaker H, Handelman GJ, Short S, Machlin LJ, Bhagavan HN, Dratz
demonstrated that nutrition not only affects the host but can EA & Frank O (1986) Comparison of plasaraandy-tocopherol

affect the pathogen as well. An avirulent coxsackievirus levels following chronic oral administration of either all-Gc-
became virulent as a result of replicating in vitamin E- or tocopheryl acetate or RR&tocopheryl acetate in normal
Se-deficient mice. The conversion to virulence was due to a adult male subjectsvmerican Journal of Clinical Nutritiod3,
change in the genotype of the benign virus. The change was 382-387. _ o o
stable and its pathological consequences (cardiomyopathyPeck MA (1997) Increased virulence of Coxsackie virus B3 in mice
could be expressed even in mice of normal vitamin E or Se due to vitamin E or selenium deficiencJournal of Nutrition

) " . . 127, 966S-970S.
status. It is not known whether other nutritional deficiencies g -5~ A, Redican S, Leka L & Meydani SN (1997)

in the host might have similar effects, or whether other jiamin ' status and immune functidviethods in Enzymology
viruses apart from coxsackie are affected by host nutriture. g5 247263,

However, the results suggest that promoting the concept ofgerr C, Coudray C, Bonithon-Kopp C, Roussel AM, Mainard F &
optimal nutrition may be important not just from the stand-  Alperovitch A (1998) Demographic and cardiovascular risk
point of preventing deficiency symptoms and chronic factors in relation to antioxidant status, the EVA studyer-

disease, but also in minimizing the evolution and spread of national Journal for Vitamin and Nutrition Resear68 26-35.
infectious diseases. Bieri JG, Poukka Evarts R & Thorp S (1977) Factors affecting the

exchange of tocopherol between red blood cells and plasma.
American Journal of Clinical Nutritio80, 686—690.
Bjgrneboe A, Bjgrneboe G-EA & Drevon CA (1990) Absorption,
transport and distribution of vitamin Eournal of Nutrition120,
Recommended dietary allowances are designed so that, if 233-242.
met at a population level, almost all individuals would meet B"mebef? JBd(1%95% ansidergtionstof the Sﬂ?”tific substanttjation
their requirements and avoid clinical deficiency symptoms.  Or antioxiaant vitamins angi-carotene in disease prevention.
q : - y symp American Journal of Clinical Nutritio®2, 1521S-1526S.
Nowadays, however, there is much greater interest, at Ieas& . o
. . oo . adenas S, Barja G, Poulsen HE & Loft S (1997) Oxidative DNA
in the developed world, in the possibility that intakes of

o ) . damage estimated by oxo8dG in the liver of guinea-pigs
specific nutrients at higher levels than the recommended g nlemented with graded dietary doses of ascorbic acid and
dietary allowance may confer health benefits over and above  -tocopherol Carcinogenesisl8, 2373-2377.
the prevention of deficiency symptoms. A consensus aboutCalzada C, Bruckdorfer KR & Rice-Evans CA (1997) The
the exact daily intake of vitamin E for optimal health protec- influence of antioxidant nutrients on platelet function in healthy
tion has not yet been reached. Some authors believe that the volunteersAtherosclerosid 28 97-105.
scientific evidence is strong enough already, especially for Christen S, Woodall AA, Shigenaga MK, Southwell-Keely PT,
cardiovascular disease, to recommend daily intakes of the Duncan MW & Ames BN (199A-Tocopherol traps mutagenic
order of 87-100 mg-TE/d or more (Horwitt, 1091; Packer, ~ ©lectrophiles such as NO(X) and complemem®copherol:
1993; Weberet al 1997). Realistically, these levels could ~ Physiological “implications. Proceedings of the National
only be achieved at present by taking supplements Academy of Sciences USA 3217-3222.

y pre: y ! '9 PP "Clement M & Bourre JM (1997) Graded dietary level R&Ry-
However, other workers believe that vitamin E supplemen-

g . tocopherol induce a marked increase in the concentratians of
tation should not be endorsed and the focus should remain andy-tocopherol in nervous tissues, heart, liver and muscle of
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