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Abstract Paradoxically, meta-analysis of human ran-

domized controlled trials revealed that natural but not

synthetic a-tocopherol supplementation significantly

increases all-cause mortality at 95% confidence interval.

The root cause was that natural a-tocopherol supplemen-

tation significantly depressed bioavailability of other forms

of vitamin E that have better chemo-prevention capability.

Meta-analysis outcome demonstrated flaws in the under-

standing of vitamin E. Reinterpretation of reported data

provides plausible explanations to several important

observations. While a-tocopherol is almost exclusively

secreted in chylomicrons, enterocytes secrete tocotrienols

in both chylomicrons and small high-density lipoproteins.

Vitamin E secreted in chylomicrons is discriminately

repacked by a-tocopherol transfer protein into nascent very

low-density lipoproteins in the liver. Circulating very low-

density lipoproteins undergo delipidation to form interme-

diate-density lipoproteins and low-density lipoproteins.

Uptake of vitamin E in intermediate-density lipoproteins

and low-density lipoproteins takes place at various tissues

via low-density lipoproteins receptor–mediated endocyto-

sis. Small high-density lipoproteins can deliver tocotrienols

upon maturation to peripheral tissues independent of

a-tocopherol transfer protein action, and uptake of vitamin

E takes place at selective tissues by scavenger receptor–

mediated direct vitamin E uptake. Dual absorption path-

ways for tocotrienols are consistent with human and animal

studies. a-Tocopherol depresses the bioavailability of

a-tocotrienol and has antagonistic effect on tocotrienols in

chemo-prevention against degenerative diseases. Therefore,

it is an undesirable component for chemo-prevention.

Future research directions should be focused on tocotri-

enols, preferably free from a-tocopherol, for optimum

chemo-prevention and benefits to mankind.
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Nomenclature

Vitamin E comprises two main homologous series,

tocopherol (T) and tocotrienol (T3). Both T and T3 have the

same chroman ring but differ in the side chain in their

structures. A T has a saturated phytyl side chain, whereas a

T3 has a geranylgeranyl side chain with three double bonds

in the remaining acyclic isoprene units. There are four

homologs each for T and T3 (a-T, b-T, c-T, d-T and a-T3,

b-T3, c-T3, d-T3). The four homologs differ in the substi-

tution at carbons-5 and 7 of the chroman-6-ol (Fig. 1).

Carbons-5 and 7 of the a-T or a-T3 are substituted with

a methyl group each, whereas that of d-T or d-T3 are

unsubstituted. Carbon-5 of b-T or b-T3 is substituted with a

methyl group, whereas carbon-7 of c-T or c-T3 is substi-

tuted with a methyl group. Each T has eight stereoisomers,

whereas each T3 has two stereoisomers. Natural T has

RRR-configuration, whereas natural T3 has R-configura-

tion. Tocomonoenol (T1) forms the third homologous

series of vitamin E. To date, two a-T1s isomers [44, 93] and

a d-T1 [16] are found in nature.

Vitamin E is a generic name referring to a group of

compounds exhibiting qualitatively the biological activity

of a-T [35]. Obviously, a-T is a form of vitamin E and not

synonymous to vitamin E. The term vitamin E encountered

in the literature is often technically a misnomer when the
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research involved a-T or its esters only. Terms such as

isomers, isoforms and vitamers were used to describe dif-

ferent forms of vitamin E, and these inappropriate terms

should be avoided. Many nutritionists, including those

formulating the dietary reference intakes [34], adopted a

different definition for vitamin E. They defined 2-R-a-Ts as

vitamin E, and other forms of vitamin E, such as c-T, d-T

and T3, were ignored.

Natural sources of vitamin E

In contrast to ubiquitous Ts, natural sources of T3s are

scarce. A recent expert opinion [70] indicates that most

commercial vegetable oils are rich in Ts but do not contain

significant amount of T3s except palm oil and rice bran oil.

Palm oil and rice bran oil are commercial sources of T3s.

However, the vitamin E compositions of commercial T3

products are different from that given in the expert opinion,

presumably due to poorer analytical techniques in the

earlier days. Palm tocotrienol-rich fraction (TRF) is a

mixture of T3s, a-T and other natural components extracted

from palm oil. In contrast to the data given in the review,

palm TRF contains very little (\0.5%) other Ts (non-a-T).

The ratios of a-T to T3s in palm TRF (excluding that

derived from palm fatty acid distillate) from five com-

mercial sources are between 22:78 and 24:76. Greater

variation is observed for rice bran TRF, the ratios of a-T to

T3s from three commercial sources are 23:52, 30:53 and

43:46, respectively. Small quantity of T3s (90% d-T3

and 10% c- T3) extracted from annatto beans are also

commercially available.

Cereals contain tens of mg of T3s per kg [59, 67]. Most

fruits and vegetables in the United States diet do not con-

tain T3s except a few of them usually contain less than

1 mg of T3s per kg [11]. Scarcity of dietary T3s and their

poor absorption in human body suggest supplementation is

needed, especially for non-palm oil or non-rice bran oil

consumers.

Background

Two great hypotheses the free radical hypothesis of aging

[24] and the oxidation hypothesis of atherosclerosis [8]

aroused the interest on using antioxidant vitamins,

including vitamin E, for degenerative disease chemo-

prevention.
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Among all forms of vitamin E, a-T has the highest

biological activity; it is the predominant form of vitamin E

in the plasma irrespective of the contents of dietary intake

and is also the only form of vitamin E that human body

maintains. Logically, it became the most focused research

target as an antioxidant vitamin.

Randomized controlled clinical trial (RCT) is the high-

est level of evaluation of a compound for clinical appli-

cations. A single RCT has the limitation on population size

and often the effect of the RCT may not be very obvious.

Meta-analysis is a powerful statistical tool for pooling

numerous RCTs with similar characteristics together and

provides an overall outcome with higher confidence.

However, it is inappropriate to include all the RCTs for

meta-analysis, such as those involved confounding agents

or different metabolisms in human body.

The hope on a-T for prevention of various degenerative

diseases was dashed when meta-analyses revealed that a-T

supplementation did not benefit mankind [3, 50].

The objectives of this review include reinterpreting

selective published raw data on vitamin E, postulating

hypotheses to provide plausible explanations and estab-

lishing future vitamin E research direction for the benefits

of mankind.

a-T does more harm than good

Meta-analysis

Up to October 2005, there were 55 RCTs that involved a-T

supplement and complied with the selection criteria [3].

Out of the 55 RCTs reported, 31 RCTs were co-supple-

mented. The remaining 24 RCTs involved 47,206 subjects

on a-T supplementation singly with reported mortality.

a-T supplementation showed non-statistically significant

increased all-cause mortality, reported relative risk (RR)

1.02, 95% confidence interval (95% CI) 0.98–1.05. The

meta-analysis further revealed that a-T supplementation

(excluding those involved b-carotene and selenium) in

low-bias risk (good methodology quality) RCTs showed

statistically significant increased all-cause mortality (RR

1.04, 95% CI 1.01–1.07).

Re-analyzing the meta-analysis

Using the systematic review and meta-analysis reported

[3], meta-analysis on RCTs is re-examined with specific

focus on a-T (and its esters) supplementation singly in

order to obtain direct evidence, avoid heterogeneity and

also avoid possible confounding effects among the sup-

plements. The 24 RCTs are grouped into RCTs that were

supplemented with natural a-T (8 RCTs with 13,415

subjects) [5, 18, 41, 42, 47, 68, 76, 78], synthetic a-T

(10 RCTs with 32,988 subjects) [17, 20, 22, 27, 43, 48, 63,

69, 86, 87] and unspecified a-T (6 RCTs with 803 subjects)

[12, 13, 21, 45, 77, 91].

The mortality reported in 3 out of 24 RCTs [42, 47, 68]

was combined data with other supplements. Separate

mortality data for a-T supplementation singly were avail-

able in two of the RCTs [42, 47], whereas that for the

remaining RCT [68] was unavailable and was obtained

from personal communication with the authors. After

correcting the mortality data for a-T supplementation sin-

gly in the 3 RCTs, meta-analysis was re-analyzed using

fixed effects model instead of random effects model.

Paradoxical meta-analysis outcome

Figure 2 displays the intervention effect of natural and

synthetic a-T on all-cause mortality. Natural a-T supple-

ment significantly increases all-cause mortality, RR1.13

with 95% CI 1.04–1.23. Exclusion of two small high-bias

risk RCTs [18, 78] has little impact on the pooled effect

(RR 1.12 with 95% CI 1.03–1.22). Individually, none of

the RCTs on natural a-T supplement showed any beneficial

effect. Six out of eight RCTs showed increased all-cause

mortality, while the remaining two RCTs showed no effect

for natural a-T supplementation. Data for the six small

RCTs [12, 13, 21, 45, 77, 91] on unspecified type of a-T

supplement were tested and found to have no impact on

interpretation of pooled effects when all or selected RCTs

were included into either natural or synthetic a-T group for

statistical analyses (results not shown here).

The effect of synthetic a-T supplement was less obvious,

showed non-statistically significant increased all-caused

mortality for 5 low-bias risk RCTs (RR 1.03 95% CI

0.99–1.07) but showed non-statistically significant

decreased all-caused mortality for 5 high-bias risk RCTs

(RR 0.95, 95% CI 0.85–1.06). The opposite effects of

synthetic a-T supplementation in low-bias and high-bias

risk RCTs had caused a compromised overall pooled effect

(RR 0.99, 95% CI 0.95–1.03).

For the first time, meta-analysis has demonstrated that a

natural antioxidant vitamin is more harmful than its syn-

thetic counterpart. This paradoxical observation also pro-

vided important evidence for identifying the root cause for

unpredicted increase in all-cause mortality due to a non-

toxic antioxidant vitamin supplement.

Interpretation of the meta-analysis

The marked negative effect observed for natural a-T sup-

plement but less obvious negative effect for synthetic a-T

supplement can be qualitatively explained by ligand

specificity and relative binding affinities of natural and
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synthetic a-T to a-tocopherol transfer protein (a-TTP).

a-TTP in the liver is responsible for the discrimination in

bioavailability of vitamin E [82]. The in vitro relative

binding affinities to a-TTP for natural a-T, c-T, d-T and

a-T3 were reported as 100%, 8.9 ± 0.6%, 1.6 ± 0.3% and

12.4 ± 2.3%, respectively, whereas that for SRR-a-T was

10.5 ± 0.4% [29]. Relative binding affinities for other

stereoisomers of a-T and other T3s are unknown. Relative

binding affinities of a-T esters (acetate and succinate) are

irrelevant because they are hydrolyzed into a-T and the

overall extent of bioavailability is the same in the forms of

free chromanol or its esters [9, 10].

The discrimination due to relative binding affinities with

a-TTP caused natural a-T to depress the bioavailability of

other forms of vitamin E more effectively than the syn-

thetic a-T. Depressed bioavailability due to a-T supple-

mentation had been reported for a-T3 [33, 39] and, c-T and

d-T [30]. As a consequence of depressed bioavailability

due to a-T supplementation, the a-T supplemented group

had depressed bioavailability in other forms of vitamin E

when compared to the control group. Meta-analysis also

indirectly revealed that the other forms of vitamin E have

better chemo-preventive capability and also have signifi-

cant bioavailability in the human body. Under circum-

stances that a-T depresses the bioavailability of other forms

of vitamin E and the other forms of vitamin E have better

chemo-preventive capability, it is consistent with the meta-

analysis that the a-T supplemented group had higher

mortality rate than the control group. The RCTs on syn-

thetic a-T supplement had less obvious effect than that of

natural a-T due to lesser ability to depress bioavailability of

other forms of vitamin E, based on the smaller difference in

the relative binding affinity to a-TTP.

The different binding affinity with a-TTP suggested that

natural and synthetic a-Ts are metabolically different, and

the outcome confirmed that it is inappropriate to combine

natural and synthetic a-Ts for meta-analysis. Surprisingly,

the heterogeneity test in the random-effect model failed to

reveal any difference (I2 = 0) between natural and syn-

thetic a-Ts [3].

The negative meta-analysis outcome exposed flaws in

the current knowledge of vitamin E. Literature review and

re-interpretation to update the knowledge of vitamin E is

appropriate and necessary for future research direction for

the benefits and well-being of mankind.

Vitamin E metabolism

Numerous reviews were published on vitamin E (or more

precisely, on a-T) metabolism [6, 26, 34, 37, 38, 66, 81, 84,

85, 92]. Isotopic labeling, chemical inhibitors and geneti-

cally defect subjects provided valuable data for under-

standing the metabolism of a-T. However, it is unfortunate

that a-T metabolism have been overgeneralized and

extrapolated to all forms of vitamin E, some of which are

incorrect.

Vitamin E together with food is subjected to normal

digestive processes at oral cavity, esophagus and stomach,

followed by gastric emptying, biliary and pancreatic

actions before moving to the small intestine for absorption.

As mentioned earlier, esters of a-T (acetate and succinate)

are hydrolyzed into free a-T and are absorbed without

Fig. 2 Effect of natural and

synthetic a-T supplements on

all-cause mortality
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re-esterification. Presumably, other forms of vitamin E

behave similarly.

Vitamin E absorption is the transport of vitamin E from

intestinal lumen to plasma via mesenteric lymphatic

pathway. Absorption of a-T via the portal vein was not

observed [4].

Secretion in lipoproteins

Vitamin E is fat soluble and requires lipoproteins as carrier

in lymphatic and blood circulatory systems. a-T is almost

exclusively secreted in chylomicrons in rats. Intraduodenal

administration with isotopic labeled a-T on mesenteric

lymph duct–cannulated rats indicated approximately 99%

of the absorbed a-T was associated with chylomicrons,

whereas only 0.5% of the absorbed a-T was found in high-

density lipoproteins (HDL) in intestinal lymph [4].

Microsomal triglyceride transfer protein (MTP), ade-

quate lipids and fatty acid are required for enterocytes to

secrete a-T in apolipoprotein (apo) B-48-containing

triglyceride-rich lipoproteins: chylomicrons and very low-

density lipoproteins (VLDL) [2]. In the absence of fatty

acid but with adequate lipid supply, enterocytes secrete a-T

mainly in intermediate-density lipoproteins (IDL) [2]. In

the absence of lipids, practically, no secretion of a-T in

chylomicrons was observed [2]. Abetalipoproteinemia

patients are unable to secrete a-T in chylomicrons due to

mutation in the microsomal triglyceride transfer protein

gene (Mttp), whereas hypobetalipoproteinemia patients

have low apo B gene [31]. Inhibitors for protein secretion

or protein transport, such as brefeldin A and monensen,

inhibit a-T secretion in chylomicrons [2].

Enterocytes can secrete a-T in nascent apo A-I-con-

taining small HDLs independent of MTP or food avail-

ability, but this pathway is enhanced by exogenous HDL

supply and inhibited by glyburide, an ATP-binding cassette

transporter inhibitor. It was suggested that a-T entered into

small HDL particles by simple efflux in enterocytes [2].

However, the assembly of Ts and lipids prior to secre-

tion in chylomicrons may be mediated by scavenger class

B type 1 (SR-B1). SR-B1 is expressed at high level in the

intestine and is involved in the trafficking of micellar

vitamin E across enterocytes [65]. Anti-human SR-B1

antibodies and BLT1 (a chemical inhibitor of lipid trans-

port via SR-B1) blocked up to 80% of a-T and c-T uptake

and blocked up to 30% of the apical a-T efflux [65]. Bio-

availability of c-T in mice with intestinal overexpression of

SR-B1 was 2.7 folds higher than that of the wild-type mice.

a-T and c-T compete for transport by SR-B1 [65].

After secretion by enterocytes, vitamin E in chylomi-

crons and small HDLs is transported from mesenteric

lymph to the blood circulatory system via thoracic duct and

subclavian vein.

Small HDLs pick up other lipids upon maturation and

can be delivered directly to the peripheral tissues via SR-BI

selective vitamin E uptake without repacking into VLDL in

the liver. Small HDL can transfer a-T to circulating VLDL

and low-density lipoprotein (LDL) [83].

The chylomicron remnant receptors cannot directly

uptake the newly formed triglyceride-rich chylomicrons

into the liver [1]. Newly formed chylomicrons deliver tri-

glycerides to muscles and adipose tissues via lipoprotein

lipase (LPL) delipidation. After 80–90% of the triglycerides

are hydrolyzed, the resultant chylomicron remnant can then

be bound and taken up into the liver by the remnant receptor

via apo E [96]. After internalized into the hepatocytes, apo

B-48 is digested and vitamin E is released into the cyto-

plasm for the action of a-TTP. Each molecule of a-T is

sequestered deep inside an a-TTP molecule [49, 51].

Unbound vitamin E is subjected to rapid catabolism. The

apo B-48 lipoprotein lacks the LDL receptor-binding

domain, rapidly catabolized and apo B-48 is normally not

detectable in the LDL [96]. The normal half-time removal

of apo B-48-containing chylomicron in plasma is short, only

about 5–15 min, whereas for LPL-deficient subjects, there

is no removal of apo B-48 for several hours [75]. Only one

apo B-48 is found in a chylomicron, and apo B-48 is not

known to undergo exchange with other lipoproteins.

Repacking vitamin E in the liver

a-TTP in the liver plays an important role in a-T absorp-

tion. Mutation of a-TTP gene can cause a-T deficiency

leading to neurodegenerative disease ataxia with isolated

vitamin E deficiency (AVED) [19, 25, 58].

a-TTP discriminately repacks (depending on the relative

binding affinities) vitamin E originated from chylomicron

remnants with apo B-100 and other components into nas-

cent VLDL. VLDL also delivers triglycerides to muscles

and adipose tissue via LPL delipidation, and the resulting

VLDL remnant is the IDL. Further delipidation of IDL

forms LDL. Unlike chylomicrons remnants, IDL and LDL

have LDL-receptor-binding domains, enable receptor-

mediated lipoprotein endocytosis, facilitating uptake of

vitamin E into the peripheral tissues and catabolism of the

apo B-100. The normal half-time removal of apo B-100-

containing lipoproteins in plasma is slightly longer than

that of apo B-48, about 15–25 min [75].

Repeated re-packing a-T (from circulating and/or that

stored in the liver) into VLDL by the action of a-TTP for

re-circulation explains the long residence time of a-T.

Other forms of vitamin E disappeared rapidly from plasma

and were no longer detectable within 24 h after oral

administration.

In mice with inactivated Mttp expression, no VLDL is

secreted in the liver. Such mice have lower plasma a-T,
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absence of apo B-100 lipoproteins and higher accumulation

of a-T (and fat) in the liver. However, it was reported that

uptake of a-T in other tissues of the mice was only slightly

delayed and not affected otherwise [52]. Repacking a-T in

chylomicron remnants into nascent VLDL in the mouse

seemed unnecessary for a-T uptake. Re-examining the raw

data indicated that HDL was the only lipoprotein involved

in the plasma after 1 day, and small proportions of a-T

appeared to have been transferred to non-HDL lipoproteins

14 and 28 days after the mice were fed with deuterated a-T

and c-T. Deuterated a-T was still preferentially absorbed

over the c-T, indicated that a-TTP was in action.

It is reasonable to postulate that hepatocytes can re-

secrete a-T in nascent HDL for Mttp-inactivated mice,

similar to secretion of small HDLs by enterocytes. This is

consistent with the observations that majority of a-T was

found in chylomicrons (presumably apo B-48-containing)

after 2 h and shifted to HDL after 6 h of feeding, absence

of apo B-100 lipoproteins in the plasma, all deuterated a-T

was in the HDLs 1 day after oral intake and the delivery of

deuterated a-T to peripheral tissues were similar to that of

control mice.

Repacking a-T into lipid-poor HDLs has not been

reported for a-TTP and may be limited by the availability

of apo A-I for secretion in HDLs. Smaller capacity of a-T

in each HDL particle when compared to chylomicrons also

may be slowing subsequent a-T uptake into peripheral

tissues and causing a-T accumulation in the liver with

reduced hepatic re-circulation. This can explain the delay

in deuterated a-T uptake to peripheral tissues 1 day after

the oral intake and lower a-T plasma level when compared

to control mice.

The observation in mice with inactivated Mttp expres-

sion demonstrated that a-T and c-T bioavailability at var-

ious tissues was not affected by low plasma levels. The

similar distribution in various tissues also indicated that

a-T and c-T were taken into the tissues via similar receptor-

mediated lipoprotein endocytosis as the control mice.

T3s are different from a-T, they are impressive

and promising in chemo-prevention

Bioavailability in rodents

Rats fed with a-T3 singly had higher bioavailability in

some tissues (epididymal fat, perirenal adipose tissue and

skin) when compared to that fed singly with equal amount

of a-T [33, 39]. This contradicted the in vitro relative

binding affinity with a-TTP, which natural a-T3 was

reported to have only 12.4% that of natural a-T [29].

However, the bioavailability of a-T3 was significantly

depressed and was always lower than that of a-T when the

rats were co-supplemented with equal amount of a-T and

a-T3 [33, 39]. Also observed was that a-T was more evenly

distributed in the peripheral tissues, whereas a-T3 was

preferentially distributed in epididymal fat, perirenal

adipose tissue and skin. Higher urinary metabolite a-car-

boxyethyl-6-hydroxychroman (a-CEHC) secretion was

observed when the rats were on a-T3 and a-T co-supple-

mentation diet [33].

Rats fed with c-T3 singly also have similar high c-T3

level in the same tissues (epididymal fat, perirenal adipose

tissue and skin), but these c-T3 levels are lower than the

a-T3 levels for rats fed with equal amount of a-T3 diet [33].

But the bioavailability of c-T3 was not depressed when the

rats were co-supplemented with equal amount of a-T and

c-T3 [33]. No change was observed in urinary c-CEHC

levels for supplementation with c-T3 singly or co-supple-

mentation with a-T.

The medium and long-term studies in rodents are

consistent with the hypothesis that a-T is practically

secreted in chylomicrons only, whereas a-T3 has an

additional pathway via secretion in lipid-poor small HDLs.

The small HDL pathway delivered a-T3 to selective vital

organs via selective vitamin E uptake, independent of

a-TTP actions. The uptake via small HDLs is dependent

on the availability of scavenger receptors, which is more

abundant in the fatty tissues. Bioavailability via chylo-

microns is expected to be evenly distributed, as LDL-

receptors are available in all tissues. Comparison with the

distribution of a-T and c-T in the case of inactivated Mttp

mice, the uptake of vitamin E in HDLs taken place via

different mechanisms. Uptake of vitamin E in small HDLs

secreted by enterocytes was mainly via scavenger recep-

tor–mediated selective vitamin E uptake, whereas Ts in

chylomicrons repacked into HDLs for inactivated Mttp

mice was mainly via LDL-receptor-mediated endocytosis.

Small HDLs secreted by enterocytes therefore appeared to

be different from circulating HDLs. It is not known

whether small HDLs contain apo E that is needed for

LDL-receptor binding.

When a-T3 is supplemented singly, a-T3 can bind with

a-TTP with little competition from re-circulating a-T.

When co-supplemented with a-T, the liver cytoplasm is

saturated with a-T and a-T3 is discriminated by a-TTP,

resulting in a lower bioavailability when compared to that

fed with a-T3 singly. This is consistent with higher urinary

metabolite a-CEHC was observed for co-supplementation.

Comparing urinary CEHC contents in rats fed with a-T3

and c-T3 singly, c-CEHC was at least twice that of

a-CEHC. c-CEHC did not increase by co-supplementation

of c-T3 with a-T, indicating that c-T3 has very low binding

affinity with a-TTP. Binding affinity of d-T3 with a-TTP

has not been reported, but it is predicted to be slightly

lower than that of c-T3.
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From the data displayed in the reported figure (not

shown here) [33], the extent of depression in bioavailability

varied significantly for different tissues. A rough estimate

indicated that the depression of a-T3 by a-T co-supple-

mentation in rats was 30, 47, 58 and 71% for perirenal

adipose tissue, epididymal fat, skin and muscle, respec-

tively. Assuming that the depression in bioavailability was

totally due to discrimination based on a-TTP binding

affinity of a-T3 (12.4% of a-T), the estimated proportion of

a-T3 secreted via chylomicrons was 34, 54, 66 and 81% for

perirenal adipose tissue, epididymal fat, skin and muscle,

respectively, and the balance of a-T3 was then from small

HDL pathway. The bioavailability of c-T3 reported for

various tissues can be interpreted as that originated from

secretion in small HDLs as that secreted in chylomicrons

were practically discriminated due to very low binding

affinity with a-TTP.

Female a-TTP-deficient mice are infertile due to vitamin

E deficiency. The impaired placenta of a pregnant mouse

with marked reduction of labyrinthine trophoblasts cannot

support the survival of embryos transferred from fertilized

eggs of a wild-type mouse [36]. Oral supplementation with

a-T3, but not a-T, restored fertility of a-TTP-deficient mice

[39]. This is a direct evidence that a-T3 can be absorbed via

an a-TTP independent pathway, such as by secretion in the

small HDLs. Although a-T3 levels in the blood and liver

are lower than that of a-T, higher levels of a-T3 than a-T

were observed in adipose tissue, skin, vastus lateralis, heart

and spinal cord in both the a-TTP-deficient female and the

wild-type male mice, whereas the levels appeared to have

no difference in lung and brain after supplementation with

a mixture containing about equal amount of a-T and a-T3.

Liver may play a pivotal role in the metabolism for a-T but

not for T3 as reflected in relatively low levels of T3 in the

liver when compared to that in peripheral tissues and the

high a-T level.

Reinterpreting human single-dose oral administration

studies

Human single-dose oral administration studies on palm

TRF had been reported [15, 94]. A third report [40] on oral

administration of TRF is not used due to major discrepancy

in the analysis of T3 composition.

Dual T3 concentration maxima (Cmax) in human blood

plasma were observed under fed conditions, whereas only a

single T3 Cmax was observed under fasting conditions [94].

The first and second peaks of T3 in blood plasma with Cmax

at about 3.5 and 6.0 h, respectively, after TRF oral

administration under fed condition can be postulated as due

to T3 secretion in chylomicrons and small HDLs, respec-

tively. Chylomicron pathway requires shorter time to

achieve Cmax than that of HDL pathway possibly due to a

few reasons. First, chylomicrons have larger capacity than

small HDLs. Secondly, under fed conditions, there were

sufficient lipids and fatty acids for chylomicrons secretion

and lastly, secretion in chylomicrons may be mediated by

efficient mechanism such as that by SR-B1 [65]. Exoge-

nous HDLs significantly enhanced a-T secretion in small

HDLs by enterocytes, it is likely that of a-T entered into

small HDLs by simple efflux [2]. This suggested that

assembly of T3 in small HDL can be a limiting factor. T3

secretion may be delayed due to limiting apo A-I avail-

ability. Data from rat jejunum showed that apo A-I content

increased sharply over the 6-h monitoring period during fat

absorption, whereas there was little change in the apo B

content after 1 h [73]. Since apo A-I is a common com-

ponent in both chylomicrons and small HDL, SR-B1-

mediated assembly may be more efficient in competing for

apo A-I than the simple efflux mechanism.

From the figure displayed in that report [94] (not shown

here), the single Cmax at about 3.8–4.3 h after oral

administration should be reinterpreted as plasma T3 origi-

nated from the small HDLs as there should hardly be any

secretion of T3 via chylomicrons pathway under fasting

conditions. A shorter time to reach Cmax for the small HDL

pathway under fasting conditions is logical as gastric

emptying should be shorter than that under the fed

conditions.

The 2.5, 2.8 and 2.9 times higher absorption under the

fed conditions (over the fasting conditions) for d-T3, a-T3

and c- T3, respectively, were contributed by an improved

absorption under the fed conditions and also due to the

additional chylomicron absorption pathway.

The lag time of absorption indicates the time from oral

intake to detection in the blood. The lag time reported [94]

for T3s was less than 1 h under the fed conditions. The

reported lag time was likely overestimated as the first time-

point was 1 h after oral administration. Higher sampling

frequency at initial time-points will provide a more accu-

rate lag time. Short lag time and rapid blood circulation

rate implied that the time in secretion of T3s in chylomi-

crons and small HDLs determines the time to achieve the

respective Cmax.

Calculation using area under the curves divided by the

dosage supplemented of the reported data [15, 94] indi-

cated that absorption of a-T3 [ c-T3 C d-T3. Significant

higher absorption of a-T3 (about twice that of c-T3)

revealed there is discrimination in absorption of T3. Pref-

erential absorption of a-T3 over c-T3, d-T3 and a-T had

been reported for thoracic duct–cannulated rats [32].

Vitamin E contents in plasma lipoproteins provided

more information [15]. a-T content is highest in the HDL,

followed by LDL, and lowest in the triglyceride-rich par-

ticles (TRP). However, the background (at 0 h) a-T con-

tents in all the lipoproteins are relatively high. While a-T
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content in chylomicrons drops below the 0 h level, a-T

contents in LDL and HDL remain high, although on slow

declining trend at 24 h. On the other hand, the background

T3s are practically undetectable in all the lipoproteins. Also

T3s are undetectable after 24 h of oral administration. T3s

are mainly distributed in the chylomicrons and HDL.

More vitamin E in the plasma was found in HDL than in

LDL. This is in contrast with cholesterol, which is mainly

found in LDL. The concentration of various forms of

vitamin E in plasma is time dependent, and blood sample

taken under fasting condition is non-representative of the

vitamin E status in human body. The absorption of a-T is

complicated by high background level at 0 h and also

hepatic re-circulation due to a-TTP. High level of a-T in

the plasma does not necessarily mean higher bioavailability

of vitamin E in the peripheral tissues because of hepatic

re-circulation. Vitamin E in plasma lipoproteins is com-

plicated by hepatic recycling, exchangeable apolipopro-

teins and transfer of vitamin E between lipoproteins.

Bioavailability in humans

There is hardly any T3 bioavailability data for humans

except a recent report [57] revealed that adipose tissue

surrounding human breast benign tumors had higher T3

contents (27 ± 8, 19 ± 6 and 2.1 ± 0.7 lmol/kg for a-T3,

c-T3 and d- T3, respectively) when compared to that for

malignant tumors (17 ± 10, 15 ± 6 and 1.3 ± 0.8 lmol/kg

for a-T3, c-T3 and d- T3, respectively). It is interesting to

note the levels of total T3 were quite substantial (48 ± 14

and 33 ± 15 lmol/kg, respectively) in view that these

subjects were not supplemented with T3 but acquired them

via normal dietary intake where palm oil is the most

common cooking oil for the subjects.

Removal and catabolism

Unabsorbed vitamin E is removed in the feces. In the liver,

vitamin E unbound to a-TTP is excreted into the bile or

undergoes catabolism initiated by cytochrome P450-med-

iated x-hydroxylation, followed by b-oxidation, forms

respective CEHC as the main metabolites and excretes

through urine [7] Vitamin E is also removed through the

skin. a-T and c-T are excreted in sebum by stratum cor-

neum [80] and also found in shed skin [79].

Chemo-prevention

The chemo-preventive role of T3 is a subject of active

research for the past few years. It is not the intention here

to review on the chemo-preventive properties of T3s. A

book [90] and a review [72] summarized the preliminary

roles of T3s in chemo-prevention. Only two points will be

discussed here: potency and interactions with drugs and

supplements.

Generally, the decreasing order of potency are d-T3 [
b-T3 [ c-T3 [ a-T3 for the prevention of certain cancers

and cardiovascular diseases [14, 46, 53–56, 60]. Table 1

illustrates that the order of potency in inhibiting preneo-

plastic (CL–S1), neoplastic (-SA) and malignant (?SA)

mouse mammary epithelial cell growth was d-T3 [
c-T3 [ a-T3 [ TRF [ d-T, whereas c-T and a-T were

ineffective [46]. There are exceptions to this general order

of potency. c-T3 was reported to have slightly better

potency than d-T3 [23, 95]. For neuroprotection, at 100 nM

level, a-T3 has the highest potency, but at higher concen-

tration of 250 nM, c-T3 has the same potency as a-T3 [71].

a-T was reported as a Tamoxifen antagonist for breast

cancer therapy [23, 61, 62], whereas T3s, especially d-T3

and c-T3, shown strong synergistic anticancer effect with

Tamoxifen [23], statin [88, 89] and celecoxib [74]. a-T was

also reported to attenuate the cholesterol lowering effect of

T3 [64].

a-T has antagonistic effect on T3s for the degenerative

diseases chemo-prevention. This can be seen by comparing

the calculated weighted average of the potency data

(IC50 or LD50 or EC50) of individual T3s with the observed

TRF data. In all cases, so far, the calculated potency for T3

mixtures is better than that observed for TRF due to the

presence of a-T as an antagonist. Table 1 illustrates the

antagonistic effect of a-T on T3 using mouse mammary

epithelial cells [46] as an example. Table 1 clearly dem-

onstrated that the observed potency is poorer than the

calculated potency based on the TRF composition,

assuming that a-T is non-confounding.

It is noteworthy to highlight that TRF used in most of

the research contains more than 20% of a-T, expressed as

percentage of the total vitamin E content. Although such

TRF is still showing positive results as shown in Table 1,

Table 1 Effects of vitamin E and TRF on preneoplastic (CL–S1),

neoplastic (-SA) and malignant (?SA) mouse mammary epithelial

cell growth (IC50 in lM) [46]

Vitamin E CL–S1 -SA ?SA

a-T [120 [120 [120

c-T [120 [120 [120

d-T 55 47 23

a-T3 12 7 5

c-T3 8 5 4

d-T3 7 4 3

TRF observed 13 7 6

TRF calculated 9 5 4

TRF contains 20.2% a-T, 16.8% a-T3, 44.9% c-T3 and 14.8% d-T3.

TRF calculated is the weighted average of IC50 calculated based on

individual T3 assuming a-T is non-confounding
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both bioavailability and potency can be improved by

eliminating a-T or at least minimizing it.

Future direction

From nutritional viewpoint, there is no necessity to sup-

plement with a-T [28]. From pharmacologic viewpoint,

Fig. 2 has clearly revealed that a-T supplement is unde-

sirable, it does more harm than good. It is unfortunate to

see that after nearly nine decades since the discovery of

vitamin E, the basic knowledge of vitamin E is still yet to

be established, with errors and misnomers used in major

scientific journals, reference books and expert opinions.

Higher mortality for human subjects consuming natural

a-T supplement is too high a price for mankind!

The dietary reference intakes for vitamin E were made

on wrong assumptions that 2R-a-T stereoisomers are the

only relevant forms of vitamin E. In view of the clear

evidence that natural a-T supplementation significantly

increases the all-cause mortality and T3s can be absorbed

via a-TTP-independent pathway, there is a need to review

critically on the dietary reference intakes recommenda-

tions. It is not known whether a-T is still essential to

humans in long terms, a-T3 diet appeared to produce

healthy rats over five generations [39]. T3 may be an

alternative for mega-doses of a-T supplementation and

potentially a more efficient solution for patients suffering

from vitamin E deficiencies. Experimental data demon-

strated that T3s have good chemo-preventive potencies

against various degenerative diseases, whereas that for a-T

is ineffective.

It is timely for T3 or TRF to be evaluated clinically. The

chemo-preventive and chemotherapeutic potential of T3

should be explored in view of the positive in vitro and in

vivo studies, and to a very limited extent, human inter-

vention studies. Mankind has not benefited from vitamin E

for nearly nine decades after its discovery, mainly due to

misconceptions and misinterpretation of inadequately

designed experiments. It is hoped that clinical trials

performed on the right form of vitamin E shall provide

chemo-prevention of degenerative diseases for the man-

kind. Evidently, the high binding affinity of a-T with

a-TTP becomes an obstruction to bioavailability of other

forms of vitamin E. From both bioavailability and chemo-

preventive potency viewpoints, a suitable material for

clinical evaluation is TRF free from or containing mini-

mum amount of a-T.
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