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There is growing concern based on meta-analyses of clinical trials using vitamin E supple-

ments that these supplements increase the risk of all-cause mortality in humans. My

laboratory has been investigating the metabolism and disposition of ‘‘excess’’ vitamin E. This

review focuses on the various mechanisms that prevent vitamin E intoxication. Non-a-toco-

pherols are aggressively metabolized thereby preventing their tissue accumulation and

limiting increases in their plasma concentrations. Moreover, ‘‘excess’’ a-tocopherol is also

metabolized and its concentrations are limited. The mechanisms for this limitation do not

seem to be specific for vitamin E, but rather are general xenobiotic pathways. We suggest that

the most relevant cytochrome P450-mediated pathway is the one that is most important for

the regulation and activation of vitamin K, specifically the one dependent on CYP4F2.
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1 Introduction

For decades, vitamin E has been considered to be a ‘‘safe’’

vitamin [1]. Indeed, the Food and Nutrition Board [2] in 2000

used data from rat toxicity studies to estimate an upper

tolerable limit for humans taking vitamin E supplements

because insufficient data were available from human

studies. An estimated ‘‘uncertainty factor’’ of 36 was used to

reduce the adverse level observed in the rats, equivalent to

35 000 mg human (70 kg) consumption, to the upper toler-

able limit value of 1000 mg. In light of these data, meta-

analyses of the outcomes of vitamin E supplementation

trials were, therefore, surprising. These meta-analyses

claimed that 400 IU (�400 mg) vitamin E supplements

could increase all-cause mortality [3, 4]; certainly, a worse

outcome than bleeding episodes observed in rats [5, 6] or in

humans [7]. Subsequently, others using the same clinical

data as the meta-analyses, but other statistical approaches,

claimed ‘‘Vitamin E intake is unlikely to affect mortality

regardless of dose’’ [8]. To add to the confusion, the latest

epidemiologic study suggests that vitamin E supplements

decrease all-cause mortality, and specifically cardiovascular

disease mortality [9].

Seemingly, the solution to the confusion would be to

document the mechanism for adverse vitamin E effects. The

problem is that there is little consistency between clinical

trials as to what are adverse effects of excess vitamin

E. Increased left ventricular dysfunction was observed in

vitamin E takers in the HOPE TWO trial in cardiovascular

disease patients [10], but was not observed in two vitamin

E intervention trials of normal healthy subjects [11, 12].

Sesso et al. [12] reported ‘‘an increased risk of hemorrhagic

stroke (HR, 1.74 [12]; P 5 .04)’’ in male vitamin E takers,

while they did not find differences between groups with

respect to tendency to bleed, although the bleeding tendency

may have been similar in the two groups because nearly

80% of the subjects regularly took aspirin. By contrast, Lee

et al. [11] observed an increase in nosebleeds (epistaxis) in

women taking vitamin E in the Women’s Health Study.

Moreover, Glynn et al. [13] reported in women from the

same study that vitamin E reduced the risk of thromboem-

bolism, while aspirin did not. The authors [13] suggested

that vitamin E’s anticoagulant effect could result from

interference with vitamin K, although a mechanism was not
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suggested. We [14] have suggested that vitamin E may

interfere with vitamin K activation or metabolism because a

portion, e.g. the phytyl tail, of the vitamin E and vitamin K

structures are similar.

Unlike other fat-soluble vitamins, vitamin E is not accu-

mulated in the liver to toxic levels, suggesting that excretion

and metabolism are important in preventing adverse vita-

min E effects, supporting the conclusion that it is unlikely

that vitamin E supplements increase risk of mortality. This

brings us to the purpose of this review, that is, the discus-

sion of vitamin E metabolism as a mechanism to prevent the

over-accumulation of vitamin E, as well as the role of vita-

min E in altering xenobiotic metabolism. Finally, the

interaction of vitamin E with relationship to vitamin K

activation will be discussed.

2 Vitamin E metabolism as a mechanism
to prevent the accumulation of non-a-
tocopherol forms

Differences in the biologic activities of the eight different

naturally occurring forms of vitamin E were first recognized

over 80 years ago [15]. Although differences in antioxidant

activity might have explained those differences, they did not,

as reviewed [16]. Specifically, the antioxidant activities of

natural and synthetic a-tocopherols are identical, but they

have different biologic activities; these differences were first

described over 50 years ago [17]. Progress in defining the

mechanisms for differences in biologic activity came with the

discovery of the hepatic a-tocopherol transfer protein [18, 19]

and its cloning [20, 21]. Then, vitamin E deficient humans

were described who had a genetic defect in the a-tocopherol

transfer protein [22, 23]. These people not only developed

vitamin E deficiency symptoms, but they also were unable to

discriminate between various forms of vitamin E [24, 25],

suggesting that the a-tocopherol transfer protein was critical

for discrimination between vitamin E forms. Thus, the

a-tocopherol transfer protein seemed to be the mechanism for

the observed preference for natural a-tocopherol; however,

that finding was not the whole explanation.

Now it is clear that vitamin E metabolism is a key

mechanism for the preference for a-tocopherol, for limiting

a-tocopherol accumulation and for determining the circu-

lating levels of various vitamin E forms. The vitamin E

metabolite derived from a-tocopherol and from a-tocotrienol

(a-CEHC (carboxyethyl hydroxychroman) is tail-shortened,

but has an unoxidized head group (Fig. 1) [26]. Nearly 60

years ago, Simon et al. [27] described the steps and end

products of vitamin E metabolism, which were called

‘‘Simon metabolites.’’ The products described are both

CEHC and its oxidized product [26]. Modern techniques to

prevent in vitro oxidation have shown that Simon metabo-

lites largely occur as a result of poor sample handling and in
vitro oxidation [28]. Thus, the biologically relevant vitamin E

metabolites are CEHCs.

The major route of g-tocopherol excretion was proposed to

be via its metabolic product, g-CEHC [29]. In cultured hepato-

cytes, g-CEHC production is 100 times greater than is a-CEHC

from similar amounts of tocopherols added to the medium [30].

Studies using deuterium-labeled a- and g-tocopherols demon-

strated that the preference for a-tocopherol depended upon the

rapid metabolism of g-tocopherol to g-CEHC [31]. This

conclusion is emphasized by studies in Drosophila, which

documented that the flies lack the a-tocopherol transfer protein,

but were capable of metabolizing both d- and g-tocopherols to

their respective CEHCs. Importantly, the flies preferentially

retained a-tocopherol. Thus, the rate of a-tocopherol’s meta-

bolism is relatively low compared with the rates of other vitamin

E forms, thereby explaining the a-tocopherol accumulation.

Vitamin E is absorbed from the diet and is delivered to

liver, which is responsible for secreting a-tocopherol into the

plasma via the a-tocopherol transfer protein mechanism, as

reviewed [32]. Apparently, the liver plays a major role in

vitamin E metabolism. In rats injected subcutaneously with

a-tocopherol, despite massive increases in liver a-tocopherol,

other tissues only increased two- to threefold a-tocopherol,

and substantial a-CEHC increases were observed in the liver

[33]. Plasma vitamin E regulation was also observed in

humans taking a mixed tocopherol and tocotrienol prepara-

tion (623 mg g-tocopherol, 61.1 mg a-tocopherol, 11.1 mg

b-tocopherol and 231 mg s-tocopherol (tocotrienols) per
capsule), followed by a 1-wk washout period, and then a

second dosing period in which volunteers consumed two

capsules/day for 1 wk [34]. In this study although circulating

g-tocopherol concentrations increased fourfold by the end of

Figure 1. Scheme for a-tocopherol metabolism.
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the first week, a-tocopherol concentrations were unchanged.

By contrast, g-CEHC increased tenfold, and at the end

of the second dosing period g-tocopherol did not increase

further, while g-CEHC increased 20-fold compared to base-

line concentrations. Importantly, g-CEHC concentrations

decreased to baseline within 1 wk of supplement cessation.

Although the supplement contained tocotrienols, no

measures of serum tocotrienols were reported, so g-CEHC

concentrations may also reflect tocotrienol metabolism. In

rats, accumulation of a-tocotrienol in various organs could be

demonstrated when a-tocotrienol was administered for more

than 2 years; however, a-tocotrienol depletion took less than

2 months when the diet was replaced with a vitamin E

deficient diet one [35]. Remarkably, the loss of a-tocopherol

was negligible [35]. Based on pharmacokinetic studies in

humans, it is likely that metabolism of the tocotrienols led to

their rapid disappearance [36]. Abe et al. [37] elegantly

demonstrated the importance of metabolism in determining

vitamin E biologic activity. Vitamin E-deficient rats were

given by gavage an emulsion containing a mixture of toco-

pherols and tocotrienols. Plasma a-tocopherol increased,

while the other vitamin E forms did not; when ketoconazole,

a potent inhibitor of cytochrome P450-dependent vitamin E

metabolism in cultured cells, was also given with the vitamin

E emulsion; then the metabolism of the other forms was

inhibited and they also increased in the plasma. These data

also emphasize the importance of cytochrome P450s in

vitamin E metabolism.

3 Mechanism of metabolism

Vitamin Es are metabolized by cytochrome P450s (CYPs),

conjugated, and excreted in urine [26] or bile [38]. Following

o-hydroxylation by CYPs, X-oxidation is proposed to take

place [27].

In addition to a-CEHC, 130OH-a-tocopherol and

a-CMBHC (carboxymethyl butyl hydroxychroman) have

been reported in liver of rats injected with a-tocopherol [39].

Metabolism of other non-a-tocopherol metabolites should

generate similar intermediates. CEHCs conjugated with

sulfate or glucuronide have been described [29, 40, 41].

Various transporters are likely candidates for mediating

hepatic CEHC excretion because CEHCs are found in

plasma, urine and bile. Each of these steps in vitamin E

metabolism is discussed below.

3.1 Cytochrome P450-mediated vitamin E

metabolism

CYP3A has been proposed to be involved in vitamin E meta-

bolism based on the observation that CYP3A inhibitors and

stimulators altered CEHC production [30, 42–44]. Additionally,

studies in mice demonstrated that feeding a-tocopherol

increased Cyp3a mRNA [45]. (Note that CYP protein

nomenclature is capitalized, while only the C is capitalized in

mice). However, analysis of individual human cytochrome

P450s expressed in insect cells led to a different conclusion;

these latter studies identified CYP4F2 to be the CYP involved

in the o-oxidation of g-tocopherol [46]. Subsequent studies by

Sontag and Parker [47] defined that CYP4F2 activity toward a-

tocopherol was limited relative to other forms of vitamin E, but

importantly that a-tocopherol stimulated the o-hydroxylation

of non-a-tocopherol forms of vitamin E. Thus, they termed

CYP4F2 the tocopherol o-hydrolase [46].

The studies by Sontag and Parker [46, 47] would seemingly

define CYP4F2 as the P450 involved in vitamin E metabolism.

However, we [48] found that within 3 days of daily vitamin E

injections to rats, both CYP3A and CYP2B protein nearly

doubled and remained elevated through day 18; neither CYP4F

nor the a-tocopherol transfer protein concentrations changed.

These data suggest that a-tocopherol does not regulate CYP4F.

However, inhibitors of CYP4F, such as an omega-imidazole

containing compound, 1, [(R)-2-(9-(1H-imidazol-1-yl)nonyl)-

2,5,7,8-tetramethylchroman-6-ol] do decrease CEHC produc-

tion from g-tocopherol in HepG2 cells in culture [49]. Thus, in
vivo CYP4F2 most likely initiates vitamin E metabolism, but it

is not specific for vitamin E alone.

CYP4 family members, which are expressed in humans,

rats and mice, are the major fatty acid o-hydroxylases, as

reviewed [50]. Regulation of CYP4 is not well understood.

CYP4A and CYP4F genes are regulated in the opposite

direction by peroxisome proliferators, by starvation and by

high fat diets [51]. Additionally, it is now appreciated that

the CYP4 family modulates eicosanoids during inflamma-

tion and metabolizes some clinically significant pharma-

ceutical agents [52].

CYP4F2 is known for its role in metabolism of eicosa-

noids [52, 53]. Over-expression of human CYP4F2 in mice

led to increased production of 20-hydroxyeicosatetraenoic

acid (20-HETE) and increased arterial blood pressure [54]. In
vitro, sesamin inhibited human renal and liver microsome

20-HETE synthesis and was selective toward CYP4F2 (IC50:

1.9 mmol/L), had activity toward CYP4A11 (IC50:4150

mmol/L), as well as cytochrome P epoxygenation of arachi-

donic acid (IC50:450mmol/L) [55]. Moreover, Wu et al. [55]

found that supplementation of overweight humans with

sesame (25 g) reduced the plasma and urinary levels

of 20-HETE, but had no significant effect on blood pressure.

Additionally, CYP4F2 variants in the human population

have been found to have an altered response to warfarin [56].

Therefore, it is not surprising that insect cells expressing

CYP4F2 are able to o-hydroxylate vitamin K1 (phylloqui-

none) [57]. This intriguing aspect of vitamin K metabolism

will be discussed further below.

3.2 Conjugation controversy

Most investigators have assumed that both sulfate and

glucuronide conjugates of CEHC are present in their
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samples and have hydrolyzed these to obtain free CEHCs for

analysis. Kiyose et al. [38] methylated the CEHCs for

analysis, but did not address the question of the amount or

the form of CEHC conjugates that were initially present in

the samples. In contrast, Pope et al. [41] synthesized both

a-CEHC sulfate and a-CEHC glucuronide and developed a

method for their identification using electrospray detection

and LC-MS. They reported in a-tocopherol supplemented

humans that the urinary a-CEHC glucuronide was present,

but the sulfate conjugate could not be unambiguously

characterized. In contrast, the Jiang group [58–60] has

identified that sulfated-g-CEHC is the major CEHC conju-

gate both in rats and in human cells in culture. Sulfated

intermediates were found between 130-OH-g-tocopherol and

g-CEHC, suggesting that sulfation may be an important

early step in intracellular trafficking to guide vitamin E

metabolism. It is not clear whether the differences in the

two outcomes, either sulfation or glucuronidation, relates to

differences in a- and g-tocopherol metabolism, or differ-

ences between rats and humans, or differences of measures

from liver compared with urine samples.

3.3 Export from the liver

It appears that one of the hepatic responses to ‘‘excess’’

a-tocopherol is to up-regulate a-tocopherol biliary secretion.

The multi-drug resistance gene MDR1 (p-glycoprotein, or

ABCB1) is modulated by the same xenobiotics that alter

CYP3A [61]. Our mouse microarray data [62] indicate that

the mouse mdr1 gene is modulated by excess a-tocopherol

and the rat MDR protein is up-regulated in response to

increasing tissue a-tocopherol concentrations [39].

Previously, mouse mdr2, another ABC transport protein,

was shown to be involved in the efflux of a-tocopherol into

bile [63].

Thus far there are no reports of transporters specifically

involved in the secretion of CEHCs or their conjugates.

Hepatic transporters are possible candidates for this

process, but only the Slc22a5 gene (Solute carrier family 22,

organic anion transporter, member 5) was up-regulated in

mice fed high vitamin E diets [62]. Clearly, more research is

needed to define the mechanisms for export of vitamin E

forms and their metabolites from the liver.

4 Regulation by PXR, or not

Nuclear receptors comprise a superfamily of ligand-activated

transcription factors. They can be grouped into (i) receptors

for endocrine hormones and (ii) ‘‘orphan’’ nuclear recep-

tors, including receptors for fatty acids (peroxisome prolif-

erator activated receptors), bile acids (farnesoid X receptor),

oxysterols (liver X receptors), as well as lipophilic xenobiotics

(pregnane X receptor (PXR) and constitutive androstane

receptor) [64]. These latter two are linked because constitu-

tive androstane receptor and PXR have overlapping func-

tions [65]. However, only PXR has been demonstrated to

bind vitamin E [66]. In HepG2 cells transfected with human

PXR and the chloramphenicol acetyl transferase gene linked

to two PXR responsive elements, chloramphenicol acetyl

transferase activity was most strongly induced by a- and g-

tocotrienol followed by rifampicin, d-, a- and g-tocopherol

[66]. Thus, PXR could be important in vitamin E metabo-

lism and its regulation of xenobiotic pathways.

PXR regulates a constellation of genes involved in xeno-

biotic detoxification [67–69], including CYP3A [67]. On

ligand binding, PXR, binds to its response element in

promoter region of genes and induces some cytochrome

P450 oxidation systems (phase I), conjugation systems

(phase II) and transporters (phase III) [70]. All of these

systems are potential mediators of hepatic concentrations of

vitamin E and its metabolites. However, Cho et al. [71]

showed that stimulation of PXR by the mouse PXR activator

pregnenolone16a-carbonitrile (PCN) in wild-type compared

with PXR-null mice decreased vitamin E metabolism!

Moreover, they identified a new CEHC conjugate, a gluco-

side, using metabolomics techniques and mass spectro-

metry. Importantly, PCN treatment, which stimulates PXR,

decreased the urinary excretion of a-CEHC glucuronide and

g-CEHC glycoside in wild-type but not PXR-null mice.

The importance of PXR in regulating CYP3A has led to

the concern that vitamin E might dysregulate pharmaceu-

tical drug metabolism [72, 73]. Nonetheless, vitamin E

supplements did not appear to alter efficacy of either

simvastatin or lovastatin with regard to hypercholester-

olemic patients’ reduced cholesterol concentrations [74].

These two drugs were chosen for study because they are

both metabolized via a CYP3A-dependent mechanism.

Werba et al. [75] approached this problem by studying the

effect of simvastatin (20 mg/day) or pravastatin (40 mg/day)

on a- and g-tocopherol concentrations in hypercholester-

olemic humans. Although both drugs decreased circulating

cholesterol and a-tocopherol concentrations, only simvasta-

tin raised g-tocopherol concentrations. These findings

suggest that simvastatin and g-tocopherol competed for the

same sites for metabolism, while pravastatin, which is not

dependent on CYP3A for metabolism, did not. Taken toge-

ther with the findings in mice, it appears that stimulation of

PXR- or CYP3A-dependent metabolism tends to decrease,

rather than increase, vitamin E metabolism. These

outcomes are contrary to the expectation that vitamin E

functioning as a PXR ligand would increase PXR-responsive

events.

5 Vitamin K activation and vitamin E
metabolism

Findings from the Women’s Health Study showed that

vitamin E supplementation significantly decreased venous

thromboembolism by 21% [13]. This beneficial vitamin E
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effect may be due to interactions between vitamin E and

vitamin K metabolism. For example, both vitamins bind to

PXR [66, 76, 77]. Although this nuclear receptor regulates

xenobiotic metabolism in the liver, in osteoblasts where

vitamin K is a PXR ligand, it regulates extracellular matrix

and collagen formation [78, 79]. Not only do both vitamin E

and K bind to the same nuclear receptor, but they appear to

share the same metabolic fates. That is, the side chain of

both vitamin E and K are o-hydroxylated, then X-oxidized

[80].

Vitamin K activation may also be dependent upon this

pathway for side-chain metabolism. Plant-derived, dietary

vitamin K is phylloquinone (vitamin K1), which has a

20-carbon phytyl side chain, while menaquinones (MK), have

multiple prenyl units, as indicated by their suffix number (i.e.
MK-n) [80]. The liver is thought to convert phylloquinone to

menadione, which is then used by extrahepatic tissues for MK-

4 synthesis [81]. Importantly, it appears that vitamin E inter-

feres with this process because extrahepatic tissue vitamin K

concentrations were lower in rats fed a high vitamin E diet [82].

Additionally, high-dose vitamin E supplementation (1000 IU)

in humans increased the degree of under-g-carboxylation of

prothrombin (proteins induced by vitamin K absence-factor II)

[83]. Potentially, high-dose vitamin E supplements increase

liver a-tocopherol concentrations to the point that a-tocopherol

competes with phylloquinone preventing the latter’s hepatic

transformation to menadione, and thus limiting MK-4 synth-

esis. Although vitamin E may limit the active form of vitamin

K, this vitamin E action may be beneficial. Indeed, Glynn et al.
[13] proposed that vitamin E supplements would be a safer

alternative to warfarin in humans with increased risk of

thrombosis.

6 Concluding remarks

Given the potential interaction between vitamins E and K, the

lack of specificity of CYP4F2 for vitamin E metabolism, and

the relative decrease in vitamin E metabolism upon PXR

stimulation by known PXR activators in vivo, it appears that

vitamin E metabolism occurs non-specifically. That is to say,

the increase in vitamin E metabolism observed with increased

liver a-tocopherol [39, 45, 62, 84] likely occurs as a result of

non-specific mechanisms to up-regulate xenobiotic pathways,

rather than a specific a-tocopherol directed mechanism. Thus,

with regard to the non-antioxidant mechanisms for vitamin E

activity, as we learn more about vitamin E metabolism, it is

becoming clearer that vitamin E does not appear to specifically

regulate any signaling pathways. This leaves open the question

as to whether certain individuals are less capable of preventing

vitamin E over-accumulation. Given that the ‘‘adverse effect’’ of

anti-coagulation by vitamin E may be beneficial in some

individuals, the adverse effects of vitamin E supplements need

further study.

The author has declared no conflict of interest.
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