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Effects of dietary RRR a-tocopherol vs all-racemic a-tocopherol
on health outcomes

Katherine M. Ranard and John W. Erdman Jr

Of the 8 vitamin E analogues, RRR a-tocopherol likely has the greatest effect on
health outcomes. Two sources of a-tocopherol, naturally sourced RRR a-tocopherol
and synthetic all-racemic a-tocopherol, are commonly consumed from foods and
dietary supplements in the United States. A 2016 US Food and Drug Administration
ruling substantially changed the RRR to all-racemic a-tocopherol ratio of biopo-
tency from 1.36:1 to 2:1 for food-labeling purposes, but the correct ratio is still un-
der debate in the literature. Few studies have directly compared the 2 a-tocopherol
sources, and existing studies do not compare the efficacy of either source for pre-
venting or treating disease in humans. To help close this gap, this review evaluates
studies that investigated the effects of either RRR a-tocopherol or all-racemic a-to-
copherol on health outcomes, and compares the overall findings. a-Tocopherol has
been used to prevent and/or treat cancer and diseases of the central nervous sys-
tem, the immune system, and the cardiovascular system, so these diseases are the
focus of the review. No firm conclusions about the relative effects of the a-tocoph-
erol sources on health outcomes can be made. Changes to a-tocopherol–relevant
policies have proceeded without adequate scientific support. Additional research is
needed to assemble the pieces of the a-tocopherol puzzle and to determine the
RRR to all-racemic a-tocopherol ratio of biopotency for health outcomes.

INTRODUCTION

Vitamin E, which was discovered by Katherine S.

Bishop and Herbert M. Evans in the 1920s, is a lipid-
soluble antioxidant that plays a crucial role in human

and animal reproduction. Although the name “vitamin
E” appears to refer to a single compound, there are ac-

tually 8 vitamin E analogues: 4 tocopherols (a, b, c, and
d) and 4 tocotrienols (a, b, c, and d) (Figure 1).

However, only a-tocopherol was used to set the recom-
mended dietary allowance (RDA) of vitamin E for

Americans.1 Humans consume 2 sources of a-tocoph-
erol: naturally sourced a-tocopherol, which is com-

monly found in seed oils, and synthetic a-tocopherol,

which is used to fortify food products such as ready-to-

eat cereals.

CHEMICAL STRUCTURE OF a-TOCOPHEROL

Synthetic (all-racemic, or all-rac) a-tocopherol is an

equimolar mix of its stereoisomers. The 3 chiral carbons

of a-tocopherol (at positions 2, 40, and 80) can be in ei-

ther an R or an S orientation, yielding 8 stereoisomers.

One of the stereoisomers in all-rac a-tocopherol is 2R,

40R, 80R (or RRR), which is the sole stereoisomer found

in nature. The other 7 stereoisomers consist of 3 2R

stereoisomers (RSS, RSR, RRS) and 4 2S stereoisomers
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(SSS, SRR, SRS, SSR). The orientation (R or S) of the

carbon at the 2-position is significant: the main a-to-

copherol–binding protein in the liver, a-tocopherol

transfer protein (a-TTP), has a higher affinity for RRR

and the other 2R stereoisomers than for the 4 2S stereo-

isomers.2,3 This hepatic discrimination means that 2R

stereoisomers will be preferentially packaged into very

low-density lipoproteins for transport in the circulation

and, consequently, will accumulate in peripheral tissues.

INTAKE LEVELS OF a-TOCOPHEROL

The RDA for adults is 15 mg of RRR a-tocopherol,1 but

more than 88% of Americans do not meet this recom-

mendation.4 To establish the RDA, erythrocyte hemoly-

sis by hydrogen peroxide was used as a biomarker of

vitamin E depletion and repletion.1 The use of this bio-

marker has been questioned,5 and there may be

grounds for basing future recommendations for vitamin

E intake on endpoints related to chronic disease in-

stead.6 a-Tocopherol bioavailability is lower in cigarette

smokers7,8 and individuals with metabolic syndrome,9

so certain populations may need more a-tocopherol

than healthy individuals.
Vitamin E deficiency is very rare, but vitamin E in-

sufficiency may be common, given the dietary intakes

reported for Americans.10 It is unknown whether mar-

ginal vitamin E deficiency leads to adverse health out-

comes or to chronic disease.11 Some research suggests

that the RDA is actually too high for healthy adults.12

BIOAVAILABILITY AND BIOPOTENCY OF
a-TOCOPHEROL

Determining the bioavailability and biopotency of syn-

thetic and naturally sourced a-tocopherol is important

for evaluating the roles of these vitamin E sources in

health and disease. In the 1940s, experiments with rats

showed that a dose of all-rac a-tocopheryl acetate 1.36

times the mass of a dose of naturally sourced a-toco-

pheryl acetate was required to prevent fetal resorp-
tion.13 Based on these studies, all-rac a-tocopheryl

acetate was assigned a value of 1 IU/mg, and 1.36:1 be-
came the accepted RRR to all-rac ratio of biopotency.

International units have long been used to denote vita-
min E content on food labels, but this will soon change.
More recent research does not support the 1.36:1 ratio

of biopotency in humans.5 Some animal and human
bioavailability studies suggest a new ratio of RRR to all-

rac biopotency of 2:1, as plasma and tissues accumulate
about twice the amount of deuterated RRR a-tocopherol

as all-rac a-tocopherol after simultaneous consump-
tion.14–16 The preferential binding of hepatic a-TTP to

the 4 2R stereoisomers over the 4 2S stereoisomers also
supports the 2:1 ratio. Therefore, it has been assumed

that, at doses of an equivalent mass, all-rac a-tocopherol
has one-half the biopotency of RRR a-tocopherol.

However, determining the RRR to all-rac a-tocoph-
erol ratio of biopotency requires the measurement of a

biological response, such as fetal resorption. The new
2:1 ratio relies solely on bioavailability data (a-tocoph-

erol tissue concentrations) and does not reflect data on
biopotency. Though there are only limited measurable

clinical endpoints to study a-tocopherol biopotency,5,13

data from a-tocopherol–deficient animal models can

provide insight. Future studies should explore the
effects of different dose ratios of RRR to all-rac a-to-

copherol on tissue accumulation and functional param-
eters. To eliminate competition between these 2 sources

of vitamin E in the liver, a nonsimultaneous dosing reg-
imen may be most appropriate.

Still, some researchers hypothesize that there is no
single ratio of biopotency for the 2 a-tocopherol sources.

They assert that the bioavailability and biopotency of
each source differs depending on the dosage, the type of

tissue, and the duration of dosing.5,17,18 For example,
RRR:SRR ratios in the brain consistently increased the

longer rats were fed a diet containing mass-equivalent
doses of deuterated RRR and SRR a-tocopherol (from a
ratio of 1.5:1 after 4 days up to 5.3:1 after 154 days).18

The RRR:SRR ratios in other tissues changed much less
than the ratios in the brain, but each tissue differed in its

discrimination for RRR over time.18 These differences in
availability across tissues and over time obfuscate efforts

to determine the biopotency of individual a-tocopherol
stereoisomers, since doing so would require the use of a

precise dosing regimen and a specific tissue type.
As already noted, the current unit of measurement

of vitamin E on food labels (international units) will
soon be replaced. Based on a May 2016 ruling, the US

Food and Drug Administration (FDA) is modifying the
labeling regulations for conventional foods and dietary

supplements.19 Food manufacturers will be required to

Figure 1 Forms of vitamin E. Abbreviation: RDA, recommended
dietary allowance.
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indicate vitamin E content in milligrams instead of inter-

national units. Furthermore, it will be assumed that 2 mg
of all-rac a-tocopherol equals 1 mg of RRR a-tocopherol.

This is a drastic change in the regulations, given the on-
going uncertainty over the ratio of biopotency.

BIOLOGICAL BASIS FOR DIFFERENTIAL EFFECTS

There is a solid biological basis for differential effects of
RRR a-tocopherol and all-rac a-tocopherol on health out-

comes. The body differentially distributes, metabolizes,
and excretes a-tocopherol stereoisomers. As noted earlier,

hepatic a-TTP has a clear preference for RRR a-tocoph-
erol and the other 2R stereoisomers, and thus RRR a-to-

copherol is preferentially taken up into tissues over SRR
a-tocopherol.2,3,18,20,21 For example, the only study that

quantified all 8 stereoisomers in rat brain tissue found
that the 4 2R stereoisomers accumulated equally; this fur-

ther demonstrates the importance of the 2-position chiral
carbon for a-tocopherol availability in tissues.22

The preference of hepatic a-TTP for 2R stereoisom-

ers suggests that 2R stereoisomers are able to perform
their functions better than 2S stereoisomers.

Interestingly, the 2S stereoisomers do accumulate to
varying degrees in milk23 and other tissues such as the

brain,18,21,22,24 presumably via chylomicron delivery.
This raises 2 questions about the role of 2S stereoisom-

ers once they reach extrahepatic tissues. First, is there
competition between 2R and 2S stereoisomers within

cells? And second, do 2R and 2S stereoisomers result in
the same biological response?

Evidence in humans, though very limited, shows
preferential incorporation of RRR a-tocopherol (over all

7 other stereoisomers) into tissues of the human infant
brain.24 The biological rationale for—and significance

of—this is not clear, though discriminatory mechanisms

in extrahepatic tissues have been proposed. For exam-
ple, the blood–brain barrier may regulate the entry

of a-tocopherol into the brain.18 Additionally, the
a-tocopherol–binding protein a-TTP has been detected

in the brains of humans25 and rats.26 Tocopherol-
associated protein, which has the same lipid-binding

motif as a-TTP, has also been suggested as a potential
binding protein for a-tocopherol.27 Tocopherol-

associated protein was detected in multiple human tissues
(eg, brain, heart, lung)28 and may be a transcriptional

activator.29 However, despite promising results with

tocopherol-associated protein, the primary role of this
protein (typically known as supernatant protein factor) is

in cholesterol biosynthesis,30 which likely has little physi-
ological relevance to a-tocopherol metabolism.31

As for excretion of vitamin E, simultaneous con-
sumption of deuterium-labeled RRR a-tocopherol and

all-rac a-tocopherol led to the preferential excretion of

all-rac (as a-CEHC) over RRR in urine at a remarkably

high ratio of approximately 3:1.32 This suggests that

RRR is preserved over all-rac and provides evidence of

the differential impact of the 2 sources of a-tocopherol.

The scientific community’s understanding of vita-

min E has evolved since its discovery nearly a century

ago, but some aspects of vitamin E warrant further in-

vestigation. The existing research does not wholly sup-

port the FDA’s changes to the US food labeling

regulations with regard to vitamin E. A change in the

unit of measurement used on food labels (international

units to milligrams) is appropriate, since the conversion

factors for international units have not been confirmed.

However, the assertion of a 2:1 ratio of biopotency be-

tween naturally sourced and synthetic a-tocopherol has

not been confirmed, either. Because very few studies di-

rectly compare the effectiveness of different a-tocoph-

erol sources for health outcomes, this review evaluates

and compares studies that investigated one source or

the other. It focuses on 4 areas of human health that are

often associated with the effects of a-tocopherol: the

central nervous system (CNS), the immune system, the

cardiovascular system, and cancer. The potential mech-

anisms responsible for the benefits of a-tocopherol in

these 4 areas are also explored briefly. Many of the

reviewed studies did not use vitamin E-depleted

animals—those that did are specifically noted.

NEUROLOGICAL DISEASES

Role of a-tocopherol in the CNS

Animal studies show that a-tocopherol promotes brain

health and reverses neurodegeneration by preventing

oxidative stress to cell components (eg, lipids and mito-

chondria).33,34 Studies using the a-TTP gene knockout

(Ttpa�/�) model have produced some of the most valu-

able findings. With age, these animals develop struc-

tural abnormalities in the cerebellum35 and spinal

cord36 as well as behavioral deficits36 caused by severe

a-tocopherol deficiency. The Ttpa�/� model is particu-

larly useful because neurological tissues retain a-to-

copherol, even during dietary restriction.36 This model

is also relevant to humans who have ataxia with vitamin

E deficiency. Individuals with this disorder have loss-

of-function mutations in the a-TTP gene and experi-

ence severe neurological dysfunction.37 Management of

ataxia with vitamin E deficiency includes lifelong sup-

plemental doses of a-tocopherol, which helps normalize

plasma a-tocopherol levels and may partially reverse

neurological symptoms.38 Knowledge gained about the

consequences of deficiency has led to increased under-

standing of the metabolic fate of a-tocopherol.
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There is conflicting evidence about the role of a-to-

copherol in other neurological outcomes, such as
Alzheimer’s disease (AD) and cognitive function in

older adults. In epidemiological studies, high tocopherol
intake is associated with decreased incidence of AD.39

Moreover, patients with AD tend to have low plasma a-

tocopherol concentrations,40 and plasma a-tocopherol
has been inversely associated with severity of dementia

and positively associated with both abstract reasoning
and retention in the Fuld Object-Memory Evaluation.41

In contrast, a-tocopherol brain concentrations were not
associated with AD neuropathology in deceased

humans.33 In other studies, there were no associations

between plasma a-tocopherol and measures of cognitive
function42 or risk of cognitive impairment43 in elderly

participants. A 2017 Cochrane review concluded there
is no evidence supporting the use of a-tocopherol for

treatment of mild cognitive impairment, but the results

of 1 trial indicate that a-tocopherol may slow the pro-
gression of AD.44

It is a-tocopherol’s antioxidant properties that are
most commonly associated with neurological health

and disease. Oxidative stress is a factor in many brain
disorders, including AD, and thus a-tocopherol status

could be a critical factor.45 Nonetheless, some research

suggests that a-tocopherol has both antioxidant and
nonantioxidant functions in the CNS.46 For example, a-

tocopherol may regulate gene expression. Two studies
showed substantial changes in the expression of genes

related to myelination, synaptic function, and oxidative
stress in the cortices of adult Ttpa�/� mice.47,48 Another

study concluded that a-tocopherol regulates hippocam-

pal genes involved in Parkinson disease and AD.49

Histological or behavioral indicators of neurode-

generation have not been observed in young Ttpa�/�

rodents; histological markers were seen from 17 to 20

months of age,35,36 and behavioral markers were seen at
18 months of age.36 However, alterations in gene ex-

pression have been observed in younger mice.

Molecular changes may therefore precede more ad-
vanced manifestations of neurodegeneration.48

Though only a handful of studies have compared
the sources of a-tocopherol for their effects on neuro-

logical outcomes, work in equines has shown that RRR
a-tocopherol more effectively increases serum and cere-

brospinal fluid a-tocopherol concentrations than equiv-
alent doses (international units) of all-rac a-tocopherol

(Table 1).50–55

Neurological studies investigating RRR a-tocopherol

Most CNS-related studies with RRR a-tocopherol have
used rodent models. For example, a daily dose of RRR

a-tocopherol delayed the neurological symptoms of

ataxia with vitamin E deficiency and decreased lipid

peroxidation in Ttpa�/� mice.36 An RRR a-tocopherol–

supplemented diet also attenuated development of the

tau pathology (a key component of Parkinson disease)

in a transgenic mouse model that overexpresses a hu-

man tau isoform.56

Studies have also used RRR a-tocopherol to treat

induced seizures57 and permanent cerebral brain inju-

ries58 in otherwise healthy, vitamin E–sufficient rats. In

both cases, RRR a-tocopherol reduced unfavorable hip-

pocampal microglia activation.57,58 Treatment also sig-

nificantly decreased markers related to oxidative

stress57 and prevented pyramidal cell death.58

Using a mouse model of AD and vitamin E defi-

ciency (Ttpa�/�þAPPsw), RRR a-tocopherol supple-

mentation reduced plasma amyloid b levels59 and

amyloid plaque areas in the cortex and hippocampus.60

Supplementation normalized performance in the

Morris water maze but did not improve performance in

other behavioral tasks, such as a contextual fear condi-

tioning test.60

Some animal research does not support a benefit of

RRR a-tocopherol for CNS function.61 Additionally,

very few CNS-related trials in humans have studied the

effect of RRR a-tocopherol. In a long-term trial of RRR

a-tocopherol supplementation in healthy older women,

no significant cognitive benefits after multiple assess-

ments were observed.62

Neurological studies investigating all-rac a-tocopherol

Rats fed an a-tocopherol–deficient diet for 38 weeks fol-

lowed by an all-rac a-tocopherol repletion diet for 20

weeks had less functional neural deterioration than rats

fed an a-tocopherol–deficient diet throughout the

study.63 Their electrophysiological parameters were also

more similar to those of controls.63 The diet of the con-

trol group contained low levels of RRR a-tocopherol, in-

dicating that repletion with all-rac a-tocopherol may be

sufficient to restore the normal neural function ob-

served in animals fed RRR a-tocopherol.
A second rodent study investigated long-term po-

tentiation in the dentate gyrus (hippocampus) of aged

and young rats fed a diet supplemented with all-rac a-

tocopherol.64 Long-term potentiation is the long-lasting

strengthening of synapses, and it is one cellular mecha-

nism used to explain learning and memory.64 While

aged control mice (consuming a diet containing stan-

dard a-tocopherol levels) exhibited reduced long-term

potentiation and increased lipid peroxidation, aged rats

fed all-rac a-tocopherol–supplemented diets showed

sustained long-term potentiation and reduced lipid per-

oxidation, similar to findings in young rats.64
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This suggests that all-rac a-tocopherol helped prevent

age-related oxidative stress in the hippocampus.
In a third animal study, transgenic mice were used

to investigate apoE4, an apolipoprotein E isoform in-

volved in CNS lipoprotein metabolism and implicated

as an independent risk factor for AD. All-rac a-tocoph-
erol supplementation did not affect most of the AD-

related endpoints.65

In 2 randomized, placebo-controlled human trials,
daily supplementation with high-doses synthetic a-to-

copherol delayed AD progression in individuals with

mild to moderately severe AD.66,67

RRR a-tocopherol vs all-rac a-tocopherol: conclusions
for neurological outcomes

Some studies (both animal and human) did not specify

whether RRR or all-rac a-tocopherol was used, which

severely limits the comparability of results across stud-

ies. Despite the known consequences of low a-tocoph-

erol status, the relative effect of RRR vs all-rac
a-tocopherol in CNS health is not clear; none of the

CNS studies aimed to show the ratio of biopotency be-

tween the 2 sources. Most research in animals showed

some benefits from both RRR and all-rac a-tocopherol
for the doses used. In 2 studies conducted in AD

patients, all-rac a-tocopherol supplementation resulted

in positive outcomes. Several human trials have used

poorly defined vitamin E supplements that contain
multiple tocopherol analogues; these studies were not

included in this review.

IMMUNE RESPONSE

Role of a-tocopherol in the immune system

The role of a-tocopherol in the immune system has

been studied through the lens of allergic airway disease
and lung function. Following ovalbumin sensitization,

Ttpa�/� mice displayed a reduced immune response in

the lung, demonstrating a need for a-tocopherol.68

Furthermore, higher serum a-tocopherol is related to

favorable spirometric markers in young adults,69 and a-
tocopherol may improve or reverse the functional de-

cline of T cells that occurs with aging.70

The best-known function of a-tocopherol (ie, anti-
oxidant) may be linked to immune-related outcomes.

Some studies suggest that antioxidant intake is inversely

associated with asthma prevalence.71 A second relevant

function of a-tocopherol in the immune system
involves signal transduction pathways. In endothelial

cells, a-tocopherol inhibits protein kinase C a, thereby

inhibiting the recruitment of leukocytes72,73 and alter-

ing the inflammatory immune response. It may also
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regulate the expression of immune-related genes in

the heart74 as well as a group of genes related to

inflammation.75

A few immunological studies have explicitly com-

pared all-rac a-tocopherol with RRR a-tocopherol

(Table 1).51–53 One ex vivo study used T lymphocytes

from spleens of aged adult wild-type mice. The animals

were fed diets with high or low levels of either RRR or

all-rac a-tocopherol. After 4 weeks of treatment, it was

shown that both the dose and the source of a-tocoph-

erol influenced gene transcription.51 Distinct gene ex-

pression profiles were observed, even when the high

dose of all-rac a-tocopherol (500 mg per kilogram of

diet) was compared with the low dose of RRR a-tocoph-

erol (30 mg per kilogram of diet).51 This suggests that

the 2 a-tocopherol sources interact differently with their

cellular targets and are not equivalent, even when all-

rac a-tocopherol doses are well above the hypothesized

2:1 ratio of biopotency.

In another study, calves suckling cows whose diets

were supplemented with either RRR a-tocopherol or

all-rac a-tocopherol had higher serum a-tocopherol lev-

els than controls, but there were no differences in im-

mune function in calves after an ovalbumin challenge.52

A third study found that piglets of sows fed RRR a-to-

copherol had higher serum a-tocopherol levels than

piglets of sows fed all-rac a-tocopherol.53 However, se-

rum immunoglobulin levels in the piglets did not differ

between groups.53

Immune-response studies investigating RRR
a-tocopherol

Some studies have assessed the effect of RRR a-tocoph-

erol and age on immune outcomes. Linker for

Activation of T cells is necessary for T-cell activation,

and changes in phosphorylation signifies an altered re-

sponse.76 Phosphorylation of Linker for Activation of T

cells was significantly reduced in spleen CD4þ T cells of

aged control mice, but RRR a-tocopherol treatment

normalized phosphorylation.76

RRR a-tocopherol may reduce allergic responses

and lung inflammation. Rodent dams were fed an RRR

a-tocopherol–supplemented diet, and then their pups

were sensitized with ovalbumin to induce an immune

response. The pups had significantly lower eosinophil

recruitment and inflammation in their lung tissue com-

pared with the pups of dams fed a standard diet.77 In

the lungs of pups in the treatment group, there were

also significant decreases in the expression of genes

encoding allergen-induced proteins (eg, interleukin

[IL]-4 and IL-33).77 In contrast, a different rodent study

showed that short-term (10-day) pretreatment with

RRR a-tocopherol was ineffective in preventing the

effects of an antigen challenge.78

Only a few human studies have examined the

effects of RRR a-tocopherol supplementation on im-

mune system outcomes. Research in asthmatics has

yielded conflicting results: Supplemental doses of RRR

a-tocopherol significantly decreased airway oxidative

stress in 1 study79 but had no measurable impact on

asthma control in another.80 However, the former study

was small and was not randomized or placebo

controlled.

Immune-response studies investigating all-rac
a-tocopherol

T-cell function becomes impaired with age, but this was

partially remedied by a-tocopherol in rodent studies.

Feeding aged mice a diet containing high-dose all-rac

a-tocopherol triggered changes in the transcription of

genes important for the immune response: a-tocopherol

led to induced expression of IL-2 and repressed expres-

sion of IL-4 in the animals’ splenic T cells.81 In another

study examining T-helper 1 cytokine production, old

influenza-infected mice were fed a diet containing high-

dose all-rac a-tocopherol.82 Splenocytes from these

mice had higher production of some cytokines, eg, IL-2

and interferon-c, but not of others, eg, IL-6 and IL-

1b.82 Production of prostaglandin E2 (PGE2) was also

significantly reduced in macrophages of these mice.82

Since PGE2 levels increase with age and may reduce the

normal T-helper 1 response, a-tocopherol may enhance

T-helper 1 cell function by decreasing PGE2.82

Numerous gene transcripts in lung tissue were ei-

ther up- or downregulated in male and female mice fed

diets supplemented with low-dose or high-dose all-rac

a-tocopherol.83 Despite similar levels of a-tocopherol in

lung between sexes fed the high all-rac diet, substan-

tially more genes were affected by a-tocopherol treat-

ment in females than in males (� 500 vs � 80).83 Of

particular interest was a cluster of 13 functionally re-

lated cytoskeleton genes that were all induced by an a-

tocopherol–supplemented diet.83 Though these findings

lack statistical power, this research provides a starting

point for future studies assessing the impact of sex and

a-tocopherol on gene expression in lung tissue.

In a trial with healthy older adults, daily supple-

mentation with all-rac a-tocopherol improved multiple

measures; in particular, participants had significantly

decreased plasma lipid peroxide concentrations and en-

hanced cell-mediated immunity.84 De la Fuente et al.,85

Meydani et al.,86 and Lee et al.87 also found that supple-

mental doses of all-rac a-tocopherol positively affected

immune outcomes in older adults.
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Effects on airway disease have been studied as well.

Participants in the Alpha-Tocopherol, Beta-Carotene

Cancer Prevention (ATBC) Study who received daily
synthetic 2-ambo a-tocopherol (which is 50% RRR and

50% SRR) supplements showed no differences in the de-

velopment of chronic obstructive pulmonary disease

symptoms, such as chronic bronchitis and dyspnea.88

RRR a-tocopherol vs all-rac a-tocopherol: conclusions
for immune response outcomes

In human and animal studies, RRR a-tocopherol and

all-rac a-tocopherol have resulted in both positive and

null effects on immune-related outcomes. The human
studies often provided very high daily doses of all-rac a-

tocopherol, so it is possible that supplements provided

sufficient amounts of RRR or other 2R stereoisomers to

produce beneficial effects. Using biomarkers of immune
function to establish recommendations for a-tocopherol

intake could be a worthwhile approach. Older adults

may benefit most from the effect of a-tocopherol on im-

mune function and inflammation.

CARDIOVASCULAR DISEASES

Role of a-tocopherol in the cardiovascular system

The development of cardiovascular diseases (CVDs),

such as atherosclerosis, is intricately linked to the oxida-

tion of low-density lipoprotein (LDL) particles and its

consequences.89,90 Hence, vitamin E, which can inhibit
this oxidation, has been used to prevent and treat nega-

tive CVD outcomes. Epidemiological studies have sup-

ported an inverse relationship between vitamin E intake

and risk of coronary heart disease in both women91 and
men.92 An inverse association between plasma a-tocoph-

erol levels and mortality due to ischemic heart disease in

men from 16 European study populations was also

reported.93 In animal models, atherosclerosis-prone, vita-
min E–deficient mice (Ttpa�/� Apoe�/�) had signifi-

cantly larger aortic lesions (in the arch and thorax) than

atherosclerosis-prone mice without a genetic predisposi-

tion for vitamin E deficiency (Ttpaþ/þ Apoe�/�).94 The
double knockout mice also showed increased lipid perox-

idation in the proximal aorta.94 This compelling study

showed that adequate vitamin E status may prevent oxi-

dative damage and formation of atherosclerotic lesions.
Gene regulation by a-tocopherol has been demon-

strated in the heart, which could be an additional mech-

anism by which a-tocopherol prevents unfavorable
cardiovascular outcomes. Genes related to proper im-

mune response, lipid metabolism, and inflammation

were dysregulated in hearts of Ttpa�/� mice.74 Other

nonantioxidant roles are possible for a-tocopherol in

the CV system, as a-tocopherol has been shown to in-

hibit vascular smooth muscle cell proliferation through
a protein kinase C–dependent mechanism,95,96 to in-

hibit platelet aggregation,97–99 and to modulate the in-
flammatory response via changes in monocyte

function.100

Results from human studies evaluating the effect of
a-tocopherol on the cardiovascular system are inconsis-

tent. One meta-analysis found that vitamin E supple-
mentation positively affected flow-mediated

vasodilation (which serves as a marker of endothelial
function and CVD risk).101 In contrast, a separate

meta-analysis concluded that a-tocopherol supplemen-
tation did not help prevent strokes.102 Both meta-

analyses included studies that used RRR or all-rac a-to-
copherol, and neither distinguished between the a-to-

copherol sources in their analyses. This highlights the
challenge of evaluating the health effects of individual

sources of a-tocopherol.
Very few studies have directly compared the effect

of different a-tocopherol sources on cardiovascular
health, and the 2 described below were conducted deca-

des ago (Table 1).54,55 In 1, participants received very
high daily doses (1600 mg/d) of either RRR a-tocoph-

erol or all-rac a-tocopherol for 8 weeks; afterward, their
lipid levels and the susceptibility of isolated lipoproteins

to oxidation were measured.54 Although lag time for ox-
idation increased by approximately 30% in both treat-

ment groups compared with controls, there were no
differences between the 2 a-tocopherol sources for the

outcomes measured.54

Devaraj et al.55 provided participants with 100 IU,

200 IU, 400 IU, or 800 IU of either RRR a-tocopherol or
all-rac a-tocopherol for 8 weeks (8 treatment groups).

As dose increased, total plasma a-tocopherol concentra-
tions also increased (measured at week 8); this was true

for both a-tocopherol sources.55 There were no signifi-
cant differences in total plasma a-tocopherol levels be-

tween the RRR and all-rac a-tocopherol groups at any
dose. This is not surprising, since even the lowest dose
(100 IU) is high relative to the typical dietary intake.

This study did not quantify individual a-tocopherol
stereoisomers in the plasma, but future studies that

compare RRR and all-rac a-tocopherol should consider
doing so. Devaraj et al.55 also measured the susceptibil-

ity of isolated lipoproteins to oxidation. Only at doses
�400 IU was there a prolonged lag phase of oxidation,

and there were no differences between the 2 a-tocoph-
erol sources.55 Lipoprotein oxidation may be a useful

functional measurement, given its role in atherosclero-
sis. To investigate the ratio of biopotency of RRR to all-

rac a-tocopherol, lower doses of a-tocopherol (closer to
amounts normally consumed in the diet) are likely

needed. Both studies included only healthy participants,
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so it is unclear whether similar results would be seen in

populations with CVD.

Cardiovascular studies investigating RRR a-tocopherol

In adult Apoe�/� mice fed a high-fat diet, an RRR a-to-

copherol intervention significantly decreased lesion size

in the aortic root but did not affect a marker of oxida-

tive stress or improve the resistance of plasma lipids to

oxidation when exposed to peroxyl radicals.103

RRR a-tocopherol improved CVD-related end-

points in several human studies. In an ex vivo experi-

ment, RRR a-tocopherol supplements drastically

inhibited platelet adhesion in study participants,104 and

researchers later showed that cosupplementation with

RRR a-tocopherol and aspirin (a platelet antiaggregating

agent) may help prevent ischemic events in patients

with ischemic cerebrovascular disease.105 RRR a-to-

copherol significantly reduced the risk of nonfatal myo-

cardial infarction and cardiovascular events in patients

with atherosclerosis106 and significantly reduced the

risk of combined cardiovascular outcomes in hemodial-

ysis patients.107 However, it had no effect on any cardio-

vascular outcomes measured in a high-risk

population.108 In healthy women, RRR a-tocopherol sig-

nificantly decreased cardiovascular-related deaths but

did not reduce the risk of heart failure,109 myocardial

infarction,110 or stroke.110 These trials indicate that a-

tocopherol may be of benefit to only some populations.

Cardiovascular studies investigating all-rac
a-tocopherol

In an atherosclerosis-prone murine model (LDL

receptor–deficient mice, ie, Ldlr�/� ), mice fed a low-

fat, low-cholesterol diet combined with long-term all-

rac a-tocopherol supplementation initiated at an early

age showed a significantly reduced area of lesion on the

descending aorta and a higher survival rate when com-

pared with mice not given all-rac a-tocopherol.111

Several studies have investigated synthetic a-to-

copherol to treat or prevent cardiovascular disease in

human populations with varying health statuses (eg,

smokers, patients with CVD or diabetes, patients with a

history of other conditions), but most have reported

null results.112–116 In fact, a-tocopherol significantly in-

creased the risk of hemorrhagic stroke in 1 study.116

Fewer studies have been conducted in healthy popula-

tions, but 1 study reported that all-rac a-tocopherol re-

duced LDL levels and lowered LDL susceptibility to

oxidation.117

RRR a-tocopherol vs all-rac a-tocopherol: conclusions
for cardiovascular outcomes

Epidemiological studies have shown that the consump-

tion of a-tocopherol from foods may provide some ben-

efit to the cardiovascular system. The effectiveness of an

a-tocopherol intervention may depend on the cardio-

vascular health status at the time the intervention is ini-

tiated. RRR a-tocopherol intake may improve

cardiovascular outcomes in atherosclerosis-susceptible

animal models and in humans with preexisting condi-

tions, but not in healthy individuals or those at high

risk for cardiovascular events. All-rac a-tocopherol has

been beneficial in some animal studies, but most human

research suggests no benefit to the cardiovascular sys-

tem. Some potentially valuable research did not identify

which a-tocopherol source was used. This was the case

for 2 animal studies in which supplementary a-tocoph-

erol reduced lesion areas in aortas of atherosclerosis-

susceptible mice.118,119 The contradictory results

reported in the literature for the 2 different a-tocoph-

erol sources may stem from the wide-ranging dosing

regimens used: every study used a different amount, fre-

quency, and duration of dosing.

CANCER

Role of a-tocopherol in cancer

To categorize the complex underpinnings of neoplastic

diseases, Hanahan and Weinberg120 identified 8 hall-

marks and 2 enabling characteristics of cancer. One en-

abling characteristic (genome instability and mutation)

may be relevant to the functions of a-tocopherol. In

other words, the ability of a-tocopherol to quench free

radicals could prevent damage to DNA and reduce the

risk of cancer development. Oxidative stress may indeed

be linked to carcinogenesis, since it damages cell com-

ponents.121 However, a-tocopherol has not been shown

to prevent DNA damage via antioxidant action in

humans, and it is unclear whether an antioxidant mech-

anism could result in clinically relevant health bene-

fits.122–124 In vitro, a-tocopherol inhibits vascular

endothelial growth factor released from human breast

cancer cells,125 so a-tocopherol could theoretically in-

fluence another cancer hallmark, ie, angiogenesis.120

Nevertheless, the existing literature does not support

this relationship. In preclinical studies, a-tocopherol

and a-tocopherol derivatives have been ineffective in

preventing tumor formation in the colon, and results

have been inconsistent in lung, prostate, and mammary

gland studies.126

Studies assessing a-tocopherol intake from food

sources or supplements and cancer risk have not shown
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an unequivocal benefit from increased consumption,

though there may be some benefit for particular types

of cancer and specific patient populations.127–129 High

vitamin E intake significantly decreased pancreatic can-

cer risk,130 colon cancer risk,131 and bladder cancer

mortality.132 A significant inverse association between

serum a-tocopherol and advanced and aggressive pros-

tate cancer risk has also been reported.133 On the con-

trary, vitamin E supplementation was not associated

with colorectal cancer risk,134 colon cancer mortality,135

or stomach cancer mortality.136

On the whole, the literature does not support a

beneficial role for a-tocopherol in the treatment or pre-

vention of cancer. Nevertheless, because of the pro-

posed link between antioxidants and cancer, and

because a-tocopherol has been administered in relevant

human trials, the results of interventions with RRR a-

tocopherol and all-rac a-tocopherol will be briefly

summarized.

Cancer studies investigating RRR a-tocopherol

In a large, long-term trial, supplementation with RRR

a-tocopherol had no significant effect on the incidence

of total cancer, breast cancer, lung cancer, colon cancer,

or cancer deaths,110 nor did it significantly reduce the

incidence of total cancer, organ-specific cancer, or can-

cer deaths in a second trial with high-risk volunteers.137

Daily antioxidant supplements, which included RRR a-

tocopherol, also did not reduce adenoma incidence in

patients with previously removed adenomas.138

Cancer studies investigating all-rac a-tocopherol

Debatably the most optimistic findings for cancer out-

comes came from a trial in smokers, in which supple-

mentation with synthetic a-tocopherol reduced

colorectal cancer incidence,139 prostate cancer inci-

dence,139 and prostate cancer mortality.140 Conversely,

there was no effect of all-rac a-tocopherol on incidence

of prostate cancer, total cancer, cancer at other sites or

on cancer mortality in other randomized, placebo-

controlled studies.141,142 In 1 of these studies, all-rac a-

tocopherol supplementation actually nonsignificantly

increased prostate cancer incidence.141

RRRa-tocopherol vs all-rac a-tocopherol: conclusions
for cancer outcomes

Cancer-related benefits from a-tocopherol consump-

tion have been observed in some epidemiological stud-

ies, but the majority of clinical trials of a-tocopherol

supplementation do not confirm these findings. It is

conceivable that diets containing antioxidant-rich

foods, eg, fruits and vegetables, could be beneficial but

that supplements are not. Despite a plausible basis for

cancer-related benefits, it seems that neither a-tocoph-

erol source affects cancer outcomes.

CONCLUSION

The effects of a-tocopherol on nonalcoholic steatohepa-

titis,143,144 eye disorders,145,146 and other health condi-

tions have been studied previously, but this review

focused on 4 of the more well-known areas of disease

associated with vitamin E. Comparing studies that in-

vestigated the sources of a-tocopherol revealed many

limitations, such as differences in population character-

istics (vitamin E status, sex, age, health status), dose and

dosing frequency of a-tocopherol, study size and dura-

tion, and the wide array of different endpoints consid-

ered. There is stronger evidence for a beneficial role of

a-tocopherol in some health outcomes (eg, neurological

function) than in others (eg, cancer), but unfortunately,

a number of studies neglected to disclose which a-to-

copherol source was investigated.

In 2000, Hoppe and Krennrich5 called on research-

ers to discover novel in vivo biomarkers for a-tocoph-

erol status and new methods for assessing the ratio of

RRR to all-rac biopotency.5 Almost 2 decades later, their

optimistic call for action is still unrealized. Language

used in the recent FDA ruling presumes a scientific

consensus on the relative bioavailability and biopotency

of the different a-tocopherol sources, and yet it is not

possible to ascertain this essential information from the

existing research. Studies have also failed to compare

the effectiveness of RRR vs all-rac a-tocopherol for the

selected health outcomes. In general, animal research

has shown that both sources of a-tocopherol produce

beneficial effects, while human trials have been less

conclusive.

Significant questions remain unanswered. These

require more targeted research that directly compares

relevant dose levels of RRR and all-rac a-tocopherol in

relation to human diseases. Key questions include the

following: (1) What factors beyond hepatic a-TTP de-

termine the accumulation of particular stereoisomers in

tissues, and how does the preferential accumulation of

stereoisomers affect human health? (2) What is the ap-

propriate RRR to all-rac ratio of biopotency? (3) What

human-relevant biochemical markers could be estab-

lished for measuring a-tocopherol sufficiency? (4) How

do age and health status affect the metabolism of RRR

and all-rac a-tocopherol? (5) What are the implications

for the food and supplement industries? These ques-

tions and others must be addressed to develop optimal

policies and set a-tocopherol intake recommendations.

150 Nutrition ReviewsVR Vol. 76(3):141–153

D
ow

nloaded from
 https://academ

ic.oup.com
/nutritionreview

s/article/76/3/141/4781933 by U
.S. D

epartm
ent of Justice user on 16 August 2022



Acknowledgments

Author contributions. K.M.Ranard wrote the first draft.

Both K.M. Ranard and J.W. Erdman revised the manu-

script and approved the final draft.

Funding/support. This work was supported by a US

Department of Agriculture (USDA) National Institute

of Food and Agriculture (NIFA) Hatch grant (no.

ILLU-698–915) and the Division of Nutritional

Sciences Vision 20/20 Grant Program at the University

of Illinois at Urbana-Champaign.

Declaration of interest. The authors have no relevant

interests to declare.

REFERENCES

1. Institute of Medicine, Food and Nutrition Board, Panel on Dietary Antioxidants
and Related Compounds. Vitamin E. In: Dietary Reference Intakes for Vitamin C,
Vitamin E, Selenium, and Carotenoids. Washington, DC: National Academy Press;
2000:186–283.

2. Traber MG, Burton GW, Ingold KU, et al. RRR- and SRR-a-tocopherols are secreted
without discrimination in human chylomicrons, but RRR-a-tocopherol is prefer-
entially secreted in very low density lipoproteins. J Lipid Res. 1990;31:675–685.

3. Traber MG, Ramakrishnan R, Kayden HJ. Human plasma vitamin E kinetics dem-
onstrate rapid recycling of plasma RRR-alpha-tocopherol. Proc Natl Acad Sci
USA. 1994;91:10005–10008.

4. 2015 Dietary Guidelines Advisory Committee. Scientific Report of the 2015
Dietary Guidelines Advisory Committee. Washington, DC: US Dept of Agriculture,
Dept of Health and Human Services. https://health.gov/dietaryguidelines/2015-
scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-
Committee.pdf. Published Feburary 2015. Accessed August 8, 2017.

5. Hoppe PP, Krennrich G. Bioavailability and potency of natural-source and all-
racemic alpha-tocopherol in the human: a dispute. Eur J Nutr. 2000;39:183–193.

6. Yetley EA, MacFarlane AJ, Greene-Finestone LS, et al. Options for basing Dietary
Reference Intakes (DRIs) on chronic disease endpoints: report from a joint US-/
Canadian-sponsored working group. Am J Clin Nutr. 2017;105:249S–285S.

7. Bruno RS, Traber MG. Cigarette smoke alters human vitamin E requirements. J
Nutr. 2005;135:671–674.

8. Bruno RS, Traber MG. Vitamin E biokinetics, oxidative stress and cigarette smok-
ing. Pathophysiology. 2006;13:143–149.

9. Mah E, Sapper TN, Chitchumroonchokchai C, et al. a-Tocopherol bioavailability is
lower in adults with metabolic syndrome regardless of dairy fat co-ingestion: a
randomized, double-blind, crossover trial. Am J Clin Nutr. 2015;102:1070–1080.

10. Traber MG. Vitamin E inadequacy in humans: causes and consequences. Adv
Nutr. 2014;5:503–514.

11. Traber MG. Vitamin E. In: Erdman JW, Macdonald IA, Zeisel SH, eds. Present
Knowledge in Nutrition. 10th ed. Oxford, UK: Wiley-Blackwell; 2012:214–229.

12. Novotny JA, Fadel JG, Holstege DM, et al. This kinetic, bioavailability, and metab-
olism study of RRR-a-tocopherol in healthy adults suggests lower intake require-
ments than previous estimates. J Nutr. 2012;142:2105–2111.

13. Jensen SK, Lauridsen C. a-Tocopherol stereoisomers. Vitam Horm.
2007;76:281–308.

14. Leonard SW, Terasawa Y, Farese RV Jr, et al. Incorporation of deuterated RRR- or
all-rac-a-tocopherol in plasma and tissues of a-tocopherol transfer protein–null
mice. Am J Clin Nutr. 2002;75:555–560.

15. Burton GW, Traber MG, Acuff RV, et al. Human plasma and tissue alpha-
tocopherol concentrations in response to supplementation with deuterated nat-
ural and synthetic vitamin E. Am J Clin Nutr. 1998;67:669–684.

16. Acuff RV, Thedford SS, Hidiroglou NN, et al. Relative bioavailability of RRR- and
all-rac-alpha-tocopheryl acetate in humans: studies using deuterated com-
pounds. Am J Clin Nutr. 1994;60:397–402.

17. Blatt DH, Pryor WA, Mata JE, et al. Re-evaluation of the relative potency of syn-
thetic and natural a-tocopherol: experimental and clinical observations. J Nutr
Biochem. 2004;15:380–395.

18. Ingold KU, Burton GW, Foster DO, et al. Biokinetics of and discrimination be-
tween dietary RRR- and SRR-alpha-tocopherols in the male rat. Lipids.
1987;22:163–172.

19. Food labeling: revision of the Nutrition and Supplement Facts labels. College
Park, MD: US Food and Drug Administration. Fed Regist. 2016;81(103):33741–
33999.

20. Kaneko K, Kiyose C, Ueda T, et al. Studies of the metabolism of a-tocopherol ster-
eoisomers in rats using [5-methyl-14C]SRR- and RRR-a-tocopherol. J Lipid Res.
2000;41:357–367.

21. Kiyose C, Kaneko K, Muramatsu R, et al. Simultaneous determination of RRR- and
SRR-a-tocopherols and their quinones in rat plasma and tissues by using chiral
high-performance liquid chromatography. Lipids. 1999;34:415–422.

22. Weiser H, Riss G, Kormann AW. Biodiscrimination of the eight a-tocopherol ster-
eoisomers results in preferential accumulation of the four 2R forms in tissues
and plasma of rats. J Nutr. 1996;126:2539–2549.

23. Gaur S, Kuchan MJ, Lai CS, et al. Supplementation with RRR- or all-rac-a-tocoph-
erol differentially affects the a-tocopherol stereoisomer profile in the milk and
plasma of lactating women. J Nutr. 2017;147:1301–1307.

24. Kuchan MJ, Jensen SK, Johnson EJ, et al. The naturally occurring a-tocopherol
stereoisomer RRR-a-tocopherol is predominant in the human infant brain. Br J
Nutr. 2016;116:126–131.

25. Copp RP, Wisniewski T, Hentati F, et al. Localization of a-tocopherol transfer pro-
tein in the brains of patients with ataxia with vitamin E deficiency and other oxi-
dative stress related neurodegenerative disorders. Brain Res. 1999;822:80–87.

26. Hosomi A, Goto K, Kondo H, et al. Localization of a-tocopherol transfer protein in
rat brain. Neurosci Lett. 1998;256:159–162.

27. Zimmer S, Stocker A, Sarbolouki MN, et al. A novel human tocopherol-associated
protein: cloning, in vitro expression, and characterization. J Biol Chem.
2000;275:25672–25680.

28. Zingg JM, Kempna P, Paris M, et al. Characterization of three human sec14p-like
proteins: a-tocopherol transport activity and expression pattern in tissues.
Biochimie. 2008;90:1703–1715.

29. Yamauchi J, Iwamoto T, Kida S, et al. Tocopherol-associated protein is a ligand-
dependent transcriptional activator. Biochem Biophys Res Commun.
2001;285:295–299.

30. Shibata N, Arita M, Misaki Y, et al. Supernatant protein factor, which stimulates
the conversion of squalene to lanosterol, is a cytosolic squalene transfer protein
and enhances cholesterol biosynthesis. Proc Natl Acad Sci USA.
2001;98:2244–2249.

31. Panagabko C, Morley S, Hernandez M, et al. Ligand specificity in the CRAL-TRIO
protein family. Biochemistry. 2003;42:6467–6474.
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