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In Western societies the apolipoprotein E4 (apoE4) genotype is associated with increased

morbidity and mortality and represents a significant risk factor for cardiovascular and

Alzheimer’s disease. In a recent study we observed significantly lower tissue a-tocopherol

(a-TOH) concentrations in apoE4 compared with apoE3 mice. Furthermore, genes encoding

for proteins involved in peripheral a-TOH transport and degradation were affected by the

apoE genotype. Thus, the apoE4 genotype may be associated with lower vitamin E retention

in peripheral tissues. This is possibly related to an altered lipoprotein metabolism including

increased a-TOH retention in LDL, a decreased expression of lipoprotein receptors and

impaired cellular vitamin E delivery system, and a greater intracellular degradation of toco-

pherols in the apoE4 genotype. An increasing number of studies in cultured cells, transgenic

mice and human volunteers indicate a more pro-inflammatory state associated with the

apoE4 allele. In apoE4 macrophages there is an enhanced transactivation of the key redox

sensitive transcription factor NF-kB accompanied by a higher production of pro-inflammatory

molecules (tumor necrosis factor a, interleukin 1b, macrophage inflammatory protein 1-a)

and a lower production of anti-inflammatory interleukin 10, as compared with apoE3

macrophages. Both tissue vitamin E retention and biomarkers of chronic inflammation may

be affected by the apoE genotype.
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1 Apolipoprotein E

Apolipoprotein E (apoE) has raised particular interest since

apoE polymorphisms are related to several chronic disorders

such as Alzheimer’s disease (AD) [1] and cardiovascular

disease (CVD) [2], and in general an apoE4 genotype is

negatively associated with longevity [3]. A meta-analysis of

48 studies published between 1996 and 2004 reported a 42%

increased incidence of CVD in apoE4 carriers relative to the

E3/E3 genotype, with a RR45 in E4/E4 individuals (�2%

population) [2]. The impact on AD risk is even more

dramatic with RR of 3.2 and 14.9 reported for E3/E4 and

E4/E4 individuals, respectively [4]. ApoE is a major consti-

tuent of lipoproteins and a key regulator of lipid and

cholesterol metabolism. ApoE is involved in the assembly of

lipoproteins and serves as a high-affinity ligand for cellular

lipoprotein uptake via members of several receptor classes

including the apoE and LDL receptors. Apart from the liver,

where apoE is mainly synthesised, several extra-hepatic

tissues are able to produce significant amounts of apoE

including the brain and monocyte-derived macrophages

[5, 6].

The apoE gene is subjected to numerous polymorphisms

of which the most common gives rise to three isoforms

apoE2, E3 and E4. ApoE allelic distribution varies world-

wide, but the apoE3 allele is the most abundant with a

Abbreviations: a-TOH, a-tocopherol; AD, Alzheimer’s disease;

apoE, apolipoprotein E; CM, chylomicrons; CVD, cardiovascular

disease; CYP3A, cytochrome P450 3A; LPL, lipoprotein lipase;

SR-B1, scavenger receptor class B type 1

Correspondence: Professor Gerald Rimbach, Institute of Human

Nutrition and Food Science, Christian-Albrechts-University of

Kiel, H. Rodewald Str. 6, 24118 Kiel, Germany

E-mail: rimbach@foodsci.uni-kiel.de

Fax:149-4318-802628

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

Mol. Nutr. Food Res. 2010, 54, 623–630 623DOI 10.1002/mnfr.200900398



frequency of 60–90% and also referred to as the wild type. In

Caucasian populations the apoE4 allelic frequency is

reported to be 14%, while the apoE2 allele reaches a

frequency of 8% [7]. However, in Europe there exists a

geographic shift towards a more than twofold higher

prevalence of the apoE4 allele in northern countries (e.g.

Norway 19.8%) compared with southern countries (e.g. Italy

6.3%). Interestingly, there is also a north-south gradient in

Europe in the incidence of CVD that is positively correlated

with the prevalence of the apoE4 genotype. The distribution

of apoE alleles in Germany is summarised in Fig. 1.

The apoE isoforms differ in the amino acid residue at

positions 112 and 158 with apoE3 having cysteine and

arginine at these sites. Substitution from cysteine to argi-

nine at position 112 in the apoE4 isoform affects a side

chain interaction (61-255) within the protein and is

supposed to impact on the protein stability forming a so-

called ‘‘molten globule’’ configuration [8, 9]. In addition to

reduced stability and higher susceptibility to degradation,

the lipoprotein-binding preference of apoE4 differs

compared with apoE3 and apoE2 due to the altered protein

folding. Thus, apoE4 prefers binding to larger triglyceride-

rich lipoproteins (VLDL and chylomicron (CM) remnants),

whereas apoE3 and apoE2 preferentially bind to smaller

cholesterol-rich particles such as HDL [10]. ApoE4 has been

reported to have a 25-fold higher affinity to the LDL receptor

than LDL itself [11], implicating that in apoE4 carriers,

where the apoE4 protein is mainly associated to triglyceride-

rich particles, uptake of LDL-cholesterol by the LDL receptor

would be delayed in favour of VLDL and CM clearance.

Moreover, LDL receptor expression is supposed to be down-

regulated in the apoE4 versus apoE3 genotype [12] aggra-

vating the competition for LDL receptor-mediated clearance.

Finally, hepatic lipase mediated conversion of VLDL to LDL

is significantly increased in the apoE4 compared with the

apoE3 genotype [13].

All these findings may explain the trend towards higher

LDL cholesterol levels in apoE4 carriers that has been

reported in numerous studies, although not consistently

significant.

However, the relatively moderate increase in LDL

cholesterol (8%) cannot solely explain the disease differ-

ential between apoE4 and non-apoE4 carriers [14]. Thus,

other mechanisms have been suggested to contribute to the

increased disease risk associated with the apoE4 genotype

[15] including increased chronic inflammation and activa-

tion of redox regulated transcription factors, decreased

neuronal repair and decreased responsiveness towards

dietary regimens such as flavonoids and fish oil (Table 1).

The apoE protein shows antioxidant activity in vitro,

although its in vivo relevance remains to be established.

Interestingly, the antioxidant activity appears to be allele

specific. Miyata and Smith found that at physiological

concentrations all three apoE proteins significantly reduced

H2O2-induced cell death, but in the following order of

effectiveness E24E34E4, with the E2 protein being

approximately twofold more effective compared with E4 [16].

However, evidence regarding the contribution of apoE

genotype to oxidative stress-dependent processes is limited.

In the Northwick Park Heart Study II the authors speculated

that the 2.79-fold increased risk of CVD events in apoE4

smokers relative to the non-smoking group may be due to

the different antioxidant capacity of the apoE protein

isoforms [17], although no direct evidence was provided.

Importantly, we have observed significantly higher (29%)

circulating levels of F2-isoprostanes, a surrogate biomarker

of lipid peroxidation, in mildly hypercholesterolemic

(45.6 mmol/L) apoE4 as compared with non-apoE4 carriers

[18]. This finding is in line with other studies reporting

higher plasma concentrations of oxidised LDL and malon-

dialdehyde-modified LDL in apoE4 versus non-apoE4 allele

carriers [19, 20]. Cigarette smoking has been associated with

a higher consumption of plasma antioxidants related to

increased oxidative stress [21]. Thus, it is of particular

interest that smoking cigarettes is apparently more detri-

mental for apoE4 than apoE3 allele carriers as far as cardio-

vascular events are concerned [17]. This has been attributed

to a dysregulation of the cellular oxidant/antioxidant status

in apoE4 carriers.

In cell culture studies, apoE4 macrophages exhibited

increased membrane oxidation and produced more reactive

oxygen and nitrogen species upon stimulation with the

phorbol ester PMA and bacterial LPS, respectively [22]. A

higher transactivation of the key redox sensitive transcription

factor NF-kB was evident in apoE4 as compared with apoE3

macrophages and was accompanied by a higher production of

pro-inflammatory molecules (tumor necrosis factor a, inter-

leukin 1b, macrophage inflammatory protein 1 a). Amounts

of the anti-inflammatory cytokine interleukin 10 produced in

apoE4 macrophages were lower than in apoE3 cells [23].

These data may indicate that apoE4 macrophages have an

altered inflammatory response, which may contribute to the

higher CVD risk observed in apoE4 carriers.

AD is characterised by massive neuronal loss in brain

regions associated with memory and learning. Beyond

others oxidative damage to neurons and sustained activation

of microglia leading to neuroinflammation are believed to

contribute to neuronal death in AD brains [24, 25]. In AD

patients, the apoE4 genotype aggravates oxidative damage

and decreases activity of antioxidative enzymes in the brain

apoE2

apoE3

13.6 % 7.4 %

apoE4

78.9 %

Figure 1. ApoE allele distribution in the German population. Data

from Assman et al. [66], Boerwinkle and Utermann [67], and Orth

et al. [68] were pooled.
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when compared with non-apoE4 genotypes [26, 27]. Also in

cultured neuronal cells, apoE4 increases vulnerability

towards oxidative agonists. Hydrogen peroxide and gluta-

mate induced cytotoxicity was higher in neuronal cells

cultured with apoE4 than with apoE3 conditioned media

[28]. Furthermore, vulnerability towards glia-induced

inflammation was more pronounced in primary neurons

from the brain of apoE4 transgenic mice [29] and dendritic

recovery was impaired in the hippocampus of apoE4

versus apoE3 mice [30]. Higher neuronal susceptibility

towards oxidative insults and poorer neuronal repair are

suggested to at least partly underlie the increased AD risk

associated with the apoE4 genotype. In consistence apoE4

transgenic mice exhibited a decreased cognitive perfor-

mance including poorer outcome in spatial memory and

learning tests similar as in AD pathology compared with

apoE3 mice [31].

2 ApoE genotype and vitamin E status

The metabolism of vitamin E is linked to the metabolism of

lipids and cholesterol in the body. In the small intestine

dietary tocopherol esters are hydrolysed and internalised into

CMs along with dietary lipids such as triglycerides and

cholesterol. Recent studies show that vitamin E uptake in

enterocytes is most likely mediated by two different receptors

namely scavenger receptor class B type 1 (SR-B1) [32] and

Niemann-Pick C1-like 1 (NPC1L1) [33]. Vitamin E efflux from

enterocytes mainly occurs via secretion of CMs into lymph

and to a lesser extent via the HDL pathway involving ABCA1

and apoA-I into the circulation [34]. Circulating CM are

hydrolyzed by endothelial lipoprotein lipase (LPL) releasing

fatty acids and vitamin E that can be absorbed by peripheral

tissue [35]. CM also interact with discoid HDL particles

transferring cholesterol and vitamin E to HDL. In the liver,

hepatocytes internalise CM and HDL via apoE receptors and

SR-B1, respectively, whereupon vitamin E reaches the endo-

somal/lysosomal system. Hepatic a-tocopherol (a-TOH)

transport protein, which is co-localised with the endosomal

compartment [36], preferentially binds RRR-a-TOH and

facilitates hepatic secretion of a-TOH by two conceivable

pathways including incorporation into VLDL and efflux via
ABCA1 into extracellular HDL [37]. Circulating VLDL are

catabolised by LPL releasing a-TOH that can be then taken

up by peripheral tissues. VLDL remnants are internalised

again by the liver via an apoE-receptor mediated pathway and

are converted to LDL particles. LDL is considered as the major

carrier of a-TOH to the peripheral tissue. However, there is a

constant flux of a-TOH between the different lipoproteins

with varying efficiency of a-TOH retention and release [38].

As SR-B1 has been repeatedly shown to mediate selective

lipid uptake from HDL and LDL [39, 40] this receptor is

considered to be crucial in a-TOH tissue delivery. SR-B1 is

predominantly expressed in those tissues with high lipo-

protein a-TOH uptake and a-TOH content, and the

expression of SR-B1 has been shown to be regulated by

a-TOH exposure [39, 41, 42]. Furthermore, SR-B1-deficient

mice have 1.4-fold higher circulating a-TOH concentrations

relative to wild-type controls (attributed to the elevated

a-TOH content in HDL), but a 65–80% decrease in the

a-TOH content of several tissues [43]. Therefore, it is evident

that the complex mechanisms that mediate lipoprotein

metabolism and delivery are likely to have a significant

impact on a-TOH transport and tissue uptake.

In summary, there are different mechanisms by which

peripheral tissues obtain vitamin E including (i) LPL-medi-

ated release of vitamin E from particularly CM and VLDL,

(ii) LDL receptor and related receptor classes mediated

uptake from particularly VLDL and (iii) transfer via SR-B1

from HDL [44].

Based on the fact that vitamin E is closely related to

lipoprotein transport and that the apoE genotype affects

lipoprotein metabolism it is likely that the apoE genotype

also impacts on vitamin E status. There is some experi-

mental evidence demonstrating an interaction between

apoE and vitamin E. Vatassery et al. found lower brain

a-TOH levels in apoE deficient compared with control mice

[45] and reported that the uptake and retention of radioactive

tocopherol in different brain areas is altered in apoE defi-

ciency [46] strongly suggesting a direct effect of apoE on

a-TOH dynamics in the brain. A number of studies have

assessed the influence of apoE genotype on vitamin E levels

in humans with contrasting results. Gómez-Coronado et al.
found no significant association between apoE genotype and

lipid adjusted vitamin E levels in adult males and females,

although male apoE4 individuals displayed slightly higher

values than the other genotypes (mean plasma vitamin E of

29.4, 30.1 and 32.8 mmol/L in men with apoE2, E3 and E4

genotype, respectively) [47]. More recently, however, Borel

et al. described significant associations between apoE

genotype and plasma vitamin E levels. Following adjust-

ment, mean vitamin E concentrations for each genotype

were: E2/2 18.7 mmol/L, E3/2 23.0 mmol/L, E3/3 27.1 mmol/

L, E4/3 27.4 mmol/L, E4/2 32.8 mmol/L and E4/4 20.6 mmol/

L, the E2/2 and E4/2 individuals having the significantly

lowest and highest vitamin E concentrations respectively

compared with the other genotypes [48]; however, the

number of subjects with these genotypes was low (3 and 2

respectively, based on frequency). As apoE4 carriers have a

significantly higher risk of AD [1] a number of studies have

compared blood vitamin E levels between apoE genotypes in

AD patients. Fernandes et al. found no significant differ-

ences between apoE genotype and vitamin E levels in

plasma, erythrocytes and platelets in AD patients [49].

Similarly, Battino et al. also found no association between

plasma vitamin E levels and apoE genotype in AD patients

[50]. However, there are no data available on vitamin E

tissue concentrations, particularly of the brain, in presence

of different apoE genotypes.

However, as plasma levels are not ideal measures of

vitamin E status, we have investigated the influence of apoE

626 P. Huebbe et al. Mol. Nutr. Food Res. 2010, 54, 623–630
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genotype using a stable-isotope biokinetic approach [44].

Our experimental data suggest a different processing of

vitamin E in response to the apoE genotype. Figure 2 shows

the unlabelled (endogenous) and deuterium labelled a-TOH

concentration over 48 h following ingestion of deuterium

labelled a-TOH. Although baseline unlabelled a-TOH

concentrations were similar between apoE3 and E4 carriers,

as previously observed, plasma uptake of newly absorbed

(deuterium labelled) a-TOH was significantly higher in the

apoE4 carriers compared with the apoE3 carriers, as

demonstrated by the higher concentration of labelled

a-TOH at each time point, and the higher area under the

curve (Fig. 2) [44].

It was hypothesised that the higher concentration of newly

absorbed a-TOH in the apoE4 genotype could be indicative

for an increased a-TOH retention in LDL and thus, an

impaired vitamin E delivery to peripheral tissues. Further-

more, higher levels of newly absorbed a-TOH could also be

due to higher plasma levels of LDL and reduced LDL cata-

bolism as already been described for the apoE4 genotype.

This is in line with recent data showing increased total

cholesterol accompanied by increased vitamin E levels in the

plasma of healthy apoE4 versus non-apoE4 carriers clearly

indicating a relationship between lipid and vitamin E meta-

bolism [51]. Alternatively, a defective SR-B1 delivery system

could also contribute to the difference between genotypes.

ApoE acts as a high affinity ligand for SR-B1 [52, 53]. In

apoE4 individuals the preferential association of apoE with

VLDL rather than HDL may have a detrimental impact on the

binding of HDL to SR-B1 and subsequent cellular a-TOH

uptake. This would result in lower tissue a-TOH, but

potentially higher levels in the circulation. This is in line with

our recent observations in apoE transgenic mice where

significantly lower a-TOH tissue levels were found in the

lung of apoE4 compared with apoE3 mice although plasma

a-TOH concentrations were similar between the two geno-

types [54]. These data suggest that plasma vitamin E levels

may not necessarily display peripheral vitamin E tissue status

and may therefore be of limited validity.

Investigating vitamin E tissue uptake we determined the

mRNA expression of several lipoprotein receptors and found

significantly lower levels of SR-B1 and LDL receptor related

protein in apoE4 compared with apoE3 mice [55]. Thus,

decreased expression of receptors mediating vitamin E

uptake in the extra-hepatic tissue of apoE4 mice is likely to

contribute to decreased vitamin E tissue concentrations.

Proteins of the cytochrome P450 3A (CYP3A) family

initiate microsomal degradation of vitamin E [56] and are

up-regulated upon a-TOH supplementation [57, 58].

However, CYP3A mRNA levels were higher in the lung of

apoE4 mice in spite of decreased lung a-TOH concentration

Table 2. Plasma level and tissue retention of a-tocopherol and
mRNA levels of genes involved in the uptake and degra-
dation of a-tocopherol in the lung are different between
the apoE3 and apoE4 genotype in targeted gene replace-
ment mice

Biomarker Outcome

Plasma level of a-tocopherol apoE3oapoE4
Peripheral tissue retention of

a-tocopherol
apoE34apoE4

LDL receptor apoE34apoE4
LDL receptor related protein 1 apoE34apoE4
Scavenger receptor class B1 apoE34apoE4
Cytochrome P450 family 3A apoE3oapoE4
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Figure 2. Influence of apoE genotype on

vitamin E biokinetics. Plasma unlabelled and

labelled a-TOH concentrations, standardised

to cholesterol (TC), following ingestion of

150 mg deuterated RRR-a-tocopheryl acetate

in apoE3 and apoE4 carriers. The area under

the curve from the labelled a-TOH concen-

tration/time profile is also shown. Values are

means1SEM.
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compared with apoE3 mice [55]. Increased tissue a-TOH

degradation due to higher CYP3A levels may also contribute

to lower peripheral vitamin E concentration in apoE4

animals (Table 2).

3 Concluding remarks

We have previously suggested that genetic heterogeneity is

an important determinant of vitamin E status and greatly

contributes to inter-individual variation in response to vita-

min E supplementation [59]. Based on literature data and

our own studies in targeted gene replacement mice and

humans we hypothesise that the apoE4 genotype is asso-

ciated with lower retention of vitamin E in peripheral

tissues. Lower a-TOH tissue levels observed in the apoE4

genotype may be due to (i) altered lipoprotein metabolism

including decreased catabolism of LDL, and thus increased

a-TOH retention in LDL, (ii) decreased expression

of lipoprotein receptors, which will in consequence hinder

the cellular uptake of vitamin E in apoE4 carriers, (iii)

greater intracellular degradation of tocopherols in

the apoE4 genotype contributing to lower vitamin E

concentrations in peripheral tissues and (iv) an impaired

cellular vitamin E delivery system through the SR-B1

receptor and lower levels of SR-B1. A lower extra-hepatic

a-TOH status accompanied by chronic inflammation may

contribute to an increased disease risk as observed in apoE4

carriers.

a-Tocopherol has been shown to regulate gene expres-

sion [60–62] including those genes shown to be affected by

the apoE genotype such as SR-B1 and CYP3A. Therefore,

future studies should focus on a-TOH mediated gene

expression of known a-TOH-sensitive genes (e.g. CD36,

PXR, g-GCS) in response to the apoE genotype.

The authors have declared no conflict of interest.
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are metabolized in HepG2 cells by side chain omega-

oxidation and consecutive beta-oxidation. Free Radic. Biol.

Med. 2001, 31, 226–232.

[57] Mustacich, D. J., Leonard, S. W., Devereaux, M. W., Sokol,

R. J., Traber, M. G., Alpha-tocopherol regulation of hepatic

cytochrome P450s and ABC transporters in rats. Free Radic.

Biol. Med. 2006, 41, 1069–1078.

[58] Kluth, D., Landes, N., Pfluger, P., Muller-Schmehl, K. et al.,

Modulation of Cyp3a11 mRNA expression by alpha-toco-

pherol but not gamma-tocotrienol in mice. Free Radic. Biol.

Med. 2005, 38, 507–514.

[59] Doring, F., Rimbach, G., Lodge, J. K., In silico search for

single nucleotide polymorphisms in genes important in

vitamin E homeostasis. IUBMB Life 2004, 56, 615–620.

[60] Ricciarelli, R., Zingg, J. M., Azzi, A., Vitamin E reduces the

uptake of oxidized LDL by inhibiting CD36 scavenger

receptor expression in cultured aortic smooth muscle cells.

Circulation 2000, 102, 82–87.

[61] Landes, N., Pfluger, P., Kluth, D., Birringer, M. et al., Vitamin

E activates gene expression via the pregnane X receptor.

Biochem. Pharmacol. 2003, 65, 269–273.

[62] Rota, C., Barella, L., Minihane, A. M., Stocklin, E., Rimbach,

G., Dietary alpha-tocopherol affects differential gene

expression in rat testes. IUBMB Life 2004, 56, 277–280.

[63] Bellosta, S., Nathan, B. P., Orth, M., Dong, L. M. et al., Stable

expression and secretion of apolipoproteins E3 and E4 in

mouse neuroblastoma cells produces differential effects on

neurite outgrowth. J. Biol. Chem. 1995, 270, 27063–27071.

[64] Boesch-Saadatmandi, C., Wolffram, S., Minihane, A. M.,

Rimbach, G., Effect of apoE genotype and dietary quercetin

on blood lipids and TNF-alpha levels in apoE3 and apoE4

targeted gene replacement mice. Br. J. Nutr. 2009, 101,

1440–1443.

[65] Minihane, A. M., Khan, S., Leigh-Firbank, E. C., Talmud, P. et

al., ApoE polymorphism and fish oil supplementation in

subjects with an atherogenic lipoprotein phenotype. Arter-

ioscler. Thromb. Vasc. Biol. 2000, 20, 1990–1997.

[66] Assmann, G., Schmitz, G., Menzel, H. J., Schulte, H.,

Apolipoprotein E polymorphism and hyperlipidemia. Clin.

Chem. 1984, 30, 641–643.

[67] Boerwinkle, E., Utermann, G., Simultaneous effects of the

apolipoprotein E polymorphism on apolipoprotein E,

apolipoprotein B, and cholesterol metabolism. Am. J. Hum.

Genet. 1988, 42, 104–112.

[68] Orth, M., Weng, W., Funke, H., Steinmetz, A. et al., Effects of

a frequent apolipoprotein E isoform, ApoE4Freiburg

(Leu28--4Pro), on lipoproteins and the prevalence of

coronary artery disease in whites. Arterioscler. Thromb.

Vasc. Biol. 1999, 19, 1306–1315.

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

630 P. Huebbe et al. Mol. Nutr. Food Res. 2010, 54, 623–630


