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ApoE is a key protein in lipid metabolism with three major isoforms. ApoE allele frequencies
show non-random global distribution especially in Europe with high apoE e3 frequency in the
Mediterranean area, whereas the apoE e4 genotype is enriched in Northern Europe. The apoE
e4 genotype is one of the most important genetic risk factors for age-dependent chronic dis-
eases, including CVD and Alzheimer’s disease (AD). The apoE polymorphism has been shown
to impact on blood lipids, biomarkers of oxidative stress and chronic inflammation, which all
may contribute to the isoform-dependent disease risk. Studies in mice and human subjects
indicate that the apoE e3 but not the apoE e4 genotype may significantly benefit from dietary
flavonoids (e.g. quercetin) and n-3 fatty acids. Metabolism of lipid soluble vitamins E and D is
likewise differentially affected by the apoE genotype. Epidemiological and experimental evi-
dence suggest a better vitamin D status in apoE e4 than e3 subjects indicating a certain
advantage of e4 over e3. The present review aims at evaluation of current data available on
interactions between apoE polymorphism and dietary responsiveness to flavonoids, fat soluble
vitamins and n-3 fatty acids. Likewise, distinct geographic distribution and chronic disease risk
of the different apoE isoforms are addressed.

ApoE genotype: CVD: n-3 fatty acids: Vitamin D: Flavonoids

ApoE

ApoE is a prominent constituent of plasma and brain
lipoproteins mediating cellular cholesterol uptake by inter-
action with cell surface receptors including LDL-receptor,
LDL-receptor-related proteins and VLDL-receptor(1,2).
ApoE also binds to cell surface located glycosamino-
glycans such as heparin sulphate proteoglycans to facilitate
lipoprotein uptake(3). In addition to regulation of extra-
hepatic cholesterol metabolism apoE is centrally involved
in chylomicron clearance through uptake of remnants by
the liver(4). The apoE protein is produced in various tissues
with particular high concentrations in liver, brain, kidney,
lymphocytes and adipose tissue. Beyond its known func-
tion in lipid and cholesterol metabolism apoE is believed

to modulate many aspects of ageing in brain and artery
walls(5).

ApoE allelic variation

The human apoE gene is polymorphic with two major SNP
(rs429358C>T, rs7412C>T) in the coding region of exon
4. The two nucleotide exchanges are revealed at the protein
level as amino acid substitution (Arg!Cys) at positions
112 and 158 of the mature apoE protein(6). There are three
major protein isoforms (E2, E3 and E4) arising from the
three possible genetic variants e2, e3 and e4. Although
other mammals express apoE, allelic variation was only
found in human subjects. Sequence analysis revealed that
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primate apoE is identical to human apoE e4 at the sites
coding for Arg at positions 112 and 158(7). Therefore,
apoE e4 is considered as the ancestral human allele that,
after the human and primate lineages split, was modified
by single successive mutations breeding the e3 and e2
alleles(8). As a result of combination of the allelic variants
three homozygous (e2/e2, e3/e3 and e4/e4) and three het-
erozygous (e2/e3, e2/e4, e3/e4) genotypes emerge with
varying frequency throughout human populations. ApoE e4
is always the minor allele when compared with apoE e3,
whereas apoE e2 is least common and even absent in par-
ticular aborigine populations(9).

Geographic distribution of apoE genotypes

Distribution of the three major apoE alleles varies world-
wide (Table 1); however, the e3 variant is most abundant
in all human populations and ranges between 0.968 in
Indians and 0.356 in Papuans(10). Highest apoE e4 fre-
quencies are found in Central Africa (including Pygmies
(0.407)(9) and Tutsi (0.385)(10)); Oceania (including
Papuans (0.368) and Australian Aborigines (0.260)) and in
Saami people (0.310)(9). Particularly low apoE e4 fre-
quencies are found in Mediterranean and several Asian
populations (<0.10). The e2 allele is rare or absent in
Inuits, South Americans, Siberians and Mongolians, but
relatively frequent in sub-Saharans, Malaysian and
Papuans(10). At the continental level, allele frequencies of
apoE e3 and e4 are inversely correlated in Europe, Africa

and North America. In Asian and Oceanian populations,
both e2 and e4 frequencies rise, when e3 is less abundant.
Of particular importance is the non-random north-to-south
gradient of e4 and e3 alleles in Europe as shown in Fig. 1.
The frequency of apoE e4 increases with increasing
latitude, whereas the e3 allele frequency is negatively
correlated with latitude. The occurrence of apoE e2 is
independent of the European latitude. The significant pat-
tern in latitudinal apoE e4 and e3 allele distribution is also
found in North but not in South America and Asia(10).
Although in China existence of a south-to-north gradient in
e4 frequency was reported(11). A more recent study addi-
tionally modelled a curvilinear relationship where world-
wide e4 allele frequencies first decrease with distance from
the equator and then increase again at absolute latitudes
higher than 35�. Importantly the population variation in
apoE e4 frequency was suggested to be shaped by natural

Table 1. Allelic variation of apoE at the transcript and protein level

and ranges of worldwide allele frequencies

Transcript variation Protein variation
Allele

frequency*388 487 112 158

apoE e4 T T Arg Arg 0.052–0.407

apoE e3 C T Cys Arg 0.553–0.911

apoE e2 C C Cys Cys 0–0.145

*Data from Corbo and Scacchi(9).
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Fig. 1. Correlation of (a) apoE e4, (b) apoE e3 and (c) apoE e2 allele frequencies in Europe with respective latitudes. Data

on allele frequency and latitude were adapted from Singh et al.(10) and Rodrigues et al.(13). Linear regression of apoE

allele frequency and latitude was calculated applying Pearson’s correlation analysis and is given as regression coefficient

R with corresponding P-values.
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selection and not due to underlying population struc-
ture(12).

Generally apoE e4 is more present in people either with
dark skin pigmentation or living in regions with low inso-
lation, while lower presence is found in people with mod-
erate melanin pigmentation but exposed to relatively high
solar irradiation. Therefore, the capability of better enduring
low UV concentrations may be an advantage of the ancestral
apoE e4 compared with the new e3 genotype. The evolution
of apoE e3 about 200 000 years ago(8) was accompanied by
the establishment of more agricultural communities, as
distinguished from simple hunters and gatherers, and sub-
sequent emigration of the modern Homo sapiens from
Africa(14). However, it is uncertain precisely when and why
apoE e3 began to expand in frequency and supersede the
ancestral e4. Furthermore, emergence of the recent e2 allele
cannot be dated exactly yet. Due to the fact that apoE e2 is
absent in people coming from north Asia settled in Arctic
regions and America 40 000–10 000 years ago, e2 may likely
first have emerged subsequent to this event(8).

ApoE protein isoforms

The mature apoE protein (34 kDa, 299 amino acids) com-
prises two structural helical domains, a bigger amino (N)-
terminal (1–191) and a carboxyl (C)-terminal (216–299)

region that are connected by a non-helical hinge region.
The region responsible for receptor binding is determined
in the N-terminal domain known to be rich in basic amino
acids, whereas the region spanning residues 261–272 of
the C-terminus determines lipoprotein and lipid-binding
properties of apoE(15). In the apoE4 isoform, the positive
charge of Arg112 facilitates a domain interaction within
the protein determined by a salt bridge formation between
residues Arg61 and Glu255. The Arg61–Glu255 salt bridge
is not present in apoE3 and apoE2 as Arg is substituted by
Cys at position 112 (Fig. 2). Due to the domain interaction
(Arg61–Glu255), the C-terminal domain is organised dif-
ferentially in apoE4 compared with apoE3 and apoE2 and
therefore, lipoprotein-binding affinity is also altered(16).
ApoE4 prefers binding VLDL and intermediate density
lipoproteins, while apoE3 and apoE2 display a preference
for cholesterol-rich HDL particles(17). In the apoE2 iso-
form, the mutation at position 158 (Arg!Cys) causes a
salt bridge formation revealing conformational changes
that affect its LDL-receptor-binding domain(18). Interest-
ingly, although primate apoE holds an Arg residue at posi-
tion 112 (similar to apoE4), there is a Thr at position 61
(instead of Arg in human apoE) preventing the interaction
with the C-terminal domain. Therefore, primate apoE is in
terms of function more related to human apoE3 than
apoE4.

Glu255

ApoE4

COOH

Arg158
Binding preference
to VLDL and IDL

Normal     
receptor binding

Normal     
receptor binding

Arg61
Arg112

Cys112

ApoE3

COOH

Binding preference 
to HDL

Binding preference 

Defective
receptor binding

to HDL

Arg158

Glu25

Arg61

ApoE2

COOH

Cys158

Glu255

Cys112
Arg61

Fig. 2. Schematic protein structures of apoE4, apoE3 and apoE2 (adapted from Ye et al.(19)) showing amino acid

residues that distinguish between the isoforms. Arg112 facilitates bridge formation (Arg61–Glu255) leading to domain

interaction in the apoE4 isoform. Mutation at position 158 in apoE2 (Arg!Cys) changes domain charge from positive to

negative (oval marking) and interferes with receptor binding. Additional oval marking of the C-terminal region that is

responsible for apoE protein structure, self-association and ability to bind lipids and lipoprotein particles differentially

organised in apoE4 and apoE3.
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ApoE genotype and disease risk

Beyond genotype-dependent effects on blood lipids, which
will be reviewed in the following section, the apoE poly-
morphism is associated with age-related chronic as well as
infectious diseases. Risk of CVD is dramatically increased
in apoE e4 carriers with 40% increased incidence as
compared with the e3 genotype(20). This has been attrib-
uted to modestly elevated LDL-cholesterol in the e4 geno-
type, although mechanisms underlying apoE e4-CVD-risk
associations may be more complex. Several lines of evi-
dence suggest that apoE e4 potentiates adverse effects of
CVD-related risk factors such as smoking and physical
inactivity(21,22). In Alzheimer’s disease (AD) association
of apoE e4 and disease prevalence is even more striking.
Presence and number of apoE e4 alleles increased AD risk
(OR of 3.2 (e4/e3) and 14.9 (e4/e4) relative to e3/e3)(23)

with each additional e4 allele shifting disease onset to
younger age(24). Poor neuronal repair, increased amyloid
plaque burden and higher susceptibility towards oxidative
insults have been suggested to underlie the positive as-
sociation of apoE e4 and AD development(25–27). In con-
trast apoE e2 appears to be protective compared with e3
both in CVD and AD(21,23).

There is increasing body of evidence that apoE may
modulate susceptibility to viral infections in an isoform-
dependent manner (extensively reviewed in Kuhlmann
et al.(28)). ApoE4 increases fusion rate and cell entry of the
HIV resulting in faster disease progression relative to
apoE3, though the risk of acquiring HIV infection is
independent of the apoE isoform(29). Risk of herpes labialis
and development of herpes simplex-associated AD is
potentiated in apoE e4 carriers(30,31). In contrast apoE4
protects against hepatitis C-induced liver damage and
increases virus clearance attenuating chronic infection risk
compared with apoE3(32,33). Although data are scarce, it
was suggested that apoE4 may also reduce heavy burden of
early childhood diarrhoea and improve disease outcome in
children in the first 2 years(34).

Overall the apoE e4 genotype is associated with
increased morbidity and mortality in the elderly and the
allele frequency is significantly declining from 85 years of
age(35,36). The influence of the e4 allele on mortality is
even increasing in advanced age (92–103 years)(37).
Adverse effects of apoE4 may be attributed to altered lipid
metabolism, but may also be mediated by differences in
biomarkers of oxidative stress, inflammation and nuclear
factor (erythroid-derived 2)-like 2-signalling.

Metabolic and molecular mechanisms of apoE isoforms

Lipid metabolism

Prospective cohort studies and human intervention studies
have shown that the apoE polymorphism has a substantial
effect on plasma lipids and lipoproteins (Table 2). Speci-
fically, the apoE phenotypes have been associated with
the variability of plasma total cholesterol concentrations
and contribute to 4–12% of the variability of LDL-
cholesterol concentrations in several populations(38). In ad-
dition, a recent comprehensive meta-analysis demonstrated

approximately linear relationships of apoE genotypes
(when ordered e2/e2, e2/e3, e2/e4, e3/e3, e3/e4 and e4/e4)
with LDL-cholesterol concentrations and with CHD
risk(39). The LDL-cholesterol concentrations were ap-
proximately 30% lower in people with e2/e2 than with e4/
e4 genotypes, a difference comparable with that produced
by ‘statin’ therapy.

The impact of the different apoE isoforms on blood
concentrations of lipids and lipoproteins has been
explained by several mechanisms including (i) receptor-
binding affinities of the different apoE-containing lipopro-
teins, (ii) dietary fat clearance, (iii) differences in the
clearance of LDL apoB, and (iv) differences in the effi-
ciency of intestinal cholesterol absorption (for review,
see(38,50)).

In addition to the lower blood concentration of LDL-
cholesterol (discussed earlier), the e2 allele is associated
with lower blood concentrations of apoB and increased
concentrations of TAG and apoE when compared with the
e3 allele(51). Similarly, apoE e2/e2 and e2/e3 are associated
with lower concentrations of LDL-cholesterol when com-
pared with e3/e3(52). The increased concentrations of TAG
and apoE are consistent with an impaired clearance of
remnant particles(53). The metabolic explanation for the
reduced LDL-cholesterol concentrations is less clear.
Individuals with the e2/e2 genotype can develop a type III
hyperlipoproteinemia. This is characterised by an accu-
mulation of remnants of TAG-rich lipoprotein particles in
plasma. It has been associated with several genetic
abnormalities affecting lipoprotein metabolism including
hepatic lipase deficiency and defects in the lipoprotein
remnant receptor(52,54). However, it should be noted that
although the apoE e2/e2 genotype is present in about 1%
of the general population, less than 5% of individuals with
e2/e2 develop a type III hyperlipoproteinemia. Several
secondary factors may thus promote type III hyperlipo-
proteinemia in individuals with e2/e2 genotype such as a
hormonal disturbance (e.g. hypothyroidism, oestrogen
withdrawal and pregnancy), environmental factors (e.g.
positive energy balance leading to obesity) or changes
associated with increasing age(52,54).

Higher LDL-cholesterol, low TAG and apoE con-
centrations typically occur in individuals with e4/e3
and e4/e4 genotypes compared with e3/e3 individuals(54).
The low TAG is consistent with the fact that carriers of the
e4 allele clear circulating chylomicron remnants into the
liver more rapidly than e3/e3 individuals and twice as fast
as e3/e2 individuals(55). ApoE is not a constituent of LDL
particles, but it seems to have an indirect influence on
LDL-cholesterol concentrations. In the fasting state, most
plasma apoE resides in HDL particles. After intake of
dietary fat, apoE shifts from HDL to postprandial particles.
In e4/e3 individuals, VLDL and HDL are enriched in apoE
protein(56). ApoE4 preferentially associated with VLDL
is removed from the circulation more rapidly than
apoE3(57). Accordingly, it is supposed that individuals with
the e4 allele may more efficiently and rapidly deliver
dietary fat to the liver. Faster hepatic clearance of dietary
fat in apoE e4/e3 subjects could cause the down-regulation
of LDL-receptors and an increase in plasma LDL-
cholesterol(55).
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Table 2. The impact of apoE isoform on serum/plasma concentrations of lipids and lipoproteins in human subjects

Reference Subjects E2 (mmol/L) E3 (mmol/L) E4 (mmol/L) Significant inter-group differences

Almeida et al.(40) 285 postmenopausal women; HRT + : HRT + : HRT + : HRT + : NS

HRT + : mean age 56 (SD 6.7) years; TAG 1.5 (SD 0.02) TAG 1.22 (SD 0.01) TAG 1.45 (SD 0.02)

LDL-C 3.04 (SD 1.07) LDL-C 3.35 (SD 0.74) LDL-C 3.56 (SD 0.72)

HDL-C 1.62 (SD 0.33) HDL-C 1.60 (SD 0.36) HDL-C 1.57 (SD 0.36)

HRT - : mean age 58 (SD 9.8) years HRT - : HRT - : HRT - : HRT - : LDL-C serum concentrations were higher in

e4 carriers than in E2 and E3 groups.TAG 1.33 (SD 0.02) TAG 1.41 (SD 0.02) TAG 1.53 (SD 0.02)

LDL-C 3.66 (SD 0.96) LDL-C 3.87 (SD 0.94) LDL-C 4.49 (SD 1.05)

HDL-C 1.29 (SD 0.44) HDL-C 1.24 (SD 0.29) HDL-C 1.21 (SD 0.29)

Carvalho-Wells et al.(41) 251 healthy adults; TAG 1.74 (SD 0.12) TAG 1.49 (SD 0.06) TAG 1.88 (SD 0.12) e4 carriers had higher plasma TAG concentrations

compared to the e3/e3 group; e4 carriers had higher

plasma LDL-C concentrations compared to the E2

group.

mean age 53 (SD 1) years LDL-C 3.51 (SD 0.16) LDL-C 3.70 (SD 0.08) LDL-C 3.82 (SD 0.12)

HDL-C 1.33 (SD 0.06) HDL-C 1.32 (SD 0.03) HDL-C 1.31 (SD 0.06)

Corella et al.(42) 1014 healthy men and Men: Men: Men: Both male and female subjects with the e2 allele had

lower plasma LDL-C concentrations than subjects

with the e3 or e4 allele. No differences in means

were observed between subjects with the e3 and e4
alleles.

Framingham Offspring Study 1133 healthy women; TAG 1.99 (SD 1.43) TAG 1.71 (SD 1.22) TAG 1.87 (SD 1.31)

mean age 54 years LDL-C 2.92 (SD 0.86) LDL-C 3.37 (SD 0.77) LDL-C 3.43 (SD 0.83)

HDL-C 1.14 (SD 0.32) HDL-C 1.14 (SD 0.29) HDL-C 1.08 (SD 0.28)

Women: Women: Women:

TAG 1.51 (SD 0.74) TAG 1.46 (SD 0.87) TAG 1.61 (SD 1.17)

LDL-C 2.88 (SD 0.90) LDL-C 3.25 (SD 0.85) LDL-C 3.35 (SD 0.82)

HDL-C 1.51 (SD 0.43) HDL-C 1.47 (SD 0.39) HDL-C 1.43 (SD 0.40)

Corella et al.(43) 272 CHD cases and 496 controls; CHD cases: CHD cases: CHD cases: In both incident CHD cases and controls, plasma

LDL-C in e4 carriers>e3 carriers>e2 carriers.nested case-control study in

the Spanish EPIC cohort

mean age 54 years TAG 1.89 (SD 0.65) TAG 1.75 (SD 1.37) TAG 1.93 (SD 1.41)

LDL-C 3.58 (SD 1.01) LDL-C 4.05 (SD 0.86) LDL-C 4.43 (SD 0.92)

HDL-C 1.20 (SD 0.25) HDL-C 1.28 (SD 0.39) HDL-C 1.24 (SD 0.40)

Controls: Controls: Controls:

TAG 1.21 (SD 1.0) TAG 1.36 (SD 0.78) TAG 1.51 (SD 1.0)

LDL-C 3.18 (SD 0.88) LDL-C 3.71 (SD 0.82) LDL-C 3.84 (SD 0.77)

HDL-C 1.47 (SD 0.40) HDL-C 1.39 (SD 0.35) HDL-C 1.30 (SD 0.33)

Dietrich et al.(44) 274 healthy adults; – TAG 1.28 (SD 0.79) TAG 1.37 (SD 0.80) NS

mean age 46.9 (SD 13.0) years – LDL-C 3.36 (SD 0.95) LDL-C 3.59 (SD 1.12)

– HDL-C 1.08 (SD 0.29) HDL-C 1.07 (SD 0.37)

Egert et al.(45) Ninety-three patients with

metabolic syndrome traits;

TAG 1.85 (SD 0.60) TAG 2.01 (SD 1.05) TAG 2.89 (SD 1.36) Higher serum TAG concentrations in the APOE4

group compared with the E3 group.

mean age 45 (SD 10.5) years

LDL-C 3.85 (SD 0.92) LDL-C 3.35 (SD 0.94) LDL-C 3.40 (SD 0.86)

HDL-C 1.27 (SD 0.16) HDL-C 1.47 (SD 0.47) HDL-C 1.36 (SD 0.47)

Huebbe et al.(46) 699; general German population sample; no APOE4 APOE4 NS

mean age 63 (SD 7) years – LDL-C 3.64 (SD 0.94) LDL-C 3.88 (SD 0.97)

– HDL-C 1.79 (SD 0.47) HDL-C 1.76 (SD 0.51)

Minihane et al.(47) 50 males with an atherogenic

lipoprotein phenotype;

TAG 2.41 (SD 0.16) TAG 2.56 (SD 0.21) TAG 2.42 (SD 0.19) Lower plasma HDL-C concentrations in the APOE4

group compared with the APOE2 and APOE3

group.mean age 56 (SD 1) years

LDL-C 4.23 (SD 0.33) LDL-C 4.35 (SD 0.17) LDL-C 4.72 (SD 0.22)

HDL-C 1.02 (SD 0.08) HDL-C 1.00 (SD 0.03) HDL-C 0.91 (SD 0.03)

Miltiadous et al.(48) 200 normolipidaemic individuals; Non-E4 E4 NS

mean age 36 years – TAG 1.54 (SD 1.3) TAG 1.36 (SD 1.7)

– LDL-C 3.52 (SD 1.3) LDL-C 3.48 (SD 1.0)

– HDL-C 1.23 (SD 0.5) HDL-C 1.15 (SD 0.4)

Scuteri et al.(49) 306 healthy men; Non-E4 E4 NS

mean age 58 years – TAG 1.30 (SD 0.84) TAG 1.35 (SD 0.81)

– LDL-C 3.09 (SD 0.79) LDL-C 3.27 (SD 0.90)

– HDL-C 1.11 (SD 0.27) HDL-C 1.08 (SD 0.27)

Abbreviations: EPIC, European Prospective Investigation into Cancer and Nutrition; HDL-C, HDL-cholesterol; HRT, hormonal replacement therapy; HRT + , postmenopausal women HRT users; HRT - ,
postmenopausal women HRT non-users; LDL-C, LDL-cholesterol.
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Table 3. The impact of apoE isoform on biomarkers of inflammation in human subjects

Reference Subjects Compared apoE isoforms Biomarker

Significant inter-group

differences

Golledge et al.(79) 1278 men Non-E4 v. E4 Serum CRP Non-E4>E4

Hubacek et al.(80) 6108 randomly selected

adults

E3 v. E4 Plasma CRP E3>E4

Miles et al.(81) 312 healthy adults E2 v. E3 v. E4 Plasma CRP E2>E3>E4

Plasma IL-6 NS

Plasma IL-10 NS

Plasma TNFa NS

Kravitz et al.(82) 227 people aged 90 years

and older

Non-E4 v. E4 Serum CRP Non-E4 = E4

Ojala et al.(83) 39 (26 AD, 4 vascular

dementia, 9 control)

E3/E3 v. E4/E(2/3)

v. E4/E4

Brain IL-18 NS

Angelopoulos et al.(84) 117 healthy adults E2/E3 v. E3/E3 v. E3/E4 Serum CRP E2/E3>E3/E4

Gronroos et al.(85) 1221 randomly selected

Finns

E3/E2 v. E4/E2 v. E3/E3

v. E4/E3 v. E4/E4

Serum CRP Childhood:

E3/E2>E4/E2 = E3/E3>
E4/E3>E4/E4

Adulthood:

E3/E2>E4/E2 = E4/E3>
E4/E4

Haan et al.(86) 1398 Latinos aged

between 60–101 years

non-E4 v. E4 Blood CRP Non-E4>E4

Park et al.(87) 394 adults (275 stroke

cases 119 controls)

non-E2 v. E2 Serum CRP Stroke: NS

Control: NS

Serum MMP-9 Stroke: non-E2<E2

Control: NS

Serum TIMP-1 Stroke: (non-E2<E2)*

Control: NS

Non-E4 v. E4 Serum CRP, MMP-9

and TIMP-1

Stroke and control: NS

Eiriksdottir et al.(88) 2251 adults Non-E4 v. E3/E4 v. E4/E4

Blood CRP Non-E4>E3/E4

Non-E4>E4/E4

Kahri et al.(89) 368 adults (211 low-HDL-C

subjects; 157

normolipidemic subjects)

E3 v. E4 Serum CRP E3>E4

Serum VCAM-1, I

CAM-1 and

E-selectin

NS

Mooijaart et al.(90) 546 adults aged 85 years E2/E2 v. E2/E3 v. E2/E4

v. E3/E3 v. E3/E4

v. E4/E4

Plasma CRP NS

Ravaglia et al.(91) 671 adults aged 65 years

and older

Non-E4 v. E4 Serum CRP NS

Tziakas et al.(92) 70 chronic stable angina

patients

E2/E3 v. E3/E3 v. E3/E4 Serum CRP E3/E3>E3/E4

Serum IL-10 (E2/E3>E3/E4)*

E2/E3 = E3/E3

E2/E3>E3/E4

E2/E3>E3/E3

(E3/E3>E3/E4)*

Tziakas et al.(92) 166 patients with acute

coronary syndrome

E2/E3 v. E3/E3 v. E3/E4 Serum CRP E2/E3 = E3/E3>E3/E4

Serum IL-10 E3/E3>E3/E4

(E2/E3>E3/E4)*

E2/E3 = E3/E3

Paschos et al.(93) 50 dyslipidemic men E2/E3 v. E3/E3 v. E3/E4 Serum CRP, IL-6,

MCFS, SAA

NS

Austin et al.(94) 552 Japanese Americans E2 v. E3 v. E4 Plasma CRP E2>E4

Marz et al.(95) 1309 adults (571 controls E2 v. E3 v. E4 Serum CRP E2>E4

738 cases of coronary

artery disease)

E3>E4

E2 = E3

Pertovaara et al.(96) 63 pSS patients Non-E4 v. E4 Plasma CRP,

IL-6, TNFa
NS
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Oxidative stress, antioxidant defence and chronic
inflammation

The first evidence that apoE may protect against oxidative
stress was found in apoE-deficient mice with increased
susceptibility of plasma lipoproteins to in vitro oxidation
compared with wild-type mice(58). Miyata and Smith(59)

then postulated that antioxidative activity of apoE would
be isoform dependent and that E4 was least and E2 most
effective. The authors suggested different metal-binding
capacities of the individual apoE isoforms that were pos-
sibly involved in the observed antioxidant effects. The
presence of Arg112 rather than the absence of any cystei-
nyl groups in the protein appears to contribute to the
increased oxidative susceptibility (due to altered protein
stability) of apoE4 compared with apoE3 and its associated
lipoproteins(60,61). Neuronal cells cultured in apoE4 con-
ditioned medium were more susceptible towards oxidative
stress-induced cytotoxicity than in apoE3 conditioned
medium(27). Furthermore, innate immune cells produce
higher levels of reactive oxygen or nitrogen species in the
presence of apoE4 than apoE3(62–64). Biomarkers of oxi-
dative stress are elevated in apoE e4 carriers notably in
subjects suffering from AD or CVD(44,65–68). Expression of
anti-atherogenic paraoxonase 1, which inhibits and rever-
ses LDL-oxidation, is also lower in apoE4 than apoE3-
targeted replacement mice(69). Recent evidence suggests
that the apoE e4 genotype is associated with lower ex-
pression of the antioxidant enzyme heme oxygenase 1 and
other nuclear factor (erythroid-derived 2)-like 2 target
genes(70). Although data are sometimes conflicting nuclear
factor (erythroid-derived 2)-like 2 may play a role in pre-
venting atherosclerosis(71). In summary, modulation of
oxidative stress and antioxidant defence mechanisms may
be a relevant physiological function of apoE, which is
implemented in an isoform-dependent manner.

A number of studies have been conducted investigating
the role of apoE in inflammatory processes mostly in
models of neurodegeneration. Indeed chronic inflammation

is associated with neurodegenerative disorders such as
AD(72). ApoE has been shown to modulate inflammatory
response in either direction, pro- and anti-inflammatory(73).
However, expression of pro-inflammatory markers such
as cytokines and NO in stimulated microglia and
macrophages was higher in the presence of apoE4 than
apoE3(74–76). Higher pro-inflammatory response in apoE4
may be mediated by increased and prolonged activation
of the redox-sensitive transcription factor NF-kB(74,75).
Chronic inflammation in the brain coincides with amyloid
plaque pathology and both are more pronounced in apoE4
than apoE3 transgenic mice(77). ApoE e4 is significantly
associated with higher serum amyloid P (acute phase pro-
tein) in mice(78) suggesting an elevated level of chronic
low grade inflammation which may contribute to the in-
creased chronic disease risk of e4 as compared with non-e4
carriers (Table 3).

Responsiveness of the apoE genotype to dietary factors

Vitamin E

Vitamin E comprises eight different tocopherols and toco-
trienols, a-tocopherol being biologically the most impor-
tant vitamer (herein after referred to as vitamin E). Dietary
vitamin E is postprandially delivered to the plasma via
chylomicrons released from enterocytes or via VLDL
following hepatic secretion. Under basal conditions, vita-
min E is mainly associated with LDL particles with a
constant flux existing between the different lipoprotein
classes. Since apoE polymorphism affects concentration
and clearance of plasma lipoproteins, it is conceivable that
vitamin E metabolism is also impacted by the apoE geno-
type. Although a few studies found no difference in plasma
vitamin E levels between apoE genotypes under baseline
conditions(100,101), a biokinetic approach using stable iso-
topes observed higher newly absorbed vitamin E levels
among e4 as compared with e3 carriers(102). Extra-hepatic

Table 3 (Continued)

Reference Subjects Compared apoE isoforms Biomarker

Significant inter-group

differences

Sun et al.(97) 141 ‘probable AD’ Non-E4 v. E4 Plasma IL-6 NS

Plasma TNFa (non-E4<E4)*

Plasma MCP-1 NS

CSF IL-6 and MCP-1 NS

Drabe et al.(98) 22 patients undergoing

cardiopulmonary bypass

Non-E4 v. E4 Plasma IL-8 Non-E4<E4

Plasma TNFa Non-E4<E4

Manttari et al.(99) 272 adults (136 myocardial

infarction or coronary

death; 132 controls)

E3/E2 v. E3/E3 v. E4/E2

v. E4/E3 v. E4/E4

Serum CRP E3/3>E3/2>E4/3>
E4/2>E4/4

Egert et al.(45) 93 patients with metabolic

syndrome traits

E3 v. E4 Serum CRP E3>E4

AD, Alzheimer’s disease; CRP, C-reactive protein; CSF, cerebrospinal fluid; ICAM-1, intercellular adhesion molecule 1; MCFS, macrophage colony-stimulating
factor; MCP-1, monocyte chemoattractant protein; MMP: matrix metalloproteinase; pSS, primary Sjögren’s syndrome; SAA, serum amyloid A; TIMP-1, tissue
inhibitor of metalloproteinase-1; VCAM-1, vascular cell adhesion molecule-1.

*Trend (0.05<P<0.1).
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vitamin E concentration is lower in apoE4- than apoE3-
targeted replacement mice, which is most likely due to the
lower expression of LDL-receptor and related receptor
classes mediating vitamin E uptake(103). Furthermore,
degradation of vitamin E may be increased in the apoE e4
genotype contributing to lower tissue retention and there-
fore possibly lower vitamin E status in peripheral tis-
sues(104).

Vitamin D

Unlike vitamin E the impact of the apoE polymorphism on
vitamin D status is more pronounced. We recently pro-
vided first experimental and epidemiological evidence
suggesting the apoE e4 genotype is associated with higher
circulating vitamin D levels(46). In targeted gene replace-
ment, mice expressing human apoE4 serum 25-hydroxy-
vitamin D concentration was significantly higher compared
with apoE3- and apoE2-expressing mice. The observed
higher serum concentration may be a result of increased
intestinal absorption of dietary vitamin D as the mRNA
level encoding for the key enzyme in bile acid production
was higher in apoE4 than E3 and E2 mice. Elevated renal
reabsorption of vitamin D from primary urine may also
contribute to better vitamin D status as loss of vitamin D
due to renal excretion would be reduced in the apoE e4
genotype. Furthermore, a higher femoral Ca concentration
was evident in apoE4 v. apoE3 mice accompanied by rela-
tively higher dietary Ca absorption. Supportive of a better
vitamin D and Ca status, apoE4 mice showed increased
renal Ca excretion and lower mRNA levels of renal Ca
absorption genes that would have been induced upon
hypocalcaemia (Table 4). These data illustrate that apoE4
compared with apoE3 mice have a better vitamin D and Ca
status while dietary supply of both nutrients was similar
in the apoE genotype groups(46). In addition, circulating
vitamin D was assessed in two independent human samples
from northern Germany. Serum concentration of 25-
hydroxy-vitamin D was significantly higher in subjects
carrying e4 as compared with non-e4 carriers. Mean 25-
hydroxy-vitamin D concentration of both samples was
<50 nmol/l suggesting a mild vitamin D deficiency

throughout study participants. Mild vitamin D deficiency is
relatively common in people inhabiting the same geo-
graphic latitude and has been reported before(105,106). Our
data suggest apoE e4 as a modulator of vitamin D and Ca
status in apoE transgenic mice and in a population with
insufficient vitamin D supply, which in the light of evolu-
tionary aspects may explain non-random geographic dis-
tribution of apoE alleles (see subsection ‘Geographic
distribution of apoE genotypes’).

Flavonoids

Flavonoids are a large group of secondary plant metabo-
lites with >6000 distinct flavonoids identified to date(107).
Epidemiological studies, together with data from animal
models and some clinical trials, suggest a role of dietary
flavonoids in the prevention of CVD and other age-related
chronic diseases(108–110). The flavonol quercetin exhibits
a wide range of physiological effects such as inhibition
of LDL-oxidation, lowering of arterial blood pressure and
platelet aggregation, and improvement of endothelial
function as shown in animal models and in human sub-
jects(111–117). Furthermore, cell culture and animal studies
indicate a potent anti-inflammatory activity of querce-
tin(116,118–120).

Current scientific evidence from human and animal stu-
dies indicates that the apoE genotype may be an important
determinant of the responsiveness to dietary quercetin. We
have recently found that overweight and obese patients
with metabolic syndrome traits carrying the apoE e3 are
highly responsive towards the blood pressure lowering
effects of dietary quercetin supplementation, whereas apoE
e4 carriers, by large, do not benefit(45) (Table 5). We
hypothesised that quercetin supplementation may have
resulted in higher endothelial NO levels in apoE e3 v.
apoE e4 carriers due to potential differences in the cellular
redox and inflammatory states between the two genotypes.
In addition, we found apoE genotype-specific effects
of quercetin on fasting serum concentrations of HDL-cho-
lesterol and apoA1 and on the ratio of LDL:HDL-
cholesterol. Quercetin significantly decreased serum HDL-
cholesterol and ApoA1 in apoE e4 allele carriers but not
in homozygous e3/e3. Moreover, our recent findings in
apoE3- and apoE4-targeted gene replacement mice indi-
cated that apoE3 animals were more responsive to the
TNFa-lowering properties of dietary quercetin supple-
mentation compared with apoE4 animals(119). Therefore,
the apoE genotype may in part explain the large hetero-
geneity of studies regarding potential health effects of
flavonoids in human subjects where cohorts are not geno-
typed for apoE polymorphisms.

Plant and marine n-3 fatty acids

A large body of epidemiological data and evidence from
randomised controlled human trials has demonstrated the
cardioprotective effects of the marine n-3 fatty acids EPA
and DHA(123–125). For example, EPA and DHA have been
shown to improve dyslipidaemia, to lower blood pressure
and heart rate, to reduce inflammation, and to improve
vascular function(125–127). An alternative (n-3) PUFA is

Table 4. Effects of the apoE isoform on parameters of vitamin D

and Ca status evident in apoE4 compared with apoE3 targeted

gene replacement mice(46)

Parameter of vitamin D and Ca status

Serum 25-(hydroxy)-vitamin D level APOE4>APOE3

mRNA level of genes encoding

proteins involved in

Bile acid production (Cyp7a1) APOE4>APOE3

Vitamin D binding in kidney (Lrp2)

and serum (Gc)

APOE4>APOE3

Renal absorption of Ca from primary

urine (Trpv6, S100g)

APOE4<APOE3

Bone Ca concentration APOE4>APOE3

Intestinal Ca absorption APOE4>APOE3

Cyp7a1, cholesterol-7-a-hydroxylase; Lrp2, LDL-receptor-related protein 2;
Gc, vitamin D binding protein; Trpv6, Ca transport protein 1; S100g,
calbindin D9K.
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Table 5. ApoE isoform and responsiveness to flavonoid manipulation in human subjects – evidence from randomised controlled intervention studies

Reference Subjects analysed Study design Intervention and duration CVD biomarkers

Significant effects of intervention

(E2 v. E3 v. E4)

Atkinson et al.(121) 177 menopausal women;

mean age 55.1 years;

retrospectively

genotyped

Randomised, double-blind,

placebo-controlled, parallel,

two groups

43.5 mg/d red clover-derived

isoflavones or placebo for

12 months

Fasting serum Chol, LDL-C, HDL-C,

TAG, fibrinogen, PAI-1; SBP, DBP

Interactions between apoE and

treatment for changes in Chol

and LDL-C tended to be

significant (P = 0.06 and

P = 0.05, respectively). Women

with the e2/e3 genotype

appeared to respond more

favourably to the intervention

than women with the e3/e3 or

e3/e4 genotypes.

Egert et al.(45) 93 patients with metabolic

syndrome traits; mean

age 45 (SD 10.5) years;

retrospectively

genotyped

Randomised, double-blind,

placebo-controlled,

crossover, two treatments

150 mg/d quercetin or placebo

for 6 weeks separated by a

5-week wash-out period

Fasting serum Chol, LDL-C, HDL-C,

TAG, apoB, apoA1, glucose, uric

acid, CRP, TNFa, plasma ox-LDL,

waist circumference, body

composition, resting SBP and DBP

In contrast to placebo, quercetin

decreased SBP in the apoE3

group, whereas no effect was

observed in the apoE4 group.

In the apoE4 group, quercetin

decreased HDL-C and apoA1,

whereas both variables remained

unchanged in the apoE3 group.

Pfeuffer et al.(122) 49 healthy male subjects;

mean age 59.4 (SD 0.9)

years; prospectively

recruited according to

apoE genotype

Randomised, double-blind,

placebo-controlled,

crossover, two treatments

150 mg/d quercetin or placebo

for 8 weeks separated by a

3-week wash-out period

Fasting and postprandial vascular

endothelial function, serum Chol,

LDL-C, HDL-C, TAG, glucose,

insulin, sVCAM, sICAM, sE-

selectin, CRP, TNFa, plasma ox-

LDL; urinary 8-iso-PGF2a,

erythrocyte glutathione, waist

circumference, resting SBP and

DBP

Quercetin reduced BMI, body

weight and waist circumference

in apoE3 but not in apoE4

subjects.

Chol, cholesterol; CRP, C-reactive protein; DBP, diastolic blood pressure; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; ox-LDL, oxidized LDL; PAI-1, plasminogen activator inhibitor type 1; SBP, systolic blood
pressure; sE-selectin, soluble endothelial-selectin; sICAM, soluble intracellular adhesion molecule; sVCAM, soluble vascular cell adhesion molecule; urinary 8-iso-PGF2a, 8-epimer of PG F2a.
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Table 6. ApoE isoform and responsiveness to n-3 fatty acid manipulation in human subjects – evidence from randomised controlled intervention studies

Reference Subjects analysed Study design Intervention and duration CVD biomarkers

Significant effects of intervention

(apoE2 v. E3 v. E4)

ALA

Paschos et al.(93) 50 dyslipidaemic patients;

mean age 50.4 (SD 7.3)

years; retrospectively

genotyped

Dietary intervention study,

one treatment group

Supplementation of the

diet with 15 ml/d

flaxseed oil (8.1 g/d ALA)

for 12 weeks

Fasting serum Chol,

LDL-C, HDL-C, TAG,

apoA1, apoB, SAA,

CRP, MCSF, IL-6;

LDL density

ALA decreased HDL-C and apoA1 in the e3/e3
homozygotes; ALA decreased SAA and

MCSF in the subgroups e3/e3 and e3/e4; in

addition, ALA decreased CRP and IL-6 in

e3/e3 individuals.

EPA/DHA

Caslake et al.(130) 312 healthy adults; mean

age 45.0 (SD 0.7) years;

prospectively recruited

according to age, sex

and apoE genotype

Randomised, double-blind,

placebo-controlled,

crossover, three

treatments

0.7 g/d EPA/DHA or

1.8 g/d EPA/DHA or

control oil (placebo) for

8 weeks separated by

12-week wash-out

periods

Fasting plasma Chol,

VLDL-C, LDL-C, HDL-C,

TAG, LDL and HDL

subclasses, NEFA,

glucose, apoE, apoB,

apoA1, insulin,

a-tocopherol, ox-LDL

In the group as a whole, 8 and 11% lower

plasma TAG concentrations were evident

after 0.7 EPA/DHA and 1.8 EPA/DHA,

respectively: significant sex · treatment and

sex · genotype · treatment interactions were

observed, and the greatest TAG-lowering

responses were evident in apoE4 men.

Minihane et al.(47) 50 males with an

atherogenic lipoprotein

phenotype; mean age 56

(SD 1) years;

retrospectively

genotyped

Randomised, double-blind,

placebo-controlled,

crossover, two

treatments

6 g/d fish oil (3 g/d EPA/

DHA) or 6 g/d olive oil

(placebo) for 6 weeks

separated by a 12-week

wash-out period

Fasting and postprandial

plasma concentrations

of Chol, LDL-C, HDL-C,

TAG, NEFA; LPL activity

Individuals with an apoE2 allele displayed a

marked reduction in postprandial incremental

TAG response and a trend towards an

increase in LPL activity relative to non-E2

carriers.

In apoE4 individuals, a significant increase

in Chol and a trend towards a reduction in

HDL-C relative to the homozygous E3/E3

profile was evident.

Olano-Martin

et al.(131)
38 healthy males; mean

age 42.7 (SD 2.2) years;

prospectively recruited

on the basis of apoE

genotype

Randomised, double-blind,

placebo-controlled,

crossover, three

treatments

3.3 g/d EPA or 3.7 g/d DHA

or control oil (placebo)

for 4 weeks separated

by 10-week wash-out

periods

Fasting plasma Chol,

LDL-C, HDL-C, TAG,

non-HDL-C, Lp(a),

%LDL3, LDL mass,

%HDL3, HDL mass,

apoB, apoE, plasma

lipoprotein compositions

For Chol, no treatment effects were evident;

however, a genotype by treatment interaction

emerged, with a differential response to EPA

and DHA in e4 carriers. Although the

genotype · treatment interaction for LDL-C

(P = 0.089) did not reach significance, within

DHA treatment analysis indicated a 10%

increase in LDL-C (P = 0.029) in E4 carriers

with a non-significant 4% reduction in e3/e3
individuals. A genotype-independent

increase in LDL mass was observed

following DHA intervention.

ALA, a-linolenic acid; Chol, total cholesterol; CRP, C-reactive protein; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; LPL, lipoprotein lipase; MCSF, macrophage colony stimulating factor; ox-LDL, oxidized LDL;
SAA, serum amyloid A; VLDL-C, VLDL-cholesterol.
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plant-derived a-linolenic acid (ALA), which in stable-
isotope studies in human subjects was shown to be de-
saturated and elongated to long-chain (n-3) PUFA(128).
ALA may also protect against CHD. However, the data
concerning the protective role of ALA are less definitive
than that for the long-chain n-3 PUFA, EPA and DHA(129).

Recent evidence suggests that the apoE genotype may
predict the lipid and lipoprotein response to n-3 fatty acid
interventions (Table 6). Minihane et al.(47) examined the
effect of apoE polymorphism and fish oil supplementation
on volunteers with an atherogenic lipoprotein phenotype,
which is characterised by moderate hypertriacylglycer-
olaemia, low concentrations of HDL-cholesterol and a pre-
dominance of small dense LDL3 particles. Fish oil (3 g/d
EPA and DHA) was found to lower fasting and post-
prandial TAG responses, with a tendency towards greater
responsiveness in individuals with the apoE e2 allele. In
the group as a whole there was a non-significant 7% rise in
LDL-cholesterol following fish oil supplementation. How-
ever, in the subgroups based on apoE genotype, the great-
est responsiveness was observed in the apoE e4 carriers,
with a more atherogenic shift in the plasma lipid profile,
including a 7.4% (non-significant) decrease in HDL-
cholesterol and 3.5% increase in total cholesterol, with a
16% increase in LDL-cholesterol. On the other hand, there
was also a 26% reduction in the percentage of small dense
LDL in this subgroup. This study demonstrated for the first
time that the apoE genotype may in part determine the
blood lipid response to fish oil intervention, and that the
LDL-cholesterol increases may be largely evident in apoE
e4 carriers.

In a subsequent trial using a prospectively genotyped
cohort of metabolically healthy participants, Caslake
et al.(130) systematically investigated the effect of apoE
polymorphism, sex and age on lipid responses to modest
fish oil supplementation (0.7 or 1.8 g/d EPA and DHA).
In contrast with the previously described data(47), there was
no significant effect of apoE genotype on LDL-cholesterol.
It was speculated that the effect of apoE genotype on LDL-
cholesterol response may be dose dependent(130). In ad-
dition, there was no significant effect of apoE genotype on
the responsiveness to TAG lowering by EPA and DHA.
However, there was a trend towards greater responsiveness
in carriers of the e4 allele: a significant sex · genotype ·
treatment interaction was seen, and 15 and 23% reductions
in TAG were evident in male e4 carriers, respectively. It
was speculated that the selective affinity of the E4 protein
isoform for VLDL, in contrast with the E2 and E3 iso-
forms, which have a preference for the more lipid-poor
large HDL protein, may explain the apparently greater
TAG lowering in apoE4 subjects(130). A recent study of the
same research group systematically examined the indivi-
dual impact of EPA- v. DHA-rich oils fed separately on
plasma lipids in e3/e3 v. e3/e4 normolipidaemic males(131).
In the e3/e4 group, within-treatment group analysis showed
that DHA treatment, but not EPA, resulted in a significant
increase in LDL-cholesterol, with a non-significant de-
crease in the e3/e3 group. As this proatherogenic shift may
negate the cardioprotective actions of DHA, it was sug-
gested that EPA-rich oils may be a more suitable therapy
for apoE4 subjects(131).

The gene–nutrient interaction between apoE poly-
morphism and ALA and their subsequent effect on lipid
metabolism and further CVD biomarkers has not been
extensively studied until now. There is only one, uncon-
trolled study (no control group) in dyslipidaemic patients
indicating that ALA may have beneficial effects on bio-
markers of inflammation in carriers of the apoE e3/e3 and
apoE e3/e4 genotypes, but not in carriers of the apoE e2
allele(93). Owing to the limited number of e2 (7%) and e4
allele carriers (10%) these results need confirmation in
larger, well-controlled and well-powered studies in pro-
spectively genotyped participants.

Conclusions

In the present review, we have considered current data on
apoE polymorphism. We have summarized metabolic
impacts of the apoE isoforms and their responsiveness to
dietary factors possibly underlying the geographic dis-
tribution and varying disease risk of the major apoE iso-
forms. The emergence and successful distribution of apoE
e3 have been put down to decreased susceptibility to AD
and CVD in later life compared with apoE e4; however, it
could also be a result of varying responsiveness to dietary
factors already present in younger life. The beneficial
effects of quercetin and n-3 fatty acids were observed in
individuals carrying the e3 allele, but not in e4 carriers
indicating apoE3 a more flexible and responsive phenotype
than apoE4. On the other hand, due to better clearance of
dietary fat and reduced LDL uptake, the apoE e4 genotype
is associated with better vitamin D status and may provide
protection against several infectious diseases. This could
help to understand why the frequency of the e4 allele
follows a distinct pattern of geographic distribution and is
enriched in particular regions (e.g. Northern Europe with
insufficient UV-exposure in autumn and winter). Taken
together, the apoE genotype appears to be an important
determinant of individual responsiveness to dietary factors;
however, large prospectively genotyped cohorts are
required to confirm present data and to assess the clinical
relevance of apoE isoform-dependent effects.

Acknowledgements

This research received no specific grant from any funding
agency in the public, commercial or not-for-profit sectors.
S.E., G.R. and P.H. declare no conflicts of interest. S.E.,
G.R. and P.H. conducted the literature research and wrote
the manuscript. All authors read and approved the final
manuscript.

References

1. Innerarity TL & Mahley RW (1978) Enhanced binding by
cultured human fibroblasts of apo-E-containing lipoproteins
as compared with low density lipoproteins. Biochemistry 17,
1440–1447.

2. Strickland DK, Gonias SL & Argraves WS (2002) Diverse
roles for the LDL receptor family. Trends Endocrinol Metab
13, 66–74.

420 S. Egert et al.

https://doi.org/10.1017/S0029665112000249 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665112000249


P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

3. Mahley RW & Ji ZS (1999) Remnant lipoprotein meta-
bolism: key pathways involving cell-surface heparan sulfate
proteoglycans and apolipoprotein E. J Lipid Res 40, 1–16.

4. Hui DY, Innerarity TL & Mahley RW (1981) Lipoprotein
binding to canine hepatic membranes. Metabolically dis-
tinct apo-E and apo-B,E receptors. J Biol Chem 256, 5646–
5655.

5. Finch CE (2010) Evolution in health and medicine Sackler
colloquium: evolution of the human lifespan and diseases
of aging: roles of infection, inflammation, and nutrition.
Proc Natl Acad Sci USA 107, Suppl 1, 1718–1724.

6. Weisgraber KH, Rall SC Jr & Mahley RW (1981) Human E
apoprotein heterogeneity. Cysteine–arginine interchanges in
the amino acid sequence of the apo-E isoforms. J Biol Chem
256, 9077–9083.

7. Hanlon CS & Rubinsztein DC (1995) Arginine residues at
codons 112 and 158 in the apolipoprotein E gene corre-
spond to the ancestral state in humans. Atherosclerosis 112,
85–90.

8. Fullerton SM, Clark AG, Weiss KM et al. (2000) Apolipo-
protein E variation at the sequence haplotype level: impli-
cations for the origin and maintenance of a major human
polymorphism. Am J Hum Genet 67, 881–900.

9. Corbo RM & Scacchi R (1999) Apolipoprotein E (apoE)
allele distribution in the world. Is apoE*4 a ‘thrifty’ allele?
Ann Hum Genet 63, 301–310.

10. Singh PP, Singh M & Mastana SS (2006) ApoE distribution
in world populations with new data from India and the UK.
Ann Hum Biol 33, 279–308.

11. Hu P, Qin YH, Jing CX et al. (2011) Does the geographical
gradient of ApoE4 allele exist in China? A systemic com-
parison among multiple Chinese populations. Mol Biol Rep
38, 489–494.

12. Eisenberg DT, Kuzawa CW & Hayes MG (2010) World-
wide allele frequencies of the human apolipoprotein E gene:
climate, local adaptations, and evolutionary history. Am J
Phys Anthropol 143, 100–111.

13. Rodrigues MO, Fonseca A, Matias DC et al. (2005) APOE
genotypes and dyslipidemias in a sample of the Portuguese
population. Clin Chem Lab Med 43, 907–912.

14. Nei M & Roychoudhury AK (1993) Evolutionary relation-
ships of human populations on a global scale. Mol Biol Evol
10, 927–943.

15. Dong LM & Weisgraber KH (1996) Human apolipoprotein
E4 domain interaction. Arginine 61 and glutamic acid 255
interact to direct the preference for very low density lipo-
proteins. J Biol Chem 271, 19053–19057.

16. Nguyen D, Dhanasekaran P, Nickel M et al. (2010) Mole-
cular basis for the differences in lipid and lipoprotein
binding properties of human apolipoproteins E3 and E4.
Biochemistry 49, 10881–10889.

17. Dong LM, Wilson C, Wardell MR et al. (1994) Human
apolipoprotein E. Role of arginine 61 in mediating the
lipoprotein preferences of the E3 and E4 isoforms. J Biol
Chem 269, 22358–22365.

18. Wilson C, Mau T, Weisgraber KH et al. (1994) Salt bridge
relay triggers defective LDL receptor binding by a mutant
apolipoprotein. Structure 2, 713–718.

19. Ye S, Huang Y, Mullendorff K et al. (2005) Apolipoprotein
(apo) E4 enhances amyloid beta peptide production in cul-
tured neuronal cells: apoE structure as a potential ther-
apeutic target. Proc Natl Acad Sci USA 102, 18700–18705.

20. Song Y, Stampfer MJ & Liu S (2004) Meta-analysis: apo-
lipoprotein E genotypes and risk for coronary heart disease.
Ann Intern Med 141, 137–147.

21. Gustavsson J, Mehlig K, Leander K et al. (2012) Interaction
of apolipoprotein E genotype with smoking and physical

inactivity on coronary heart disease risk in men and women.
Atherosclerosis 220, 323–324.

22. Humphries SE, Talmud PJ, Hawe E et al. (2001) Apo-
lipoprotein E4 and coronary heart disease in middle-
aged men who smoke: a prospective study. Lancet 358,
115–119.

23. Farrer LA, Cupples LA, Haines JL et al. (1997) Effects
of age, sex, and ethnicity on the association between apo-
lipoprotein E genotype and Alzheimer disease. A meta-
analysis. APOE and Alzheimer Disease Meta Analysis
Consortium. JAMA 278, 1349–1356.

24. Corder EH, Saunders AM, Strittmatter WJ et al. (1993)
Gene dose of apolipoprotein E type 4 allele and the risk of
Alzheimer’s disease in late onset families. Science 261,
921–923.

25. Arendt T, Schindler C, Bruckner MK et al. (1997) Plastic
neuronal remodeling is impaired in patients with Alzhei-
mer’s disease carrying apolipoprotein epsilon 4 allele.
J Neurosci 17, 516–529.

26. Holtzman DM, Bales KR, Tenkova T et al. (2000) Apoli-
poprotein E isoform-dependent amyloid deposition and
neuritic degeneration in a mouse model of Alzheimer’s
disease. Proc Natl Acad Sci USA 97, 2892–2897.

27. Huebbe P, Jofre-Monseny L, Boesch-Saadatmandi C et al.
(2007) Effect of apoE genotype and vitamin E on bio-
markers of oxidative stress in cultured neuronal cells and
the brain of targeted replacement mice. J Physiol Pharma-
col 58, 683–698.

28. Kuhlmann I, Minihane AM, Huebbe P et al. (2010) Apo-
lipoprotein E genotype and hepatitis C, HIV and herpes
simplex disease risk: a literature review. Lipids Health Dis
9, 8.

29. Burt TD, Agan BK, Marconi VC et al. (2008) Apolipo-
protein (apo) E4 enhances HIV-1 cell entry in vitro, and the
apoE epsilon4/epsilon4 genotype accelerates HIV disease
progression. Proc Natl Acad Sci USA 105, 8718–8723.

30. Itzhaki RF, Lin WR, Shang D et al. (1997) Herpes simplex
virus type 1 in brain and risk of Alzheimer’s disease. Lancet
349, 241–244.

31. Itzhaki RF & Wozniak MA (2006) Herpes simplex virus
type 1, apolipoprotein E, and cholesterol: a dangerous liai-
son in Alzheimer’s disease and other disorders. Prog Lipid
Res 45, 73–90.

32. Price DA, Bassendine MF, Norris SM et al. (2006) Apo-
lipoprotein epsilon3 allele is associated with persistent
hepatitis C virus infection. Gut 55, 715–718.

33. Wozniak MA, Itzhaki RF, Faragher EB et al. (2002)
Apolipoprotein E-epsilon 4 protects against severe liver
disease caused by hepatitis C virus. Hepatology 36, 456–
463.

34. Oria RB, Patrick PD, Oria MO et al. (2010) ApoE poly-
morphisms and diarrheal outcomes in Brazilian shanty town
children. Braz J Med Biol Res 43, 249–256.

35. Corder EH, Lannfelt L, Viitanen M et al. (1996) Apolipo-
protein E genotype determines survival in the oldest old (85
years or older) who have good cognition. Arch Neurol 53,
418–422.

36. Schachter F, Faure-Delanef L, Guenot F et al. (1994)
Genetic associations with human longevity at the apoE and
ACE loci. Nat Genet 6, 29–32.

37. Jacobsen R, Martinussen T, Christiansen L et al. (2010)
Increased effect of the apoE gene on survival at advanced
age in healthy and long-lived Danes: two nationwide cohort
studies. Aging Cell 9, 1004–1009.

38. Kolovou GD & Anagnostopoulou KK (2007) Apolipopro-
tein E polymorphism, age and coronary heart disease. Age-
ing Res Rev 6, 94–108.

ApoE genotype and dietary responsiveness 421

https://doi.org/10.1017/S0029665112000249 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665112000249


P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

39. Bennet AM, Di Angelantonio E, Ye Z et al. (2007) Asso-
ciation of apolipoprotein E genotypes with lipid levels and
coronary risk. JAMA 298, 1300–1311.

40. Almeida S, Fiegenbaum M, de Andrade FM et al. (2006)
ESR1 and apoE gene polymorphisms, serum lipids, and
hormonal replacement therapy. Maturitas 54, 119–126.

41. Carvalho-Wells AL, Jackson KG, Gill R et al. (2010)
Interactions between age and apoE genotype on fasting
and postprandial triglycerides levels. Atherosclerosis 212,
481–487.

42. Corella D, Tucker K, Lahoz C et al. (2001) Alcohol drink-
ing determines the effect of the apoE locus on LDL-
cholesterol concentrations in men: the Framingham
Offspring Study. Am J Clin Nutr 73, 736–745.

43. Corella D, Portoles O, Arriola L et al. (2011) Saturated fat
intake and alcohol consumption modulate the association
between the apoE polymorphism and risk of future coronary
heart disease: a nested case-control study in the Spanish
EPIC cohort. J Nutr Biochem 22, 487–494.

44. Dietrich M, Hu Y, Block G et al. (2005) Associations
between apolipoprotein E genotype and circulating F2-
isoprostane levels in humans. Lipids 40, 329–334.

45. Egert S, Boesch-Saadatmandi C, Wolffram S et al. (2010)
Serum lipid and blood pressure responses to quercetin vary
in overweight patients by apolipoprotein E genotype. J Nutr
140, 278–284.

46. Huebbe P, Nebel A, Siegert S et al. (2011) ApoE
{varepsilon}4 is associated with higher vitamin D levels
in targeted replacement mice and humans. FASEB J 25,
3262–3270.

47. Minihane AM, Khan S, Leigh-Firbank EC et al. (2000)
ApoE polymorphism and fish oil supplementation in sub-
jects with an atherogenic lipoprotein phenotype. Arter-
ioscler Thromb Vasc Biol 20, 1990–1997.

48. Miltiadous G, Hatzivassiliou M, Liberopoulos E et al.
(2005) Gene polymorphisms affecting HDL-cholesterol
levels in the normolipidemic population. Nutr Metab Car-
diovasc Dis 15, 219–224.

49. Scuteri A, Najjar SS, Muller D et al. (2005) apoE4 allele
and the natural history of cardiovascular risk factors. Am J
Physiol Endocrinol Metab 289, E322–E327.

50. Hauser PS, Narayanaswami V & Ryan RO (2011) Apoli-
poprotein E: from lipid transport to neurobiology. Prog
Lipid Res 50, 62–74.

51. Hagberg JM, Wilund KR & Ferrell RE (2000) APO E gene
and gene-environment effects on plasma lipoprotein-lipid
levels. Physiol Genomics 4, 101–108.

52. Assmann G, Schmitz G, Menzel HJ et al. (1984) Apolipo-
protein E polymorphism and hyperlipidemia. Clin Chem 30,
641–643.

53. Havel RJ, Chao Y, Windler EE et al. (1980) Isoprotein
specificity in the hepatic uptake of apolipoprotein E and the
pathogenesis of familial dysbetalipoproteinemia. Proc Natl
Acad Sci USA 77, 4349–4353.

54. Davignon J, Gregg RE & Sing CF (1988) Apolipoprotein
E polymorphism and atherosclerosis. Arteriosclerosis 8,
1–21.

55. Weintraub MS, Eisenberg S & Breslow JL (1987) Dietary
fat clearance in normal subjects is regulated by
genetic variation in apolipoprotein E. J Clin Invest 80,
1571–1577.

56. Steinmetz A, Jakobs C, Motzny S et al. (1989) Differential
distribution of apolipoprotein E isoforms in human plasma
lipoproteins. Arteriosclerosis 9, 405–411.

57. Gregg RE, Zech LA, Schaefer EJ et al. (1986) Abnormal
in vivo metabolism of apolipoprotein E4 in humans. J Clin
Invest 78, 815–821.

58. Hayek T, Oiknine J, Brook JG et al. (1994) Increased
plasma and lipoprotein lipid peroxidation in apo E-deficient
mice. Biochem Biophys Res Commun 201, 1567–1574.

59. Miyata M & Smith JD (1996) Apolipoprotein E allele-
specific antioxidant activity and effects on cytotoxicity by
oxidative insults and beta-amyloid peptides. Nat Genet 14,
55–61.

60. Kashiwagi S, Nakamura K, Arai H et al. (1999) Electro-
phoretic analysis of oxidative modification of apolipopro-
tein E in very low density lipoprotein from fresh human
plasma. Electrophoresis 20, 1418–1424.

61. Su KL, Wen TH, Chou CY et al. (2007) Structural variation
manipulates the differential oxidative susceptibility and
conformational stability of apolipoprotein E isoforms. Pro-
teins 68, 363–374.

62. Brown CM, Wright E, Colton CA et al. (2002) Apolipo-
protein E isoform mediated regulation of nitric oxide
release. Free Radic Biol Med 32, 1071–1075.

63. Colton CA, Brown CM, Cook D et al. (2002) APOE and the
regulation of microglial nitric oxide production: a link
between genetic risk and oxidative stress. Neurobiol Aging
23, 777–785.

64. Jofre-Monseny L, Pascual-Teresa S, Plonka E et al.
(2007) Differential effects of apolipoprotein E3 and E4 on
markers of oxidative status in macrophages. Br J Nutr 97,
864–871.

65. Glodzik-Sobanska L, Pirraglia E, Brys M et al. (2009) The
effects of normal aging and apoE genotype on the levels of
CSF biomarkers for Alzheimer’s disease. Neurobiol Aging
30, 672–681.

66. Ihara Y, Hayabara T, Sasaki K et al. (2000) Relationship
between oxidative stress and apoE phenotype in Alzhei-
mer’s disease. Acta Neurol Scand 102, 346–349.

67. Ramassamy C, Averill D, Beffert U et al. (2000) Oxidative
insults are associated with apolipoprotein E genotype in
Alzheimer’s disease brain. Neurobiol Dis 7, 23–37.

68. Talmud PJ, Stephens JW, Hawe E et al. (2005) The sig-
nificant increase in cardiovascular disease risk in apoEep-
silon4 carriers is evident only in men who smoke: potential
relationship between reduced antioxidant status and apoE4.
Ann Hum Genet 69, 613–622.

69. Boesch-Saadatmandi C, Egert S, Schrader C et al. (2010)
Effect of quercetin on paraoxonase 1 activity–studies in
cultured cells, mice and humans. J Physiol Pharmacol 61,
99–105.

70. Graeser AC, Boesch-Saadatmandi C, Lippmann J et al.
(2011) Nrf2-dependent gene expression is affected by the
proatherogenic apoE4 genotype-studies in targeted gene
replacement mice. J Mol Med (Berl) 89, 1027–1035.

71. Levonen AL, Inkala M, Heikura T et al. (2007) Nrf2 gene
transfer induces antioxidant enzymes and suppresses smooth
muscle cell growth in vitro and reduces oxidative stress
in rabbit aorta in vivo. Arterioscler Thromb Vasc Biol 27,
741–747.

72. Akiyama H, Barger S, Barnum S et al. (2000) Inflammation
and Alzheimer’s disease. Neurobiol Aging 21, 383–421.

73. Guo L, LaDu MJ & Van Eldik LJ (2004) A dual role for
apolipoprotein e in neuroinflammation: anti- and pro-
inflammatory activity. J Mol Neurosci 23, 205–212.

74. Jofre-Monseny L, Loboda A, Wagner AE et al. (2007)
Effects of apoE genotype on macrophage inflammation and
heme oxygenase-1 expression. Biochem Biophys Res Com-
mun 357, 319–324.

75. Ophir G, Amariglio N, Jacob-Hirsch J et al. (2005) Apo-
lipoprotein E4 enhances brain inflammation by modulation
of the NF-kappaB signaling cascade. Neurobiol Dis 20,
709–718.

422 S. Egert et al.

https://doi.org/10.1017/S0029665112000249 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665112000249


P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

76. Vitek MP, Brown CM & Colton CA (2009) ApoE geno-
type-specific differences in the innate immune response.
Neurobiol Aging 30, 1350–1360.

77. Belinson H & Michaelson DM (2009) ApoE4-dependent
Abeta-mediated neurodegeneration is associated with
inflammatory activation in the hippocampus but not the
septum. J Neural Transm 116, 1427–1434.

78. Boesch-Saadatmandi C, Niering J, Minihane AM et al.
(2010) Impact of apolipoprotein E genotype and dietary
quercetin on paraoxonase 1 status in apoE3 and apoE4
transgenic mice. Atherosclerosis 211, 110–113.

79. Golledge J, Biros E, Cooper M et al. (2010) Apolipoprotein
E genotype is associated with serum C-reactive protein
but not abdominal aortic aneurysm. Atherosclerosis 209,
487–491.

80. Hubacek JA, Peasey A, Pikhart H et al. (2010) APOE
polymorphism and its effect on plasma C-reactive protein
levels in a large general population sample. Hum Immunol
71, 304–308.

81. Miles EA, Kofler BM, Curtis P et al. (2010) ApoE
genotype and cardiovascular risk biomarkers: impact of
gender and BMI (the FINGEN Study). Proc Nutr Soc
69, E20.

82. Kravitz BA, Corrada MM & Kawas CH (2009) High levels
of serum C-reactive protein are associated with greater
risk of all-cause mortality, but not dementia, in the oldest-
old: results from The 90+ Study. J Am Geriatr Soc 57,
641–646.

83. Ojala J, Alafuzoff I, Herukka SK et al. (2009) Expression of
interleukin-18 is increased in the brains of Alzheimer’s
disease patients. Neurobiol Aging 30, 198–209.

84. Angelopoulos TJ, Miles MP, Lowndes J et al. (2008) Apo-
lipoprotein E genotype and sex influence C-reactive protein
levels regardless of exercise training status. Metabolism 57,
1204–1210.

85. Gronroos P, Raitakari OT, Kahonen M et al. (2008) Asso-
ciation of high sensitive C-reactive protein with apolipo-
protein E polymorphism in children and young adults: the
cardiovascular risk in Young Finns Study. Clin Chem Lab
Med 46, 179–186.

86. Haan MN, Aiello AE, West NA et al. (2008) C-reactive
protein and rate of dementia in carriers and non carriers of
Apolipoprotein APOE4 genotype. Neurobiol Aging 29,
1774–1782.

87. Park SY, Kim MH, Kang SY et al. (2007) Inflammatory
marker expression and its implication in Korean ischemic
stroke patients. Korean J Lab Med 27, 197–204.

88. Eiriksdottir G, Aspelund T, Bjarnadottir K et al.
(2006) Apolipoprotein E genotype and statins affect CRP
levels through independent and different mechanisms:
AGES-Reykjavik study. Atherosclerosis 186, 222–224.

89. Kahri J, Soro-Paavonen A, Ehnholm C et al. (2006) ApoE
polymorphism is associated with C-reactive protein in low-
HDL family members and in normolipidemic subjects.
Mediators Inflamm 2006, 12587.

90. Mooijaart SP, Berbee JF, van Heemst D et al. (2006) ApoE
plasma levels and risk of cardiovascular mortality in old
age. PLoS Med 3, e176.

91. Ravaglia G, Forti P, Maioli F et al. (2006) Apolipoprotein E
e4 allele affects risk of hyperhomocysteinemia in the
elderly. Am J Clin Nutr 84, 1473–1480.

92. Tziakas DN, Chalikias GK, Antonoglou CO et al. (2006)
Apolipoprotein E genotype and circulating interleukin-10
levels in patients with stable and unstable coronary artery
disease. J Am Coll Cardiol 48, 2471–2481.

93. Paschos GK, Yiannakouris N, Rallidis LS et al. (2005)
Apolipoprotein E genotype in dyslipidemic patients and

response of blood lipids and inflammatory markers to alpha-
linolenic Acid. Angiology 56, 49–60.

94. Austin MA, Zhang C, Humphries SE et al. (2004) Herit-
ability of C-reactive protein and association with apolipo-
protein E genotypes in Japanese Americans. Ann Hum
Genet 68, 179–188.

95. Marz W, Scharnagl H, Hoffmann MM et al. (2004)
The apolipoprotein E polymorphism is associated with
circulating C-reactive protein (the Ludwigshafen risk and
cardiovascular health study). Eur Heart J 25, 2109–2119.

96. Pertovaara M, Lehtimaki T, Rontu R et al. (2004) Presence
of apolipoprotein E epsilon4 allele predisposes to early
onset of primary Sjogren’s syndrome. Rheumatology
(Oxford) 43, 1484–1487.

97. Sun YX, Minthon L, Wallmark A et al. (2003) Inflamma-
tory markers in matched plasma and cerebrospinal fluid
from patients with Alzheimer’s disease. Dement Geriatr
Cogn Disord 16, 136–144.

98. Drabe N, Zund G, Grunenfelder J et al. (2001) Genetic
predisposition in patients undergoing cardiopulmonary
bypass surgery is associated with an increase of infla-
mmatory cytokines. Eur J Cardiothorac Surg 20, 609–613.

99. Manttari M, Manninen V, Palosuo T et al. (2001) Apo-
lipoprotein E polymorphism and C-reactive protein in dys-
lipidemic middle-aged men. Atherosclerosis 156, 237–238.

100. Fernandes MA, Proenca MT, Nogueira AJ et al. (1999)
Influence of apolipoprotein E genotype on blood redox
status of Alzheimer’s disease patients. Int J Mol Med 4,
179–186.

101. Gomez-Coronado D, Entrala A, Alvarez JJ et al. (2002)
Influence of apolipoprotein E polymorphism on plasma
vitamin A and vitamin E levels. Eur J Clin Invest 32,
251–258.

102. Lodge JK, Hall WL, Jeanes YM et al. (2004) Physiological
factors influencing vitamin E biokinetics. Ann N Y Acad Sci
1031, 60–73.

103. Huebbe P, Jofre-Monseny L & Rimbach G (2009) Alpha-
tocopherol transport in the lung is affected by the apoE
genotype–studies in transgenic apoE3 and apoE4 mice.
IUBMB Life 61, 453–456.

104. Huebbe P, Lodge JK & Rimbach G (2010) Implications of
apolipoprotein E genotype on inflammation and vitamin E
status. Mol Nutr Food Res 54, 623–630.

105. Zittermann A (2006) Vitamin D and disease prevention with
special reference to cardiovascular disease. Prog Biophys
Mol Biol 92, 39–48.

106. Hintzpeter B, Mensink GB, Thierfelder W et al. (2008)
Vitamin D status and health correlates among German
adults. Eur J Clin Nutr 62, 1079–1089.

107. Erdman JW, Jr., Balentine D, Arab L et al. (2007) Flavo-
noids and Heart Health: proceedings of the ILSI North
America Flavonoids Workshop, May 31–June 1, 2005,
Washington, DC. J Nutr 137, 718S–737S.

108. Graf BA, Milbury PE & Blumberg JB (2005) Flavonols,
flavones, flavanones, and human health: epidemiological
evidence. J Med Food 8, 281–290.

109. Chong MF, Macdonald R & Lovegrove JA (2010) Fruit
polyphenols and CVD risk: a review of human intervention
studies. Br J Nutr 104, Suppl. 3, S28–S39.

110. Hooper L, Kroon PA, Rimm EB et al. (2008) Flavonoids,
flavonoid-rich foods, and cardiovascular risk: a meta-
analysis of randomized controlled trials. Am J Clin Nutr 88,
38–50.

111. Loke WM, Proudfoot JM, McKinley AJ et al. (2008)
Quercetin and its in vivo metabolites inhibit neutrophil-
mediated low-density lipoprotein oxidation. J Agric Food
Chem 56, 3609–3615.

ApoE genotype and dietary responsiveness 423

https://doi.org/10.1017/S0029665112000249 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665112000249


P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

112. Egert S, Bosy-Westphal A, Seiberl J et al. (2009) Quercetin
reduces systolic blood pressure and plasma oxidised low-
density lipoprotein concentrations in overweight subjects
with a high-cardiovascular disease risk phenotype: a double-
blinded, placebo-controlled cross-over study. Br J Nutr 102,
1065–1074.

113. Edwards RL, Lyon T, Litwin SE et al. (2007) Quercetin
reduces blood pressure in hypertensive subjects. J Nutr 137,
2405–2411.

114. Hubbard GP, Wolffram S, Lovegrove JA et al. (2004)
Ingestion of quercetin inhibits platelet aggregation and
essential components of the collagen-stimulated platelet
activation pathway in humans. J Thromb Haemost 2, 2138–
2145.

115. Hubbard GP, Wolffram S, de Vos R et al. (2006) Ingestion
of onion soup high in quercetin inhibits platelet aggregation
and essential components of the collagen-stimulated platelet
activation pathway in man: a pilot study. Br J Nutr 96, 482–
488.

116. Rivera L, Moron R, Sanchez M et al. (2008) Quercetin
ameliorates metabolic syndrome and improves the inflam-
matory status in obese zucker rats. Obesity (Silver Spring)
16, 2081–2087.

117. Perez-Vizcaino F, Duarte J, Jimenez R et al. (2009) Anti-
hypertensive effects of the flavonoid quercetin. Pharmacol
Rep 61, 67–75.

118. Lotito SB & Frei B (2006) Dietary flavonoids attenuate
tumor necrosis factor alpha-induced adhesion molecule
expression in human aortic endothelial cells. Structure–
function relationships and activity after first pass metabo-
lism. J Biol Chem 281, 37102–37110.

119. Boesch-Saadatmandi C, Wolffram S, Minihane AM et al.
(2009) 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 101, 1440–1443.

120. Boesch-Saadatmandi C, Loboda A, Wagner AE et al.
(2011) Effect of quercetin and its metabolites isorhamnetin
and quercetin-3-glucuronide on inflammatory gene expres-
sion: role of miR-155. J Nutr Biochem 22, 293–299.

121. Atkinson C, Oosthuizen W, Scollen S et al. (2004) Modest
protective effects of isoflavones from a red clover-derived

dietary supplement on cardiovascular disease risk factors
in perimenopausal women, and evidence of an interaction
with ApoE genotype in 49–65 year-old women. J Nutr 134,
1759–1764.

122. Pfeuffer MA, Auinger A, Bley U et al. (2011) Effect of
quercetin on traits of the metabolic syndrome, endothelial
function and inflammatory parameters in men with different
apoE isoforms. Nutr Metab Cardiovasc Dis (In the Press).

123. He K (2009) Fish, long-chain omega-3 polyunsaturated fatty
acids and prevention of cardiovascular disease–eat fish
or take fish oil supplement? Prog Cardiovasc Dis 52,
95–114.

124. Wang C, Harris WS, Chung M et al. (2006) n-3 Fatty acids
from fish or fish-oil supplements, but not alpha-linolenic
acid, benefit cardiovascular disease outcomes in primary-
and secondary-prevention studies: a systematic review.
Am J Clin Nutr 84, 5–17.

125. Saravanan P, Davidson NC, Schmidt EB et al. (2010)
Cardiovascular effects of marine omega-3 fatty acids. Lan-
cet 376, 540–550.

126. de Roos B, Mavrommatis Y & Brouwer IA (2009) Long-
chain n-3 polyunsaturated fatty acids: new insights into
mechanisms relating to inflammation and coronary heart
disease. Br J Pharmacol 158, 413–428.

127. Egert S & Stehle P (2011) Impact of n-3 fatty acids
on endothelial function: results from human interventions
studies. Curr Opin Clin Nutr Metab Care 14, 121–131.

128. Burdge GC & Calder PC (2006) Dietary alpha-linolenic
acid and health-related outcomes: a metabolic perspective.
Nutr Res Rev 19, 26–52.

129. Geleijnse JM, de Goede J & Brouwer IA (2010) Alpha-
linolenic acid: is it essential to cardiovascular health? Curr
Atheroscler Rep 12, 359–367.

130. Caslake MJ, Miles EA, Kofler BM et al. (2008) Effect
of sex and genotype on cardiovascular biomarker response
to fish oils: the FINGEN Study. Am J Clin Nutr 88,
618–629.

131. Olano-Martin E, Anil E, Caslake MJ et al. (2010) Con-
tribution of apolipoprotein E genotype and docosahexaenoic
acid to the LDL-cholesterol response to fish oil. Athero-
sclerosis 209, 104–110.

424 S. Egert et al.

https://doi.org/10.1017/S0029665112000249 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665112000249

