RESEARCH ARTICLE

Circulating Apolipoprotein E Concentration
and Cardiovascular Disease Risk: Metaanalysis of Results from Three Studies
Reecha Sofat1*, Jackie A. Cooper2, Meena Kumari3, Juan P. Casas4, Jacqueline P.
Mitchell2, Jayshree Acharya2, Simon Thom5, Alun D. Hughes6, Steve E. Humphries2,
Aroon D. Hingorani4,7

a11111

1 Centre for Clinical Pharmacology, Division of Medicine, University College London, London, United
Kingdom, 2 Cardiovascular Genetics Group, Institute of Cardiovascular Science, University College
London, London, United Kingdom, 3 Institute for Social and Economic Research, University of Essex,
Colchester, United Kingdom, 4 Farr Institute of Health Informatics, Faculty of Population Health Sciences,
University College London, United Kingdom, 5 International Centre for Circulatory Health, Hammersmith
Hospital, Imperial College London, London, United Kingdom, 6 Cardiometabolic Phenotyping Group,
Institute of Cardiovascular Science, University College London, London, United Kingdom, 7 Genetic
Epidemiology Group, Institute of Cardiovascular Science, University College London, United Kingdom
* r.sofat@ucl.ac.uk

OPEN ACCESS
Citation: Sofat R, Cooper JA, Kumari M, Casas JP,
Mitchell JP, Acharya J, et al. (2016) Circulating
Apolipoprotein E Concentration and Cardiovascular
Disease Risk: Meta-analysis of Results from Three
Studies. PLoS Med 13(10): e1002146.
doi:10.1371/journal.pmed.1002146
Academic Editor: Kazem Rahimi, University of
Oxford, UNITED KINGDOM
Received: January 10, 2016
Accepted: September 7, 2016
Published: October 18, 2016
Copyright: © 2016 Sofat et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: Data cannot be
shared openly based on the terms of each study,
however researchers may apply for access for
each study as follows: for ASCOT contact Peter
Sever / Yvonne Green (p.sever@imperial.ac.uk /
y.green@imperial.ac.uk); for ELSA data (genetic
and molecular) and associated documentation for
all waves are available on the UK Data Service
(https://www.ukdataservice.ac.uk/). Genetic data
from ELSA are available through a gated access
process, for these data contact Nina Rogers

Abstract
Background
The association of APOE genotype with circulating apolipoprotein E (ApoE) concentration
and cardiovascular disease (CVD) risk is well established. However, the relationship of circulating ApoE concentration and CVD has received little attention.

Methods and Findings
To address this, we measured circulating ApoE concentration in 9,587 individuals (with
1,413 CVD events) from three studies with incident CVD events: two population-based
studies, the English Longitudinal Study of Ageing (ELSA) and the men-only Northwick
Park Heart Study II (NPHSII), and a nested sub-study of the Anglo-Scandinavian Cardiac
Outcomes Trial (ASCOT). We examined the association of circulating ApoE with cardiovascular risk factors in the two population-based studies (ELSA and NPHSII) and the relationship between ApoE concentration and coronary heart disease and stroke in all three
studies. Analyses were carried out within study, and, where appropriate, pooled effect estimates were derived using meta-analysis. In the population-based samples, circulating
ApoE was associated with systolic blood pressure (correlation coefficient 0.08, p < 0.001,
in both ELSA and NPHSII), total cholesterol (correlation coefficient 0.46 and 0.34 in ELSA
and NPHSII, respectively; both p < 0.001), low-density lipoprotein cholesterol (correlation
coefficient 0.30 and 0.14, respectively; both p < 0.001), high-density lipoprotein (correlation coefficient 0.16 and −0.14, respectively; both p < 0.001), and triglycerides (correlation
coefficient 0.43 and 0.46, respectivly; both p < 0.001). In NPHSII, ApoE concentration was
additionally associated with apolipoprotein B (correlation coefficient 0.13, p = 0.001) and
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lipoprotein(a) (correlation coefficient −0.11, p < 0.001). In the pooled analysis of ASCOT,
ELSA, and NPHSII, there was no association of ApoE with CVD events; the odds ratio
(OR) for CVD events per 1-standard-deviation higher ApoE concentration was 1.02 (95%
CI 0.96, 1.09). After adjustment for cardiovascular risk factors, the OR for CVD per 1-standard-deviation higher ApoE concentration was 0.97 (95% CI 0.82, 1.15). Limitations of
these analyses include a polyclonal method of ApoE measurement, rather than isoformspecific measurement, a moderate sample size (although larger than any other study to
our knowledge and with a long lag between ApoE measures), and CVD events that may
attenuate an effect.

Conclusions
In the largest study to date on this question, we found no evidence of an association of circulating ApoE concentration with CVD events. The established association of APOE genotype with CVD events may be explained by isoform-specific functions as well as other
mechanisms, rather than circulating concentrations of ApoE.

Competing Interests: The authors have declared
that no competing interests exist.
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lipoprotein cholesterol; MI, myocardial infarction;
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ratio; SD, standard deviation; VLDL, very low
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Author Summary
Why Was This Study Done?
• Heart attacks and strokes, jointly referred to as cardiovascular disease (CVD), are the
most common causes of death worldwide. Identifying risk factors that can be used to
predict these events can be valuable for prevention, and identifying molecular pathways
involved in risk can be useful for the development of preventive drugs.
• ApoE is a circulating protein that binds to and may regulate circulating lipoproteins,
which are proteins that combine with and transport lipids and fat in the bloodstream.
ApoE has several genetic variants in the human population; in previous studies, certain
ApoE variants (genotypes) have been shown to be associated with greater risk of CVD.
• One hypothesis is that the amount of ApoE protein circulating in the body, which has
been shown to vary by ApoE genotype, mediates the risk of CVD.

What Did the Researchers Do and Find?
• We measured ApoE concentrations directly in ~10,000 individuals, ~1,400 of whom had
CVD events. We did not find any association of circulating ApoE with CVD, even after
adjusting for other CVD-related factors that might obscure an association.
• We also placed ApoE concentration in the context of clinical risk equations that are used
to assess risk in patients, and found that it did not improve risk prediction.
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What Do These Findings Mean?
• This study demonstrates that ApoE genotypes that confer risk of CVD might do so via
protein function rather than protein concentration in the blood.
• ApoE may still be a drug target for prevention of CVD.

Introduction
Apolipoprotein E (ApoE) is a 34-kDa liver-derived multifunctional protein found associated
with triglyceride-rich chylomicrons and very low density lipoproteins (VLDLs), their remnants, and a subset of high-density lipoprotein particles [1,2]. One of ApoE’s major physiological roles is in lipid metabolism; ApoE mediates high-affinity binding of ApoE-containing
lipoproteins to the low-density lipoprotein receptor (LDL-R) and LDL receptor related protein
1 (LRP1), facilitating clearance of triglyceride-rich lipoproteins from the circulation. It is this
mechanism that is thought to confer protection from atherogenesis. ApoE is a polymorphic
protein with three major circulating isoforms, E2, E3, and E4 [3], and lipid metabolism is isoform dependent. Isoforms are determined by a combination of two common non-synonymous
single nucleotide polymorphisms (SNPs rs7412 and rs429358) in exon 4 of the APOE gene on
Chromosome 19 [4]. The most commonly observed, and the reference, isoform is E3. E3 has a
cysteine residue at 112 and an arginine residue at 158, and is present in ~79% of the population.
E4 (rs429358), the next most commonly encountered isoform (~14%), has an arginine residue
substituting cysteine at 112. Finally, E2 (rs7412) is present at a frequency of ~7% and has a cysteine substituting arginine at residue 158. The resultant six common genotypes, in order of
observed frequency, are ε3/ε3, ε3/ε4, ε2/ε3 ε2/ε4, ε4/ε4, and ε2/ε2. The most common genotype group is ε3/ε3, which serves as the reference category.
Very low circulating concentration of ApoE in humans is associated with early onset atherosclerosis [5]. Mice in which the APOE gene is deleted are prone to developing atherosclerosis
[6]. Together, these findings have contributed to the view that circulating ApoE may have antiatherogenic properties. Large population-based genetic studies in humans support this view.
Carriage of ε2 is associated with higher circulating concentrations of ApoE [7], lower circulating concentrations of low-density lipoprotein cholesterol (LDL-C) [8], and a lower risk of cardiovascular disease (CVD) events [8]. In contrast, carriage of ε4 is associated with directionally
opposite changes in these markers and a higher risk of CVD. It is therefore plausible that circulating concentrations of ApoE are causally associated with CVD, and, as such, ApoE could be a
useful biological marker of atherosclerotic risk or a potential drug target.
To date, few studies have reported on the association of circulating ApoE concentration
with CVD events (i.e., stroke and coronary heart disease [CHD]). In one study, higher circulating concentrations of ApoE were associated with a higher risk of incident CVD [9]; this contrasts with the inverse association that might be expected from animal and prior human
studies. In the same population setting, a related study with a focus on stroke also found an
increase in ApoE level associated with an increased risk of stroke [10]. A third study, the largest
(total n = 2,951), also demonstrated an increase in CVD with ApoE level; however, this increase
was limited to a subgroup of women with high high-density lipoprotein cholesterol (HDL-C)
levels [11]. These findings require replication for a number of reasons. First, two of these studies were focussed, by design, on those aged 85 y and above. Results may not apply in younger
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individuals, particularly as there is evidence of an age-dependent decline in the prevalence of
individuals with the ε4/ε4 genotype [12], who also have lower circulating concentrations of
ApoE. Second, each study was small, with few CVD outcomes (68, 54 [strokes in stroke only
study], and 156 in the three studies, respectively). Third, the ApoE-CVD associations found in
these studies were adjusted for varying risk factors, but the adjustments were not uniform
throughout. Lastly, initial reports of any association often yield an inflated effect estimate. This
phenomenon, known as the Proteus effect or winner’s curse [13], prompts the need for replication. We therefore aimed to examine the association of ApoE concentration with CVD events
in three new studies of ~10,000 middle-aged individuals in total, with a wider range of measures of cardiovascular risk factors and 1,413 CVD events.

Methods
Studies
Study details are described in detail elsewhere, but in brief; the Northwick Park Heart Study II
(NPHSII) [14] is a prospective study that recruited 3,012 men from nine general practices
across the UK with 15 y follow-up. All participants were free of CVD at the time of recruitment. Median follow-up from time of ApoE measurement was 9.9 y. There were 205 CHD
events, including 136 acute myocardial infarctions (MIs), of which 50 were fatal, 65 involved
coronary revascularisations, and four were silent MIs. There were 79 strokes (35 fatal). Sixteen
individuals had both CHD and stroke events. In total there were 268 CVD events.
The English Longitudinal Study of Ageing (ELSA) [15] is a prospective study of household
participants aged 50 y and over and resident in England. ELSA participants were recruited from
respondents of the annual Health Survey for England in 1998, 1999, and 2001. In ELSA, ApoE
measurement was in wave 2 (2004–2005), and participants were asked if a doctor had diagnosed
MI and stroke at waves 3 (2006–2007), 4 (2008–2009), and 5 (2010–2011), a mean of 5.4 y from
wave 2. Mortality and follow-up was available through the National Health Service Central Registry until 31 January 2010. Registration of death within 5 d is a legal requirement in England, so
participants not registered can be assumed to be alive. Death certificates were coded using the
tenth revision of the International Classification of Disease, and those categorised as CVD were
extracted. During this period there were 165 MIs, of which 65 were fatal; 170 strokes, of which
40 were fatal; and 12 individuals with both diagnoses. In total, there were 323 CVD events.
The Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) [16] is a randomised clinical
trial of blood-pressure- and lipid-lowering treatment in the prevention of CVD in individuals
at high cardiovascular risk. A 1:1 nested case-control sample of 1,666 individuals matched for
age, sex, and country of origin was used for this study. The primary endpoint of the study was
combined non-fatal MI (including silent MI) and fatal CHD. Secondary endpoints included
all-cause mortality, total stroke, all coronary events, total cardiovascular events and procedures,
cardiovascular mortality, and non-fatal and fatal heart failure. Here, only CHD cases were
included, where ascertainment was at clinical follow-up. Certified causes of death were sought,
and, when available, national registries were used to find information on patients who did not
return for their final visits. Endpoints were submitted and adjudicated by the ASCOT endpoints committee, the members of which were unaware of treatment assignment.
The analyses in all studies were in accordance with approval from relevant research ethics committee, and all participants provided written informed consent. See STROBE statement (S1 Text).

ApoE Measurement
Circulating ApoE was measured using a nephelometric method on a BN II nephelometer (Siemens), using a non-isoform-specific polyclonal antibody. ApoE measures from NPHSII were
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made in citrated plasma taken at the fourth annual visit and were taken after a light breakfast.
ELSA and ASCOT measures were made in serum. Samples used in ELSA were taken at wave 2.
Most participants were fasted; those over age of 70 y (35%) and those with diabetes (7.2%)
were not asked to fast (total 35.8% of ELSA participants), although most were seen prior to eating breakfast. In ASCOT, samples were taken at randomisation in the fasted state. Samples
used for all measures were taken at a time prior to any CVD events. Differences in concentration dependent on whether plasma or serum was used for ApoE measurement were overcome
at the analysis stage by standardising measures of ApoE.

APOE Genotyping
The ELSA and NPHSII studies provided information on the APOE SNPs rs7412 and rs429358,
which were used to reconstruct the ε2/ε2, ε2/ε3 ε2/ε4, ε3/ε3, ε3/ε4, and ε4/ε4 haplotypes.
Genotyping in NPHSII was carried out using Taqman (Applied Biosciences), and genotyping
in ELSA was based on KASP chemistry at LGC Genomics.

Definition of Cardiovascular Events
CHD events were defined as fatal or non-fatal MI, angiographic evidence of coronary atherosclerosis, or CHD events that required intervention or where individuals underwent coronary
artery bypass grafting. Stroke was defined as fatal or non-fatal; the definition encompassed
both ischaemic and haemorrhagic stroke. Total CVD was a composite of CHD and stroke
cases and was defined as fatal or non-fatal. Specific definitions are given in primary study
reports. Comparison between definitions was carried out in order to ensure that these could be
pooled for meta-analysis.

Statistical Analysis
Statistical analysis was carried out according to a prespecified analysis plan (S2 Text). Nonnormally distributed continuous variables were logarithmically transformed. For these variables we report geometric means with approximate standard deviations (SDs). Differences
between case-control groups were tested by unpaired t-test or ANOVA, and differences in the
distributions of categorical variables were assessed by the χ2 test. Patients with missing data
were not included in the analysis. ApoE was in addition standardised, that is, rescaled to have a
mean of 0 and SD of 1, to overcome any difference between sample types (e.g., serum versus
plasma) across studies.
Association of ApoE with other circulating markers. Bivariate associations of ApoE with
markers measured in each study were evaluated using Pearson correlation coefficients. Partial
correlations were obtained after adjusting for age and gender. In order to investigate the shape
of associations of ApoE with other circulating markers, the geometric mean of log-transformed
ApoE (with 95% CI) for each decile of the associated marker was calculated and plotted separately for males and females. Only the ELSA data were used to derive these measures, as information on the widest range of measures was available from this study in both males and
females, and these data are most representative of the shape of associations in the general population. NPHSII included only men, who are at higher risk of CVD than women, and ASCOT
by design recruited individuals at high risk of CVD. Inclusion of both of these studies may
inflate any associations of CVD biomarkers with circulating concentrations of ApoE. Reporting
is therefore restricted to the most representative group.
Association of circulating ApoE and cardiovascular events. Multiple logistic Cox regression and Kaplan-Meier approaches were used to assess the association of ApoE concentration
and CVD events. The primary outcome was total CVD, and secondary outcomes were fatal,
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non-fatal, and total CHD; fatal, non-fatal, and total stroke; and fatal and non-fatal CVD. Odds
ratios (ORs) for all outcomes (fatal, non-fatal, and total CHD; fatal, non-fatal, and total stroke;
fatal, non-fatal, and total CVD) and their corresponding 95% CIs were calculated using multiple conditional logistic regression models in ASCOT, accounting for the matching variables of
age, sex, and country of origin and the treatment group to which individuals were randomised.
Interaction between ApoE and randomised group was checked. Hazard ratios (HRs) with corresponding 95% CIs were calculated in the prospective studies using Cox regression models.
ORs and HRs were reported in two ways: first, by SD change in ApoE concentration and, second, by tertile of ApoE concentration. Unadjusted ORs and HRs were calculated first (model
1), followed by values adjusted for total cholesterol, HDL-C, smoking, systolic blood pressure,
type 2 diabetes, age, and sex (i.e., Framingham risk variables; model 2) An additional model
adjusting for LDL-C was performed (model 3), given the observed genetic association of APOE
with circulating LDL-C. For NPHSII, estimates were additionally adjusted by recruitment centre. Data from all studies were then pooled using random effects meta-analysis, weighting the
effect size in individual studies by the inverse of the variance and assessing heterogeneity using
the DerSimonian and Laird Q test, quantified using the I2 statistic. Where time-to-event data
were available, Kaplan-Meier analyses were carried out, stratifying by concentration of circulating ApoE in individuals with the baseline ε3ε3 genotype. These analyses were restricted to
NPHSII. All data analysis was carried out using Stata version 12 (StataCorp).
Association of APOE genotypes with cardiovascular disease and circulating lipid markers. Haplotype associations of APOE were carried out using the common ε3/ε3 as the reference genotype. The association of APOE with circulating ApoE and other lipids was examined
and the association of APOE with CVD was explored using Cox or logistic regression models.

Results
Studies contributed to the analyses in different ways, summarised in S1 Table.

Baseline Study Population Characteristics
A total of 9,587 individuals (1,642 from ASCOT, 5,389 from ELSA, and 2,556 from NPHSII)
for whom measures of ApoE were available were included from all three studies. Baseline characteristics are shown in Table 1. Variables that were loge transformed included ApoE, triglycerides, ferritin, fibrinogen, C-reactive protein (CRP), glucose, and body mass index. Of the 9,587
individuals with ApoE measures included in the study, 1,152 had missing data on one or more
of the Framingham variables included in model 2. The proportion of missing data was 11.8%
for ELSA, 1.6% for ASCOT, and 19.2% for NPHSII.

Cross-Sectional Associations of ApoE with Cardiovascular Risk Factors
and Other Variables
Bivariate associations of log-transformed ApoE with other risk factors were assessed in the two
population-based studies ELSA and NPHSII (Table 2). Significant associations were observed
with a number of cardiovascular risk factors, including systolic and diastolic blood pressure;
total cholesterol, LDL-C, HDL-C, and triglycerides; and body mass index (Figs 1–3; Table 2).
ApoE was also significantly associated with ApoB (correlation coefficient 0.174, p < 0.001) and
lipoprotein(a) (correlation coefficient −0.12, p < 0.001) in NPHSII, where these measures were
available, but not with ApoA1 (correlation coefficient 0.02, p = 0.46). In addition, circulating
ApoE was significantly associated with markers of inflammation including CRP (measured in
ELSA and NPHSII, correlation coefficient 0.11 and 0.13, respectively, p < 0.001 for both), ferritin (ELSA only, correlation coefficient 0.07, p < 0.001), and, to a lesser extent, fibrinogen
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Table 1. Baseline characteristics of studies included.
Characteristic

NPHSII (n = 2,556)

ASCOT (n = 1,642)

ELSA (n = 5,389)

Age (y)

59.2 (3.3)

63.2 (8.3)

65.5 (9.3)

Sex (male)

100%

85.9%

44.4%

Current smokers

27.4%

33.5%

14.1%

Systolic blood pressure (mm Hg)

133.4 (18.1)

164.7 (17.7)

135.2 (18.7)

Diastolic blood pressure (mm Hg)

81.8 (10.8)

95.2 (10.2)

75.7 (10.9)

Total cholesterol (mmol/l)

5.63 (0.97)

5.94 (1.05)

6.00 (1.17)

High-density lipoprotein cholesterol (mmol/l)

1.72 (0.59)

1.26 (0.34)

1.54 (0.39)

Low-density lipoprotein cholesterol (mmol/l)

3.08 (1.01)

3.85 (0.93)

3.66 (0.97)

Triglycerides (mmol/l)*

1.81 (0.93)

1.65 (0.80)

1.57 (0.81) (n = 5,386)

Apolipoprotein E (mg/l)*

34.9 (11.0)

49.4 (15.4)

39.4 (12.1)

Apolipoprotein A (g/l)

1.64 (0.32)

—

—

Apolipoprotein B (g/l)

0.86 (0.24)

—

—

Lipoprotein(a) (mg/dl)

8.1 (11.6)

—

—

Diabetes

2.1%

26.0%

7.2%

Glucose (mmol/l)*

—

6.05 (1.62) (n = 1,480)

4.95 (0.72)

Body mass index (kg/m2)*

26.4 (3.5)

28.4 (4.0)

27.4 (4.5)

Waist-to-hip ratio

—

—

0.89 (0.08)

C-reactive protein (mg/dl)*

2.38 (2.44)

—

2.02 (2.24)

Haemoglobin (g/dl)

—

—

14.3 (1.4)

Ferritin (ng/ml)*

—

—

86.9 (72.4)

Fibrinogen (g/l)*

2.88 (0.56)

—

3.13 (0.68)

Data are presented as mean (SD) or percent. Dashes indicate missing variables in the given dataset.
*Log transformed; geometric means and approximate SDs are presented.
ASCOT, Anglo-Scandinavian Cardiac Outcomes Trial; ELSA, English Longitudinal Study of Ageing; NPHSII, Northwick Park Heart Study II; SD, standard
deviation.
doi:10.1371/journal.pmed.1002146.t001

(correlation coefficient 0.05, p < 0.001, in ELSA, and 0.01, p = 0.52, in NPHSII) (Figs 4 and 5;
Table 2). There were no significant differences following adjustment for age or gender.

Association of ApoE Concentrations and Cardiovascular Disease during
Follow-Up
There were no statistically significant differences in circulating concentrations of ApoE
between CVD cases and controls for all three studies (Table 3). There was no association of
ApoE concentration either per SD increase or by tertile with CVD, with no additional evidence
of a trend of association across tertiles (Table 4). There was no significant association between
ApoE concentration and CVD in individual studies (Table 4) or when estimates were pooled
using random effects meta-analysis (OR 1.02, 95% CI 0.96, 1.09) or after adjustment (Framingham-adjusted OR 0.97, 95% CI 0.82, 1.15) (Fig 6). Adjustment for LDL-C alone also did not
impact the overall association (OR 1.04, 95% CI 0.96, 1.13). When CHD (all CHD, fatal and
non-fatal) and stroke (all stroke, fatal and non-fatal) endpoints were assessed separately across
all three studies, there was no significant association of circulating concentration of ApoE with
either outcome (Fig 6; S2 Table). For the crude associations, analysis of ApoE quintiles and
CVD risk was carried out and a quadratic model was fitted following peer review to confirm
the absence of a U-shaped association as an explanation of a null effect (S3 Table).
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Table 2. Bivariate associations of circulating ApoE with measured markers in the population-based studies, ELSA and NPHSII.
Marker

ELSA
Correlation Coefficient

NPHSII
p-Value

Correlation Coefficient

p-Value

Blood pressure
Systolic blood pressure (mm Hg)

0.08

<0.001

0.08

<0.001

Diastolic blood pressure (mm Hg)

0.10

<0.001

0.11

<0.001

Pulse pressure (mm Hg)

0.02

0.10

0.03

0.19

Circulating lipids
Total cholesterol (mmol/l)

0.46

<0.001

0.34

<0.001

High-density lipoprotein cholesterol (mmol/l)

0.16

<0.001

−0.14

<0.001

Low-density lipoprotein cholesterol (mmol/l)

0.30

<0.001

0.14

<0.001

Triglycerides (mmol/l)*

0.43

<0.001

0.46

<0.001

Apolipoprotein B (g/l)

NA

NA

0.13

<0.001

Apolipoprotein A1 (g/l)

NA

NA

0.01

0.64

Lipoprotein(a) (mg/dl)

NA

NA

−0.11

<0.001

Haemoglobin (g/dl)

0.04

<0.001

NA

NA

Ferritin (ng/ml)*

0.07

<0.001

NA

NA

Fibrinogen (g/l)*

0.05

<0.001

0.01

0.52

0.11

<0.001

0.13

<0.001

Haemotological markers

Inflammatory markers
C-reactive protein (mg/l)*
Glucose and anthropometric measures
Fasting glucose (mmol/l)*

−0.00

0.87

NA

NA

Body mass index (kg/m2)*

0.12

<0.001

0.19

<0.001

Waist-to-hip ratio

−0.02

0.18

NA

NA

0.03

0.01

−0.10

0.65

Lifestyle measures
Current smoking

No differences were observed when analyses were further adjusted for age and gender.
*Log transformed.
ELSA, English Longitudinal Study of Ageing; NA, not available; NPHSII, Northwick Park Heart Study II.
doi:10.1371/journal.pmed.1002146.t002

In an exploratory analysis restricted to the sub-sample of individuals from NPHSII with the
ε3ε3 genotype, we conducted a time-to-event analysis by tertile of ApoE concentration to overcome any isoform-specific effect. The Kaplan-Meier curves showed no major differences in
incidence of CVD events according to ApoE concentration (Fig 7).

Association of APOE Genotypes with Cardiovascular Disease and
Circulating Lipid Markers
Levels of circulating lipids—including total, LDL-, and HDL-C and triglycerides—and ApoE in
the APOE genotype groups were as predicted from previous studies (S4 Table). CVD events
have previously been shown to be associated with APOE genotype. Genotype was available in
NPHSII and ELSA, and this genotypic effect is replicated on a smaller scale (S5 Table).

Discussion
Summary of Main Findings
We have described the molecular epidemiology of circulating ApoE in a large study of middleaged individuals that was population-based, in contrast to previous studies, which have focused
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Fig 1. Cross-sectional association between geometric mean of ApoE concentration and age, systolic blood
pressure, diastolic blood pressure, and pulse pressure measured in ELSA, by gender. Male (circles) and
female (square) mean log ApoE concentration was calculated for each decile of the associated variable and plotted to
visualise the shape of the association. Bars give 95% CIs.
doi:10.1371/journal.pmed.1002146.g001

on ApoE concentrations in related individuals [7]. We have confirmed here that circulating
ApoE concentration is associated with the levels of major circulating lipids and lipoproteins
including total cholesterol, LDL-C, and HDL-C as well as triglycerides; this finding is consistent with published findings [7]. We further investigated the association of circulating ApoE
concentration and CVD risk in ~10,000 individuals including 1,413 CVD cases. In contrast to
prior reports [9–11], we found no association between ApoE concentration and CVD events,
either when expressed as an OR per SD change of ApoE concentration or when examined by
tertile of ApoE concentration or by subtype of CVD.

Discrepancy with Previously Published Studies
The lack of an association between circulating ApoE and CVD contrasts with other studies
examining this association [9–11] and with an anticipated CVD protective effect of higher circulating ApoE. In explaining the discrepancy of findings between the current and previous
reports, the following points are important. First, the study presented here includes individuals
who are middle-aged and are more likely to represent the major group targeted for primary
CVD prevention. Two of the previous reports included only individuals 85 y old, a population that may display a survivor bias. Moreover, it is known that the relative frequency of the
ε4ε4 genotype group, which is strongly associated with lower circulating ApoE concentrations,
declines with age [12]. Therefore, older populations are predicted to have higher circulating
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Fig 2. Cross-sectional association between geometric mean of ApoE concentration and total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides measured in ELSA, by gender. Male
(circles) and female (square) mean log ApoE concentration was calculated for each decile of the associated variable and plotted
to visualise the shape of the association. Bars give 95% CIs.
doi:10.1371/journal.pmed.1002146.g002

ApoE concentration (associated with enrichment for the ε2 and ε3 alleles). We did observe an
interaction between age and sex (ELSA: p for interaction < 0.001; ASCOT: p for interaction = 0.02). This interaction has also been observed in other studies that measured ApoE at
scale [17]. This interaction could be due to genotypic effect or could be a result of the effect of
other unmeasured lipid intermediates that could also alter circulating levels of ApoE in men
and women. The association of ApoE with CVD risk was also replicated in PREVEND [11], a
more representative sample; however, in this study a borderline association was observed
between circulating ApoE and CVD risk in women only. Second, all CVD cases in the current
analysis are incident events, and this should largely overcome any issues of reverse causality
that can affect conclusions drawn from the retrospective case-control or cross-sectional designs
of some, but not all, previous reports [9,10]. Lastly, the size of the current analysis (1,413 cases,
five times more than the largest published study), and the replication of findings across three
different datasets, overcomes some of the limitations of prior reports on the association of circulating ApoE and CVD. During the review process of this manuscript, a large (~92,000 individuals) population-based study examining the association of ApoE and CHD was published
[18] demonstrating that circulating ApoE increases CHD risk. It is interesting to note that our
findings from all CHD (OR 1.05, 95% CI 0.98, 1.13) approach their findings (OR for ischaemic
heart disease of 1.15, 95% CI 1.04, 1.27; OR for MI of 1.16, 95% CI 1.00, 1.36), however do not
reach significance. Moreover, the association reported by Rasmussen et al. is limited to men
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Fig 3. Cross-sectional association between geometric mean of ApoE concentration and glucose, body mass index,
and waist-to-hip ratio measured in ELSA, by gender. Male (circles) and female (square) mean log ApoE concentration was
calculated for each decile of the associated variable and plotted to visualise the shape of the association. Bars give 95% CIs.
doi:10.1371/journal.pmed.1002146.g003

and attenuates with the adjustment of triglycerides. Like the other published studies, Rasmussen et al. did not demonstrate a convincing association with ApoE, despite a greater power to
detect such an association. The findings that they report are also contrary to the biological
prior from genetic and animal studies, that higher ApoE concentration should be protective
against atherosclerotic disease.

Placing Findings in the Context of Known Genetics of APOE and
Biological Functions of ApoE
The observation that individuals with very low or completely absent circulating ApoE develop
early atherosclerosis, and that this has a genetic basis [5], has been influential in the development of hypotheses on the role of ApoE in atherosclerosis. The largest genetic study investigating the association of APOE mutations with CVD support this hypothesis [8]. For the ε2ε2
(associated with higher circulating ApoE) versus ε3ε3 comparison, Bennet et al. [8] demonstrated an OR of 0.80 (95% CI 0.70, 0.90) for CVD. Our data do not reach significance; for the
same comparison, we have 30% power to detect an OR of this size at a 5% significance level
using 377 cases and 4,709 controls, but the trend of the effect is similar (S5 Table). Human
studies have been dominated by evaluation of the relationship of APOE genotype with a range
of diseases including CVD, Alzheimer disease [19], and age-related macular degeneration [20].
Together with animal studies, these human studies have contributed to the prevailing view that

PLOS Medicine | DOI:10.1371/journal.pmed.1002146 October 18, 2016

11 / 19

Circulating ApoE and CVD Risk

Fig 4. Cross-sectional association between geometric mean of ApoE concentration and haemoglobin, ferritin, and
fibrinogen measured in ELSA, by gender. Male (circles) and female (square) mean log ApoE concentration was calculated for
each decile of the associated variable and plotted to visualise the shape of the association. Bars give 95% CIs.
doi:10.1371/journal.pmed.1002146.g004

circulating ApoE is anti-atherogenic. For example, carriage of ε2 is associated with higher circulating concentration of ApoE, lower LDL-C concentration, and lower risk of CVD [8]. Conversely, carriage of ε4 is associated with directionally opposite changes in ApoE and LDL-C
concentration and a higher risk of CVD. These findings have been interpreted as a consequence of the functional differences between isoforms of ApoE, namely, lipid and receptor
binding, rather than circulating concentrations of the protein. For example, the E2 isoform
binds LDL-R and LRP1 with a reduced efficiency compared to the other isoforms (2% compared to E3; E4 has affinities comparable to E3) [21,22]. This reduced binding efficiency has
been thought to result in up-regulation of expression of LDL-R and LRP1, with the consequent
effect of increasing clearance and lowering circulating concentrations of pro-atherogenic
VLDLs, chylomicrons, and their remnants. E2 as well as E3 preferentially bind to small phospholipid-rich HDL-C particles, in contrast to E4, which binds larger pro-atherogenic triglyceride-rich particles [23]. Binding with HDL-C supports an additional role of E2 in reverse
cholesterol transport, as ApoE acts as a ligand for high-density-lipoprotein-mediated cholesterol delivery to the liver. However, the present study indicates a null association of ApoE concentration with CVD risk overall and in analyses restricted to individuals with the ε3/ε3
genotype.
One of the functional consequences of the reduced binding to LDL-R and LRP1 of E2 could
be higher detectable concentrations of ApoE. This has been interpreted as higher levels of circulating ApoE being protective. However, a higher detectable concentration of ApoE could be
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Fig 5. Cross-sectional association between geometric mean of ApoE concentration and C-reactive
protein measured in ELSA, by gender. Male (circles) and female (square) mean log ApoE concentration
was calculated for each decile of the associated variable and plotted to visualise the shape of the
association. Bars give 95% CIs.
doi:10.1371/journal.pmed.1002146.g005

a paradoxical increase as a consequence of the genetic point mutation rather than being causal
in itself. One way in which ApoE concentration might be useful in CVD prediction is with isoform-specific measures. The predictive utility of isoforms could then be tested in large populations. However, it should be borne in mind that, given the distribution of cases and controls
amongst genotype groups, most cases will occur in those with circulating ApoE3, as these individuals make up the majority of the population (S1 Fig). Most cases of CVD will therefore have
circulating concentrations of ApoE within the normal range (i.e., within 2 SDs of the population mean). However, that does not preclude ApoE being a useful target for CVD; rather, any
drug would need to recapitulate the pattern of lipids seen with circulating E2. Such a drug
could be useful in individuals with any genotype.
Two other courses of investigation to more precisely defining the role of ApoE in health and
disease are now necessary. First, the view that APOE confers disease risk (and/or protection)
mediated through LDL-C may be over simplistic. Functional studies of all isoforms indicate
the importance of ApoE in the clearance of other potentially atherogenic lipid particles including VLDLs, chylomicrons, and their remnants. To date, studies in small samples (~200
Table 3. ApoE concentrations in individuals who later developed cardiovascular disease by case/
control status in all three studies.
Study

Geometric Mean of ApoE Concentration (mg/l) (Approximate p-Value
Standard Deviation) [n]
Control

Case

ASCOT

49.01 (15.67) [820]

49.83 (15.12) [822]

0.28

ELSA

39.34 (12.03) [5,066]

39.47 (12.71) [323]

0.85

NPHSII

34.82 (10.98) [2,288]

35.98 (10.68) [268]

0.11

doi:10.1371/journal.pmed.1002146.t003
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Table 4. Summary estimates for the association of log ApoE concentration with cardiovascular events from the three studies.
ApoE Concentration

Model 1
OR or HR (95% CI)

Model 2
p-Value

OR or HR (95% CI)

Model 3
p-Value

OR or HR (95% CI)

p-Value

ASCOT
Per SD increase in log ApoE

0.99 (0.89, 1.10)

Tertile 1

Ref

Tertile 2

1.07 (0.84, 1.36)

Tertile 3

1.07 (0.83, 1.39)

0.89

0.83 (0.74, 0.94)

0.003

Ref
0.58

0.89 (0.69, 1.15)

0.96 (0.85, 1.08)

0.52

Ref
0.05

0.74 (0.56, 1.00)

1.23 (0.93, 1.62)

0.79

1.03 (0.77, 1.38)

ELSA
Per SD increase in log ApoE

1.01 (0.90, 1.13)

Tertile 1

Ref

Tertile 2

0.97 (0.74, 1.29)

Tertile 3

1.07 (0.81, 1.39)

0.85

1.08 (0.94, 1.25)

0.27

Ref
0.65

1.04 (0.75, 1.44)

1.08 (0.95, 1.22)

0.23

Ref
0.32

1.19 (0.85, 1.66)

1.11 (0.84, 1.48)

0.12

1.25 (0.94, 1.66)

NPHSII
Per SD increase in log ApoE

1.08 (0.96, 1.22)

Tertile 1

Ref

Tertile 2

1.24 (0.92, 1.68)

Tertile 3

1.21 (0.89, 1.63)

0.20

1.03 (0.90, 1.19)

0.66

Ref
0.23

1.53 (1.07, 2.17)
1.16 (0.81, 1.68)

1.09 (0.95, 1.25)

0.21

Ref
0.51

1.41 (1.00, 1.99)

0.16

1.30 (0.92, 1.84)

Estimates are presented as the odds of cardiovascular disease per SD increase in ApoE concentration and as the OR per tertile of ApoE, where the
reference group is tertile 1. p-Values represent a test of trend across ApoE tertiles. Model 1 is unadjusted; model 2 is Framingham adjusted; model 3 is
LDL-C adjusted; ORs are reported for the ASCOT case-control subset and ELSA, and HRs are reported for the prospective NPHSII.
ASCOT, Anglo-Scandinavian Cardiac Outcomes Trial; ELSA, English Longitudinal Study of Ageing; HR, hazard ratio; NPHSII, Northwick Park Heart Study
II; OR, odds ratio; SD, standard deviation.
doi:10.1371/journal.pmed.1002146.t004

Fig 6. Meta-analysis of association of ApoE level with coronary heart disease and stroke. Adjusted (for Framingham variables) and
unadjusted summaries are given separately. ORs represent per SD change of ApoE. Numbers of events and total numbers included in
each analysis are given in S4 Table. CHD, coronary heart disease; CVD, cardiovascular disease; LDL-C, low-density lipoprotein
cholesterol; OR, odds ratio; SD, standard deviation.
doi:10.1371/journal.pmed.1002146.g006
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Fig 7. Kaplan-Meier plot for tertiles of ApoE concentration in individuals with ε3ε3 genotype. This analysis was conducted to
overcome any effect of isoform or structural change in the circulating protein. High concentrations are indicated in blue, intermediate in red,
and low in green. Precise time-to-event measures are available in NPHSII, and therefore analyses are restricted to this study. There is a
marginally statistically significant relationship between ApoE concentration and time to CVD event; however, given that this analysis is
restricted to one study, which included only men, it has to be interpreted with caution. CVD, cardiovascular disease.
doi:10.1371/journal.pmed.1002146.g007

individuals) [24] have indicated that there is indeed a differential effect of APOE genotype on
circulating lipids other than the “traditionally” measured LDL-C, HDL-C, and triglycerides.
Investigation of other lipid intermediates and their association with APOE now requires a population-level effort and may prove to be more fruitful than ApoE with respect to predictive utility for CVD. Measurement of these lipid intermediates is now possible in a time- and costefficient way using high-throughput mass spectrometry and nuclear magnetic resonance platforms. Second, the view that the genetic variation in the APOE locus that influences CVD risk
is limited to the ε2/ε3/ε4 haplotype is also being challenged. Genetic studies using genomewide [25] and gene-centric SNP arrays [26] implicate genes flanking APOE, including BCL3,
PVRL2, TOMM40, and APOC1-C4-C2, rather than APOE itself in regulation of circulating
lipid concentrations, in particular LDL-C, as well as additional variants within the APOE gene.
The strength of these associations is greater than that with SNPs in APOE alone. Limitations of
some of these studies include the fact that both SNPs that determine the ε2/ε 3/ε 4 haplotype
(rs429358 and rs7412) are not included on all SNP arrays or are not well imputed and therefore
have not been identified as signals in such analyses. However, even where these SNPs are
directly typed and included in analyses, the strength of the association with circulating lipids is
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greater from the flanking regions [26]. Results from large genome-wide association studies and
consortia data can now be used to inform further functional and molecular analyses, in order
to truly assess the effect of APOE and circulating ApoE on disease risk. This is not only of interest in CVD, but also in other diseases of ageing including Alzheimer disease, where the risk
conferred by APOE ε4 is >5-fold greater than that seen in CVD, and age-related macular
degeneration, where, in contrast to Alzheimer disease and CVD, ε2 confers an increase in risk
of disease and ε4 confers a protective effect.

Limitations of This Study
It is important to address some limitations of this study. First, the assay used here is commercial, using a polyclonal antibody. It does not discriminate between isoforms of circulating
ApoE. However, the pattern of observing higher circulating concentrations with carriage of E2
and lower concentrations with carriage of E4 is preserved and consistent with other studies.
We are therefore confident that the concentrations measured are a reflection of the underlying
genotype. Second, although the sample size is larger than that of previously reported studies,
compared to studies that reliably estimate the risk of a marker for a disease, it is still moderate.
These studies require further replication in order to more precisely delineate the direction and
magnitude of the effect. Third, we are unable to differentiate between ischaemic and haemorrhagic stroke in the presented results, but, given that haemorrhagic stroke represents 10%–15%
of stroke cases in the general population (https://www.strokeaudit.org) and a total of 249
strokes are included, it is doubtful that this would bias the results. Finally, samples that were
used for measurement were taken before incident events, and the median time before an event
across all included studies was 5.5 y. This time between sampling and event could be one explanation of an attenuated effect. However, the follow-up time is comparable to that of other published studies that do show a relationship of circulating ApoE with CVD, even with small
sample sizes. One way in which this variability of ApoE could be overcome is to construct and
then adjust for regression dilution ratios. Ratios are based on regression of serial measures of
ApoE on baseline levels with any additional and necessary adjustments. However, serial measures were available neither in the studies presented here nor in the current ApoE literature,
and these analyses will be possible only once these data emerge. Exploratory analysis applying
to ApoE regression dilution ratios calculated by the CRP-CHD Genetics Consortium for
another blood-based biomarker, CRP (where the regression dilution ratio adjusted for age and
sex was 0.57, 95% CI 0.51, 0.64) [27], indicated that the effect of regression to the mean is
unlikely to have a major effect on the observed association, with the odds of CVD for a 1-SD
increase in ApoE increasing from 1.02 to 1.035. These analyses were carried out following editorial comments during the review process.
In order to more precisely link genetic variation in the APOE gene locus to disease and biomarkers, finer resolution of the genetic variation in this region is required. This can be achieved
through next-generation sequencing or imputation against broad (1000 Genomes) and deep
marker panels. Integrating this information with circulating concentrations of ApoE and a
range of other biomarkers, and specifically lipid intermediates, may clarify the link between
genotype, circulating ApoE, and CVD and other diseases. This will inform the clinical utility of
tests based on measurement of either genotype or circulating ApoE, or of indeed targeting
ApoE with new therapeutic agents.
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S1 Fig. Distribution of coronary heart disease cases and controls stratified by APOE haplotype. Adapted from Bennet et al. [8]. The ε3ε3 genotype accounts for the majority of the
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population and also accounts for average levels of ApoE. The putatively protective ε2ε2 genotype, associated with lower levels of ApoE and LDL-C, accounts for fewer individuals, as does
ε4ε4, associated with higher risk of CVD and higher circulating ApoE. This distribution of
genotypes may be one explanation for the lack of an association between circulating ApoE and
CVD.
(DOCX)
S1 Table. Contribution of studies to analyses presented.
(DOCX)
S2 Table. Numbers of events and total numbers of individuals that contributed to the analyses shown in Fig 6.
(DOCX)
S3 Table. Analysis of cardiovascular disease outcomes and ApoE by quintiles and quadratic
model, to demonstrate the absence of a U-shaped effect as an explanation for the null
result. Analyses were carried out only on the crude (unadjusted) model.
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S4 Table. Association of circulating lipids and ApoE with APOE genotype.
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S5 Table. Cardiovascular disease risk according to APOE genotype. Analysis is restricted to
ELSA and NPHSII, for which genotype data are available. Genotype distributions conformed
to Hardy-Weinberg expectations, and allele frequencies were not significantly different from
those reported in previous studies of individuals in the UK.
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(DOC)

Acknowledgments
We thank Joe Wills for measurement of ApoE samples in ASCOT.

Author Contributions
Conceptualization: RS ADHi JPC.
Data curation: RS MK ADHi ADHu ST SEH.
Formal analysis: RS JC.
Funding acquisition: RS ADHu ST MK SEH ADHi.
Investigation: RS JA JM JC.
Methodology: RS JPC ADHi.
Project administration: RS ADHi.
Resources: RS MK ADHi ADHu ST SEH.
Software: RS JC.

PLOS Medicine | DOI:10.1371/journal.pmed.1002146 October 18, 2016

17 / 19

Circulating ApoE and CVD Risk

Supervision: RS ADHi.
Validation: RS JC ADHi.
Visualization: RS JC ADHi.
Writing – original draft: RS JC MK JPC JA JM ADHu ST SEH ADHi.
Writing – review & editing: RS JC MK JPC ADHu ST SEH ADHi.

References
1.

Blum CB (1982) Dynamics of apolipoprotein E metabolism in humans. J Lipid Res 23: 1308–1316.
PMID: 7161560

2.

Mahley RW (1988) Apolipoprotein E: cholesterol transport protein with expanding role in cell biology.
Science 240: 622–630. doi: 10.1126/science.3283935 PMID: 3283935

3.

Utermann G (1975) Isolation and partial characterization of an arginine-rich apolipoprotein from
human plasma very-low-density lipoproteins: apolipoprotein E. Hoppe Seylers Z Physiol Chem 356:
1113–1121. doi: 10.1515/bchm2.1975.356.2.1113 PMID: 172422

4.

Rall SC Jr, Weisgraber KH, Mahley RW (1982) Human apolipoprotein E. The complete amino acid
sequence. J Biol Chem 257: 4171–4178. PMID: 7068630

5.

Schaefer EJ, Gregg RE, Ghiselli G, Forte TM, Ordovas JM, Zech LA, et al. (1986) Familial apolipoprotein E deficiency. J Clin Invest 78: 1206–1219. doi: 10.1172/JCI112704 PMID: 3771793

6.

Hofker MH, van Vlijmen BJ, Havekes LM (1998) Transgenic mouse models to study the role of APOE
in hyperlipidemia and atherosclerosis. Atherosclerosis 137: 1–11. doi: 10.1016/S0021-9150(97)
00266-9 PMID: 9568731

7.

Vincent-Viry M, Schiele F, Gueguen R, Bohnet K, Visvikis S, Siest G (1998) Biological variations and
genetic reference values for apolipoprotein E serum concentrations: results from the STANISLAS
cohort study. Clin Chem 44: 957–965. PMID: 9590368

8.

Bennet AM, Di Angelantonio E, Ye Z, Wensley F, Dahlin A, Ahlbom A, et al. (2007) Association of apolipoprotein E genotypes with lipid levels and coronary risk. JAMA 298: 1300–1311. doi: 10.1001/jama.
298.11.1300 PMID: 17878422

9.

Mooijaart SP, Berbee JF, van Heemst D, Havekes LM, de Craen AJ, Slagboom PE, et al. (2006) ApoE
plasma levels and risk of cardiovascular mortality in old age. PLoS Med 3: e176. doi: 10.1371/journal.
pmed.0030176 PMID: 16671834

10.

van Vliet P, Mooijaart SP, de Craen AJ, Rensen PC, van Heemst D, Westendorp RG (2007) Plasma
levels of apolipoprotein E and risk of stroke in old age. Ann N Y Acad Sci 1100: 140–147. doi: 10.1196/
annals.1395.012 PMID: 17460172

11.

Corsetti JP, Gansevoort RT, Bakker SJ, Navis G, Sparks CE, Dullaart RP (2012) Apolipoprotein E predicts incident cardiovascular disease risk in women but not in men with concurrently high levels of
high-density lipoprotein cholesterol and C-reactive protein. Metabolism 61: 996–1002. doi: 10.1016/j.
metabol.2011.11.010 PMID: 22225956

12.

McKay GJ, Silvestri G, Chakravarthy U, Dasari S, Fritsche LG, Weber BH, et al. (2011) Variations in
apolipoprotein E frequency with age in a pooled analysis of a large group of older people. Am J Epidemiol 173: 1357–1364. doi: 10.1093/aje/kwr015 PMID: 21498624

13.

Ioannidis JP, Trikalinos TA (2005) Early extreme contradictory estimates may appear in published
research: the Proteus phenomenon in molecular genetics research and randomized trials. J Clin Epidemiol 58: 543–549. doi: 10.1016/j.jclinepi.2004.10.019 PMID: 15878467

14.

Miller GJ, Bauer KA, Barzegar S, Cooper JA, Rosenberg RD (1996) Increased activation of the haemostatic system in men at high risk of fatal coronary heart disease. Thromb Haemost 75: 767–771.
PMID: 8725721

15.

Marmot MG (2003) Health, wealth and lifestyles of the older population in England: the 2002 English
Longitudinal Study of Ageing. London: Institute for Fiscal Studies. 374 p.

16.

Dahlof B, Sever PS, Poulter NR, Wedel H, Beevers DG, Caulfield M, et al. (2005) Prevention of cardiovascular events with an antihypertensive regimen of amlodipine adding perindopril as required versus
atenolol adding bendroflumethiazide as required, in the Anglo-Scandinavian Cardiac Outcomes TrialBlood Pressure Lowering Arm (ASCOT-BPLA): a multicentre randomised controlled trial. Lancet 366:
895–906. doi: 10.1016/S0140-6736(05)67185-1 PMID: 16154016

PLOS Medicine | DOI:10.1371/journal.pmed.1002146 October 18, 2016

18 / 19

Circulating ApoE and CVD Risk

17.

Rasmussen KL, Tybjaerg-Hansen A, Nordestgaard BG, Frikke-Schmidt R (2015) Plasma levels of
apolipoprotein E and risk of dementia in the general population. Ann Neurol 77: 301–311. doi: 10.
1002/ana.24326 PMID: 25469919

18.

Rasmussen KL, Tybjaerg-Hansen A, Nordestgaard BG, Frikke-Schmidt R (2016) Plasma levels of
apolipoprotein E and risk of ischemic heart disease in the general population. Atherosclerosis 246:
63–70. doi: 10.1016/j.atherosclerosis.2015.12.038 PMID: 26761769

19.

Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, et al. (2013) Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat Genet 45:
1452–1458. doi: 10.1038/ng.2802 PMID: 24162737

20.

Fritsche LG, Chen W, Schu M, Yaspan BL, Yu Y, Thorleifsson G, et al. (2013) Seven new loci associated with age-related macular degeneration. Nat Genet 45: 433–439. doi: 10.1038/ng.2578 PMID:
23455636

21.

Schneider WJ, Kovanen PT, Brown MS, Goldstein JL, Utermann G, Weber W, et al. (1981) Familial
dysbetalipoproteinemia. Abnormal binding of mutant apoprotein E to low density lipoprotein receptors
of human fibroblasts and membranes from liver and adrenal of rats, rabbits, and cows. J Clin Invest
68: 1075–1085. doi: 10.1172/JCI110330 PMID: 6270194

22.

Weisgraber KH, Innerarity TL, Mahley RW (1982) Abnormal lipoprotein receptor-binding activity of the
human E apoprotein due to cysteine-arginine interchange at a single site. J Biol Chem 257: 2518–
2521. PMID: 6277903

23.

Dong LM, Wilson C, Wardell MR, Simmons T, Mahley RW, Weisgraber KH, 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. PMID: 8071364

24.

Sing CF, Davignon J (1985) Role of the apolipoprotein E polymorphism in determining normal plasma
lipid and lipoprotein variation. Am J Hum Genet 37: 268–285. PMID: 3985008

25.

Teslovich TM, Musunuru K, Smith AV, Edmondson AC, Stylianou IM, Koseki M, et al. (2010) Biological, clinical and population relevance of 95 loci for blood lipids. Nature 466: 707–713. doi: 10.1038/
nature09270 PMID: 20686565

26.

Talmud PJ, Drenos F, Shah S, Shah T, Palmen J, Verzilli C, et al. (2009) Gene-centric association signals for lipids and apolipoproteins identified via the HumanCVD BeadChip. Am J Hum Genet 85: 628–
642. doi: 10.1016/j.ajhg.2009.10.014 PMID: 19913121

27.

Wensley F, Gao P, Burgess S, Kaptoge S, Di Angelantonio E, Shah T, et al. (2011) Association
between C reactive protein and coronary heart disease: Mendelian randomisation analysis based on
individual participant data. BMJ 342: d548. doi: 10.1136/bmj.d548 PMID: 21325005

PLOS Medicine | DOI:10.1371/journal.pmed.1002146 October 18, 2016

19 / 19

