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Abstract

INTRODUCTION: The apolipoprotein E (APOE) £4 allele carries risk for cognitive impair-
ment, but whether the level of circulating apoE4 protein in carriers affects cognition is
unclear, as is how health and lifestyle impact circulating apoE4 levels.

METHODS: We assayed apoE4 protein levels in dried blood spots of 12,532 adults
aged 50+. Regression analyses tested the likelihood of cognitive impairment between
groups and within those with detected apoE4 protein. Predictors of circulating apoE4
were assessed.

RESULTS: We detected protein binding that indicates the presence of an APOE ¢4
allele in 28.4% of this group. This group was more likely to have cognitive impairment,
and this risk increases with age. However, higher apoE4 levels were associated with
less likelihood of cognitive impairment within this group. Antihypertensive medication
predicted apoE4 protein levels.

DISCUSSION: The apoE4 isoform is associated with a deficient protein and worse cog-
nition. This association is modulated by the level of circulating apoE4 protein in ¢4

carriers.
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1 | BACKGROUND

The apolipoprotein E (apoE) is involved in a wide spectrum of biological
functions. In the human body, the three major isoforms of apoE (apoE2,
apoE3, apoE4) are encoded by the €2, €3, and ¢4 alleles, respectively,
on the long arm of chromosome 19.1 It is established that carriage
of the APOE ¢4 allele confers a higher risk for late-onset Alzheimer’s
disease (AD) in a gene dose-dependent manner.2 In addition, APOE 4
influences cognition® and differentially shapes brain function over the
life span®> even in the absence of neuropathological markers. Con-
versely, the APOE €2 gene® and specific variants of APOE €378 confer
a protective effect, perhaps by defending the brain from the harmful
effects of lipid aggregation. Accumulating literature points to ineffi-
cient regulation of cellular homeostasis of lipids as one of the main
mechanisms by which APOE ¢4 confers age-related vulnerability.”1°
As such, carriage of the APOE &4 allele is associated with a dimin-
ished capacity of the brain apoE protein to mediate the uptake
of cellular cholesterol, potentially affecting amyloid-8 clearance and
synaptic repair,! though other mechanisms were proposed.213 With
an increased need to develop and monitor dementia biomarkers in
routine analyses, where laboratory infrastructure is lacking,1* the cur-
rent study focuses on the association between cognition and an apoE4
protein obtained from dried blood spots (DBS) samples in a survey
setting.

The apoE protein is synthesized and secreted by several tissues.
Qutside the central nervous system (CNS), it is mainly produced by
the liver, whereas astrocytes are the main source of apoE in the
CNS.2> Even if peripheral and brain apoE are controlled by differ-
ent pathways!® and peripheral apoE does not cross the blood-brain
barrier,!” prior research shows a correspondence between isoform-
specific concentrations of circulating and brain apoE proteins.!! Simi-
larly, detection of circulating apoE4 in blood has been used as a proxy
for the APOE ¢4 genetic status.'8-20

Gregg and colleagues demonstrated in human subjects that apoE4

is associated with a deficient lipoprotein metabolism.2! Later, ani-

APOE ¢4 allele, apoE4 protein, cognition, dried blood spots, SHARE

¢ An assay to quantify apoE4 levels from dried blood spot samples was applied.

* The apoE4 protein was detected as specific binding at >30,000 pg/mL in 28.4% of

» Having the apoE4 protein was associated with worse cognitive performance.

* Higher apoE4 protein levels in those who have it were associated with better

e Cardiovascular factors influenced levels of apoE4 protein.

mal models and work with cultured human astrocytoma suggested
that the ratio of apoE4 to apoE3 in &4/ €3 carriers is compa-
rable across plasma, brain, and cerebrospinal fluid samples. The
apoE4 isoform makes up a smaller proportion (30%-40%) of total
apoE, suggesting a preferential degradation of apoE4 compared
with apoE3.11

In line, studies of human plasma samples showed that APOE ¢4 car-
riers have significantly lower levels of plasma total apoE attributable

22-25 |t remains unclear

to a specific decrease in the apoE4 isoform.
whether the level of blood apoE confers risk for cognitive impairment
or AD. Whereas some studies reported significantly lower peripheral
levels of apoE in AD patients (mostly APOE ¢4 carriers) compared with
controls,26 other studies showed that circulating apoE and apoE4 lev-
els were neither correlated with cognition nor useful to distinguish AD
patients from controls.2227 These inconsistencies could arise from the
methodology used to detect or quantify apoE4 levels (e.g., immunoas-
says vs. mass spectrometry), the use of small samples, or a difference
in metabolic pathways between peripheral and brain apoE.X¢ Simi-
larly, findings relating circulating apoE4 to cardiovascular risk (i.e.,
another risk factor for dementia) are not conclusive, probably due
to heterogeneous bindings between apoE and circulating lipids and
lipoproteins.28

There are two novel contributions of this study: First, we report
apoE4 from DBS samples and cognition data from a large population-
based survey. Samples were assayed to estimate apoE4 protein levels
with a recently validated method, showing that only carriers of at
least one copy of the APOE ¢4 allele have a specific binding to the
apoE4 antibody at levels higher than 30,000 pg/mL (see?® and Sup-
plementary S1; Methods). We hypothesized that individuals with
specific binding would have more cognitive impairment than those
without.??

Second, we explore the additional role of individual differences in
levels of the apoE4 protein for cognition within the putative carrier
group, as well as health- and lifestyle variables that modulate these

differences.
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2 | METHODS
2.1 | Study population

This study used cross-sectional data from the Survey of Health, Ageing
and Retirement in Europe—SHARE.3° SHARE is a large-scale pan-
European survey (N~140,000) that follows respondents aged 50 and
older over time. The selected participants are a multi-stage probability
sample representative of the population 50 plus, drawn from the pop-
ulation registers that are available in the 28 SHARE countries. Once
selected, the participation in the survey is voluntary upon informed
consent. The response rate in the panel is about 85%. A person is
excluded if she or he is incarcerated, hospitalized, or out of the country
during the entire survey period, unable to speak the country’s lan-
guage(s), or has moved to an unknown address. For the survey, proxy
interviews are used if the respondent is not able to do an interview,
for example, for health reasons. Further detailed information about
country-specific ways to achieve full probability sampling can be found
in Borsch-Supan et al.3% For the present study, proxy respondents are
excluded because an individual’s performance on cognitive tests is the
outcome of interest.

To provide objective health-related measurements that comple-
ment the extensive self-reported health data available in SHARE, a
collection of DBS samples was implemented in Wave 6 in 2015.31 A
total of 68,186 respondents (56.4% females) interviewed during this
wave, 26,351 respondents from 12 countries (Israel, Spain, Greece,
Italy, Switzerland, France, Slovenia, Belgium, Germany, Denmark, Esto-
nia, Sweden) donated DBS samples. DBS were collected from all
respondents who had previously participated in any SHARE wave and
their partners. Participants who declined consent were unable to con-
sent, or mentioned a medical reason to avoid blood collection were
excluded from DBS. Further information is provided in Bérsch-Supan
et al.3! Depending on the amount of blood on an individual DBS card,
the blood sample could be analyzed for up to 17 different biomark-
ers (Biomarker type-1: seven routine blood markers, type-2: ten cyto-
and neurokines, growth factors and apoE4). Analysis for apoE4 protein
level and cognitive testing were available for a subsample of 12,532
respondents, 59.3% female and 40.7% male.

2.2 | Definition of global cognitive impairment

Respondents performed a cognitive test battery that included verbal
episodic memory (immediate and delayed recall), temporal orientation,
verbal fluency (animals), and numeracy (serial subtractions). For a mea-
sure of global cognitive performance, test performance was Z-scored in
the entire cohort and then averaged across tests.3232 Cognitive impair-
ment was defined by a cutoff of 1.5 standard deviations below the
sample mean of the Z-score of all tests. The categorical variable indi-
cating global impairment (i.e., No =0, Yes = 1) was used as the outcome
in a multivariate logistic weighted model. In linear regression analy-
ses and illustrations, the continuous variable for global impairment, as
well as individual tests, were also considered as outcomes. A detailed
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RESEARCH IN CONTEXT

1. Systematic review: The authors conducted an extensive
revision of the available human and animal literature on
the apolipoprotein E4 (apoE4) protein isoform and its
effects on cognition. The search was extended to find-
ings describing the effect of all APOE alleles on total
circulating apoE and specific circulating apoE isoforms in
Alzheimer’s disease (AD) patients and controls.

2. Interpretation: The amount of circulating apoE4 protein
in €4 carriers modulates the risk for cognitive decline.
Specifically, high levels of the apoE4 protein protect from
the risk associated with having the APOE ¢4 allele. Impor-
tantly, indicators of cardiovascular health modulate blood
apoE4 protein level and might constitute a mechanism by
which cardiovascular factors exacerbate dementia risk in
¢4 carriers.

3. Future directions: Longitudinal approaches should be
considered to elucidate whether cognitive trajectories
in individuals with lower circulating apoE4 levels can be
modified by interventions and healthy lifestyles. The use
of weighted statistical models is important to account for
sampling bias in cognitive aging.

description of the individual tests is provided in Supplementary S2;
Methods.

2.3 | DBS collection and analysis

The DBS method demonstrates numerous advantages over conven-
tional, venous blood sampling in large international surveys collecting
blood-based biomarkers.3* A comprehensive description of the collec-
tion and country-specific details can be found in Bérsch-Supan et al.3?
Briefly, well-trained interviewers prepared blood collection during the
interview. After disinfection, the puncture site on a finger was pricked
with a lancet. The first blood drop was discarded. The next blood drops
were collected on respondent-specific, barcode-labeled filter cards
(Ahlstrom 226). DBS were left to dry until the end of the SHARE inter-
view, but at least 15 min before being packed with desiccant in plastic
bags and mailed to the SHARE biobank (Odense, Denmark), where they
were stored in freezers at —20°C until analyses.

The analyses of the apoE4 protein were carried out at the Statens
Serum Institut in Copenhagen, Denmark. They are described in detail
in Borbye-Lorenzen et al.2° Briefly, DBS samples were extracted and
assayed using a 10-plex immunoassay using preprinted Meso-Scale
plates (Meso-Scale Diagnostics [MSD], Maryland, USA) coated with
antibodies specific for ApoE4 and nine other biomarkers reported
elsewhere®® (see Supplementary S1; Methods). The apoE4 assay was
based on an apoE4-specific antibody for capture (#M067-3, MBL
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International, Woburn, MA, USA) and an apoE-pan-specific anti-
body that detects apoE regardless of its isoform or genetic status
(#MAB41441, R & D systems MSD) using recombinant Human apoE4
(#350-04, Peprotech, lot# 316318 —identical to #JM-4699, MBL Inter-
national) as calibrator. We incubated the preprinted MSD plates at
room temperature (RT) with blocker A (#R93BA) for 30 min, and then
washed them. The extracts were mixed 7:1 with 6x custom diluent
(based on diluent 43, #R50AG, MSD) on the MSD plate. Calibrators
were diluted in diluent 7 (#R54BB) and detection antibodies in diluent
3 (#R50AP, MSD). Controls were made in-house from part of the cal-
ibrator solution in one batch, aliquoted in portions for each plate and
stored at —20°C until use. We incubated the extracts on the MSD plate
for 2 h at RT while shaking at 600 rpm before washing and the addition
of detection antibody. This was followed by another 2 h of incubation
at RT and 600 rpm. The samples were read on the QuickPlex SQ 120
(MSD) for 4 min after adding 2x Read buffer T (#R92TC, MSD). Ana-
lyte concentrations were calculated from the calibrator curves on each
plate using 4PL logistic regression with the MSD Workbench software.

Previous work in a subsample (N = 554) of this study determined
that a cutoff of 30,000 pg/mL apoE4 protein level distinguished spe-
cific versus non-specific binding (i.e., from the genetic analysis it can
be assumed with 97% sensitivity and 98% specificity that individuals
with apoE4 protein levels > 30,000 pg/mL carry at least one copy of
the APOE ¢4 allele whereas those with apoE4 protein levels <30,000
pg/mL do not and therefore the binding is unspecific).2° Applying this
cutoff to the entire sample reported in this study, 3564 individuals
showed specific binding.

Since the DBS samples were collected in non-clinical environments,
fieldwork conditions were recorded (i.e., outside temperature at the
home of the respondent, drying time, shipment time, and humidity
protection for the DBS sample31). Our prior work showed that temper-
ature and blood spot size have a significant impact on apoE4 protein
measures.? Therefore, these variables were considered as covariates

in the models that analyzed predictors of apoE4 levels.

2.4 | Additional variables

Regression analyses considered several other covariates that are com-
monly associated with an increased vulnerability to cognitive decline
and dementia in population-based studies®®37 and were available in
SHARE. These included demographic variables (e.g., age, sex, years
of education) and questions about lifestyle (social activities, physical
activity), instrumental activities of daily living (IADLZA score®®), a car-
diovascular multimorbidity index as defined in Tai et al.,3? body mass
index (BMI), depressive symptoms, self-reported medical conditions
(i.e., high cholesterol, hypertension, depression), and a list of current
medications. The specific interview items and scoring are found in
Supplementary S3; Methods. Due to a routing error in the Wave 6
questionnaire that resulted in more than 5% of missing data, variables
indicating current smoking status (n = 965) and current alcohol con-

sumption (n = 1113) were not available for analysis. We also controlled

for the number of prior waves of participation (associated with practice
effects in cognition) and included 12 country dummies.

Inorder to control for possible bias resulting from non-response and
selective sampling, all multivariate models were weighted using DBS
participation weights (specific for apoE4). These weights were calcu-
lated as the product of the calibrated cross-sectional individual weights
to match the population distribution of the predictors and an inverse
probability weighting factor called the non-apoE4 correction factor.
This correction factor was obtained from a logit regression model;
the dependent variable was equal to 1 if apoE4 data were collected
and the independent variables were age, sex, education, and country,
based on information collected in Wave 6. Weighted regressions were
implemented with the “Survey” Package in R http://r-survey.r-forge.
r-project.org/survey/. To understand the influence of sampling bias,

analyses were re-run unweighted (see Supplementary S5; Results).

2.5 | Statistical methods

The association between apoE4 detection (1, 0) and global cognitive
impairment (1, 0) was tested via weighted multivariable logistic regres-
sions, adjusting for the variables mentioned above (i.e., demographic,
lifestyle, health-related conditions, country, and number of previous
waves). Significant positive estimates for the “apoE4 detected = 1" vari-
able would suggest increased odds of global cognitive impairment in
the sample.

Since the effects of risk factors and apoE4 on cognition may dif-
fer across the life span,® we mean-centered the age variable and let
it interact with the detected apoE4 protein variable (apoE4 detected
binding x Age). Age groups were created to visually depict a significant
interaction (i.e., adults: 50-64 years, young old: 65-74 years, middle
old: 75-84 years, oldest old: 85 years+).

The analyses were repeated with the cognitive performance score
and individual tests as continuous outcomes in a linear regression anal-
ysis. Next, we explored whether, within the subgroup of individuals
with detected apoE4, protein level predicted global cognitive impair-
ment. For this purpose, detected apoE4 values were log-transformed
to approximate them to a normal distribution (see Figure 1C) and
used as predictors in a weighted logistic regression model. Two sep-
arate regressions based on a median split were included to explore
non-linear trends in the data. Finally, we used a weighted linear regres-
sion to examine which variables predicted apoE4 levels. This model
also controlled for demographic, lifestyle, health-related conditions,
country, and number of previous waves.

Missing values were below 5% for all variables. Multiple impu-
tation for some demographic and health-related variables and DBS
weights was performed using predictive mean matching.*® Robust-
ness checks (re-running unweighted models without imputations) and
a list of imputed variables are presented in Supplementary S5 and
Sé6, respectively. Variables with a p-value < 0.05 were considered sig-
nificant. Statistical analyses were conducted using R (https:/www.R-

project.org/).
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standardized cognitive composite score on the y-axis. Higher values on the y-axis indicate better performance. Horizontal lines highlight the
sample mean performance at y = 0 and a sample-specific cutoff of <—1.5 SD, corresponding to a group labeled “global cognitive impairment” in the
main text. Participants with protein levels below the cutoff of 30,000 pg/mL are labeled as “Unspecific binding” in yellow. (B) The same data as (A).
The cognitive performance within the group of individuals without specific binding is averaged at the furthest left point. Data with specific binding
are plotted in bins of N = 100. (C) For analyses that use apoE4 protein levels within the “Specific Binding” group, the protein level as a continuous

variable was log-transformed.

2.6 | Data availability

Free access to SHARE data can be granted to registered users
through the SHARE Research Data Center (http://www.share-project.
org/data-access.html). This includes DBS biomarker type-1 data and
fieldwork conditions. Type-2 biomarkers including apoE4 levels will be
included in a future release. The code used to produce the findings and

figures of this manuscript is publicly available in https://osf.io/zcuw5/.

3 | RESULTS

3.1 | Descriptive data
Table 1 shows participants’ characteristics and descriptive statistics
of the sample. Figure 1A shows the concentration of apoE4 protein
on the x-axis and cognitive performance (as a composite Z-score) on
the y-axis. According to the cutoff of 30,000 pg/mL established in
the prior genetic validation of a subsample,?° the specific binding of
the apoE4 protein was detected in 28.4% of participants, highly con-
sistent with the allelic frequency of the APOE ¢4 in large European
studies.?? Figure 1B shows the same data as in 1A, but with cognitive
performance averaged across the group of individuals without specific
binding of the apoE4 protein and in bins of increasing apoE4 concen-
tration (N = 100) for the group in which the specific binding of the
apoE4 protein was detected. The horizontal lines in Figure 1A indicate
the sample mean cognitive performance at O and a cutoff for cognitive
impairment at —1.5 SD below the sample mean. 8% of the sample were
categorized as “impaired” by the 1.5 SD criterion.

Next, the raw data shown in Figure 1 were entered in weighted
regression analyses to estimate group differences (specific binding of

the apoE4 protein detected vs. not detected) and effects of level in

the group with detected specific binding, weighted and adjusted for
demographic, health and lifestyle variables, and other covariates of no

interest.

3.2 | Associations of apoE4 binding with cognition
The first weighted binomial model indicated that unspecific versus spe-
cific binding of the apoE4 protein (= apoE4 stats 1, 0) is associated
with increased odds of global cognitive impairment (odds ratio [OR]:
1.57, 95% confidence interval [Cl] = 1.09-2.27, p < 0.05, model 1a),
particularly in the oldest age group (OR: 1.04, 95% Cl = 1.00-1.09,
p < 0.05, model 1b and Figure 2A), consistent with the literature on
APOE ¢4 genotype and late-onset AD.*! Complete results are reported
in Table 2.

The regression models’ variance inflation factors were below 5,
indicating no multi-collinearity between the predictor variables (Sup-
plementary S7; Results).

The (model-adjusted) mean performance on the individual cognitive
tests is shown in Figure 2, separately for the “Specific binding” and
“Unspecific binding” groups. For verbal fluency, the group difference
was not significant. The corresponding tables for the individual tests
and the global cognition composite score as a continuous outcome are

reported in Supplementary Results S4.

3.3 | ole of apoE4 level in individuals with
detected specific apoE4 protein binding

Within the group with detected apoE4 protein binding (n = 3564), a
one-unit increase in (log) protein level was associated with a decrease

in the odds of having global cognitive impairment (OR: 0.47, 95%
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TABLE 1 Sample characteristics.

Parameter Value
Age (years) 679 + 9.2
Sex (n, %)
Male 5099 (40.7%)
Female 7432 (59.3%)
Years of education? 115 + 43
IADLZA: no problems 11,535 (92%)
IADLZA: 1-3 impaired activities 916 (7.3%)
IADLZA: 4+ impaired activities 80 (0.6%)
Physical activity once a week or more 6451 (51.4%)
Social activities at least every week 4210 (33.6%)
Body mass index (kg/m?) 268 + 4.6
Self-reported medical conditions
Depressive symptoms” 3317 (26.4%)
High cholesterol 3191 (25.4%)
Hypertension 5272 (42%)
1-3scorein CVR 2993(23.8%)
Current medication
Hypertensive medication 5687 (45.3%)
Heart medication 1201 (9.5%)
Diabetes medication 1453 (11.5%)
Join pain medication 2080 (16.5%)
Pain medication 1719 (13.7%)
Sleep medication 1027 (8.1%)

Antidepressive medication 886 (7%)
Anti-inflammatories 388 (3%)
(

High cholesterol medication 3193 (25.4%)

Country
Israel 264 (2.1%)
Spain 440 (3.5%)
Greece 312(2.5%)
Italy 640 (5.1%)
Switzerland 1131 (9.0%)
France 162 (1.3%)
Slovenia 880 (7.0%)
Belgium 1649 (13.2%)
Germany 1385 (11.0%)
Denmark 1937 (15.5%)
Estonia 2341 (18.7%)
Sweden 1391 (11.1%)

Notes: N = 12,532. Data are presented as means + standard deviations or
number (%).

Abbreviations: CVR, cardiovascular risk index: stroke, diabetes, heart dis-
ease; IADLZA, Instrumental Activities of Daily Living score.

an = 12,448 (475 missing cases).

bn = 12,448 (83 missing cases).

Cl = 0.26-0.85, p < 0.05. Table 3). This effect is equivalent to an
adjusted OR that suggests a 33.1% decrease in the likelihood of an
increase of 1 SD on the protein level (i.e., a protective effect of higher
levels). This is, in turn, comparable to the effect of approximately —2
years of age in the same model.

Since the plot of the raw data in Figure 1A, B suggests that the pro-
tective effect is not linear throughout the group with specific binding,
we fitted separate regressions for log(apoE4) versus the cognitive per-
formance Z-score on each side of a median split on apoE4 level. While
the regression without covariates was highly positive for the individu-
als below the median (8 = 0.24; p < 0.01), after accounting for sample
weights and covariates age, sex, education, country, and wave of par-
ticipation, the effect was reduced to a trend (8 = 0.13; p = 0.08). In
contrast, for individuals with apoE4 levels above the median, the asso-
ciation was not significant before or after adding covariates (ps > 0.3).
The median apoE4 in the detected group was at 183,713 pg/mL (cf.
Figure 1B for the raw data).

Taken together with the group comparison reported in Section 3.2,
this suggests that having the apoE4 protein, as indicated by specific
binding (apoE4 protein level > 30,000 pg/mL), is a risk factor for cog-
nitive impairment. This is in line with literature on the carriage of the
APOE-¢4 allele.2 However, in those who have the apoE4 protein, high
levels of the protein protect the carrier from the risk for low cognitive
performance.

The final set of analyses explored predictors of apoE4 levels. The
intake of medication against hypertension was associated with lower
levels of the apoE4 protein (3 = —0.11; p < 0.05. Complete results in
Supplementary S8).

To note, in unweighted multiple regression models, additional vari-
ables (age, sex, BMI, diabetes, and high cholesterol) were also sig-
nificant predictors of apoE4 levels (see Supplementary S5; Table 3;
Results). Since sampling weights are used to correct for biases in the
cohort composition and provide accurate population estimates, the
results from unweighted regressions are not interpreted further.

4 | DISCUSSION

Animal42 and human®192243 stydies have demonstrated a corre-
spondence between APOE ¢4 allele and circulating apoE4 levels, that
is, only individuals with at least one ¢4 allele express apoE4 that is
detected by blood assays. Building on this prior knowledge, SHARE
Wave 6 employed a multiplex sandwich immunoassay to detect the cir-
culating apoE4 isoform in DBS samples. Our prior work in a subsample
of the current study showed that levels higher than 30,000 pg/mL can
be labeled as “specific binding detected” and are a highly reliable proxy
for carrying at least one APOE ¢4 allele.?° Using this cutoff, and in line
with the genetic literature,? the group with detected apoE4 protein-
specific binding had a 57% higher risk of a global cognitive impairment,
captured by a binarized composite score based on available cogni-
tive assessment from SHARE. Thus, the first major contribution of
the current population study is to demonstrate that the detection

of circulating apoE4 above a level of 30,000 pg/mL, assessed from
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FIGURE 2 Comparison of cognitive performance by apolipoprotein E4 (apoE4) protein status. Top left: Odds ratios for cognitive impairment
(1,0) in relation to apoE4 status (1,0) are pronounced in the oldest group. Other panels: Means and SE for performance on the individual tests, used
as continuous outcome variables. Means are based on residuals from the regression adjusted for all covariates. The corresponding tables are in the
Supplementary Results S4.

TABLE 2 Association between detection of apoE4 specific binding in DBS and cognitive status.

Model Outcome Predictors OR 95% ClI
la Global cognitive Detected apoE4 specific binding 1.50 1.05-2.13*
impairment Age 1.08 1.06-1.08"

Years of education 0.86 0.82-0.90*
Female sex 1.32 0.91-191ns
IADLZA score 181 1.33-2.46*
Social activities 0.63 0.42-0.94*
Depressive symptoms 1.74 1.24-2.43**
Physical activity 0.77 0.51-1.15ns
BMI 0.79 0.55-1.13nss
CVRrrisk score 0.68 0.40-1.15ns.
Sleep medication 0.38 0.20-0.69*
Other medical conditions (depression, high 0.62-1.15 0.28-3.18 n.s.

cholesterol, hypertension)

Other medications: (cholesterol, hypertension, 1.09-1.43 0.56-2.30n.s
heart diseases, depression, diabetes, join pain,
anti-inflammatories)

1b Detected ApoE4 specific binding x Age 1.03 1.00-1.07**

Notes: Demographic, lifestyle, and health-related predictors are included in each model but only listed once for model 1a. All models controlled for country
and number of waves of participation as covariates of no interest. All observations were weighted by the inverse of its probability of being sampled.
Abbreviations: apoE4, apolipoprotein E4; BMI, body mass index; Cl, confidence intervals; CVR, cardiovascular risk; IADLZA, Instrumental Activities of Daily
Living score; n.s., not significant; OR, odds ratio.

*p <0.05;**p <0.01; ***p <0.001.N = 12,532.

85UB017 SUOWILLIOD BAINRID 3ot dde 8y} Aq peuipAob 812 S9fo1e YO 9SN J0 S9IN1 10} Akeiq1 8UIIUO AS]IA UO (SUONIPUOD-PUE-SWLBIALIY"AB | 1M Aleq 1 put|uo//:Sdny) SUORIPUOD pue swie | 841 89S *[5202/20/LT] U0 ARiq1T8ul|uo AB|IM 'UsyouN | Jusmsspung Bp IS AN Ad 12z T Z[B/200T OT/I0p/W0d’ A3 1M Areiq1jeuluo's feuino -z e/ :sdny wouy pepeojumod ‘TT ‘v202 '6.2525ST



se0 | Alzheimer’s &Dementia’

DEZA-LOUGOVSKI ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

TABLE 3 Cognitive status within the group of individuals with detected apoE4 specific binding.

Outcome Predictors

Global cognitive
impairment

Log ApoE4 level

Age

Years of education
Female sex

IADL

Social activities
Depressive symptoms
Physical activity

BMI

CVRrrisk score

Sleep medication

Other medical conditions (depression, high cholesterol,

hypertension)

Other medications: (cholesterol, hypertension, heart

OR 95% ClI

0.47 0.26-0.84*
1.14 1.10-1.17**
0.86 0.80-0.92***
0.97 0.54-1.73ns
211 1.50-2.95***
0.42 0.22-0.77**
1.53 0.87-2.69 ns.
0.89 0.37-2.13nss
0.96 0.88-1.03n.s
0.23 0.11-0.48 ns.
0.15 0.05-0.44"**
0.36-1.36 0.16-3.70nss.
0.78-2.28 0.14-5.58 n.s

diseases, depression, diabetes, join pain, anti-inflammatories)

Notes: Model controlled for country and number of waves of participation as covariates of no interest. All observations were weighted by the inverse of its

probability of being sampled.

Abbreviations: BMI, body mass index; Cl, confidence intervals; CVR, cardiovascular risk; IADL, instrumental activities of daily living; n.s., not significant; OR,

odds ratio.
*p <0.05;**p <0.01; ***p < 0.001. N = 3564.

DBS in a population-based survey, shows associations with cognition,
independent of other known risk factors of cognitive decline.

Using this grouping, future research may extend the results of
this study and examine the interaction of the apoE4 protein status,
obtained with our multiplex assay, with a host of other additional infor-
mation from the rich SHARE database, including childhood information
and longitudinal estimates of lifestyle and health-related variables.
Here, we also identified that the effects on cognition manifested itself
most clearly at very old age. These results are comparable to other
large genetic population-based studies, which show that the detrimen-
tal effects of the APOE ¢4 allele are only noted towards the end of the
sixth decade of life.344

In further analyses, utilizing the fact that apoE4 protein levels in
those with specific binding varied greatly among the 28.4% of individ-
uals who have it, we found that high apoE4 levels were protective of
global cognitive impairment. Inter-individual differences in apoE4 level
were, in turn, modulated by cardiovascular medications. To note, all the
models reported in this paper used weighted regressions, thereby con-
trolling, at least in part, for sampling bias that often impacts cognitive
aging research.*’

Previous work linking circulating apoE4 and cognition was con-
ducted mostly in small samples of patients and cognitively impaired
individuals and has vyielded conflicting results. For instance, some
studies reported negative repercussions for cognition with lower cir-
culating levels of apoE4.11434647 Other studies reported no change
or diagnostic significance for circulating apoE protein levels and its
different isoforms.2227:48

Although carriage of the APOE ¢4 allele generates a version of circu-
lating apoE with a shorter half-life, it is plausible that, in the group of
participants that express apoE4, higher levels are indicative of higher
total apoE protein, suggesting a benefit of high levels of apoE regard-
less its isoform. In this way, our findings align with the body of research
that has identified a general physiological protective function of the
apoE proteinitself 10.114749; higher levels of apoE indicate a potentially
more efficient lipid metabolism and better regulation, aggregation, and
clearance of AB deposition.’%°0 Dividing the data further by median
split, made possibly by our large sample size, suggested the protective
effect of high levels of plateaus. This might indicate that there is a limit
to a physiological advantage imparted by high levels of apoE or that
there are genetic combinations within the apoE4 group (e.g., homozy-
gous) that affect a general linear fit. Only future work that assesses
apoE4 level in relation to other isoforms will be able to address the
nature of these associations conclusively.

If lifestyle and health factors are associated with higher apoE4 lev-
els, this could explain why some individuals who carry one APOE ¢4
allele do not develop AD. To this end, we explored what potentially
modifiable factors are predictive of apoE4 level.

A significant predictor of lower levels of apoE4 in our study was the
self-reported intake of antihypertensive medication. This could reflect
an earlier doctor’s diagnosis of poor cardiovascular health that has
led to the prescription of medicine. In keeping with a link between
cardiovascular health and apoE levels, this may explain why physical
interventions seem to boost the effect of protein in the control of
hyperlipidemia.>>>2 However, we did not observe any effect of the

85UB017 SUOWILLIOD BAINRID 3ot dde 8y} Aq peuipAob 812 S9fo1e YO 9SN J0 S9IN1 10} Akeiq1 8UIIUO AS]IA UO (SUONIPUOD-PUE-SWLBIALIY"AB | 1M Aleq 1 put|uo//:Sdny) SUORIPUOD pue swie | 841 89S *[5202/20/LT] U0 ARiq1T8ul|uo AB|IM 'UsyouN | Jusmsspung Bp IS AN Ad 12z T Z[B/200T OT/I0p/W0d’ A3 1M Areiq1jeuluo's feuino -z e/ :sdny wouy pepeojumod ‘TT ‘v202 '6.2525ST



DEZA-LOUGOVSKI ET AL.

Alzheimer’s &Dementia® | 7e

measure of physical activity in apoE4 levels, perhaps due to the nature
of the self-reported variable for physical activity in this survey set-
ting. Moreover, SHARE does not have any measure of blood pressure
to confirm the medical diagnosis of the participants objectively. There-
fore, we are cautious in interpreting these findings further. Future
research should examine apoE4 blood levels as an additional outcome
of intervention trials that target cardiovascular and metabolic health
and examine whether apoE4 levels are amendable.

About the diagnostic value of our cognitive assessment: although
this specific battery has not been used in clinical settings, very sim-
ilar assessments have shown diagnostic value in large longitudinal
population studies.3233 Therefore, we are confident that our global
cognitive score captured, at least to some extent, the degree of
impairment of the respondents. The addition of variables account-
ing for the number of participation waves controlled for potential
effects of learning or repetition. By showing the feasibility of mon-
itoring cognition and apoE4 protein levels in large populations, our
study opens new avenues for the understanding of the ecologi-
cal variables that either contribute to or protect against cognitive
decline.

Finally, we stress the use of weighted regressions in this study.
The fact that other predictors (age, sex, BMI, high cholesterol), even
though biologically plausible, are significant predictors of apoE4 level
before but not after weighting, suggests that participation in this kind
of studies is likely not random but highly sensitive to selection issues,
which may be due to refusal to participate or differential survival
up to the moment of study initiation.*> For instance, APOE &4 carri-
ers older than 90 years old are a unique group to study resilience
factors,”® but it is unlikely that this age group is adequately repre-
sented in a population-based study.”* Weighted regressions attempt
to counteract this sampling bias.

Our study has some limitations. First, SHARE is a population-based
survey that collects medical information, mostly as self-reports. As
such, we acknowledge the lack of specificity of some responses that
would allow us to examine in detail how for example, estrogen?>
or statins against high cholesterol®® modulate the circulating levels
of apoE4. Second, although SHARE provides a rich set of variables
to explain different domains in our models, a more comprehensive
cognitive assessment would be beneficial to fully characterize the cog-
nitive status of the participants according to clinical guidelines like
mild cognitive impairment (MCI°7) and multiple domains. Further-
more, longitudinal observations may offer a fuller characterization
of the cognitive state of the respondents and should be considered
in future studies. Future work in animals is also needed to under-
stand the exact mechanisms by which circulating apoE4 levels and
brain apoE4 levels are related and influence cognition across the
lifespan.

In conclusion, our analysis from a large population-based study high-
lights blood apoE4 levels as a potentially modifiable risk factor for
cognitive impairment and could support the development of novel
strategies that target individuals who carry the APOE ¢4 risk gene
for AD.
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