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Abstract
Effects of statins over clinical changes in Alzheimer’s disease (AD) are usually non-significant, but epistatic interactions between
genetic variants involved in cholesterol metabolism could be important for such effects. We aimed to investigate whether LDLR
single-nucleotide polymorphisms rs11669576 (LDLR8), rs5930 (LDLR10), and rs5925 (LDLR13) are associated with cognitive
and functional changes in AD, while also considering APOE haplotypes and lipid-lowering treatment with lipophilic statins for
stratification. Consecutive outpatients with late-onset AD were screened with cognitive tests, while caregivers scored function-
ality and caregiver burden, with prospective neurotranslational correlations documented for 1 year. For 179 patients, minor allele
frequencies were 0.078 for rs11669576–A (14.5% heterozygotes), 0.346 for rs5930–A (42.5% heterozygotes), and 0.444 for
rs5925–C (56.4% heterozygotes), all in Hardy-Weinberg equilibrium; 134 patients had hypercholesterolemia, and 133 used
lipophilic statins. Carriers of rs11669576–G had faster cognitive decline, while functional decline was slower for carriers of
rs11669576–Awho used lipophilic statins.APOE-ε4 carriers who also carried rs5930–AA had improved caregiver burden, while
carriers of haplotypes that included rs5930–AG had worse cognitive and functional outcomes, though carriers of the A allele of
rs5930 had better cognitive and functional response to lipophilic statins. APOE-ε4 non-carriers who carried rs5925–TT had
slower cognitive decline, while lipophilic statins protected carriers of the other genotypes. We preliminarily conclude that
reportedly protective variants of LDLR and APOE against risk of AD also slowed cognitive decline, regardless of cholesterol
variations, while therapy with lipophilic statins might benefit carriers of specific genetic variants.
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Introduction

The brain has the richest availability of cholesterol in the hu-
man body, particularly due to its importance for both myelin
biosynthesis and synaptogenesis (Petek et al. 2018). In the
peripheral blood, accumulating evidence shows that lipid pro-
file variations are genetically mediated, though intimately as-
sociated with Alzheimer’s disease (AD) onset (De Oliveira
et al. 2014b) and progression (De Oliveira et al. 2015b) when
in combination with other cerebrovascular risk factors.

The apolipoprotein E is the primary cholesterol transporter
in the brain (Querfurth and LaFerla 2010); it is involved in
cholinergic dysfunction, atherogenesis, and amyloidogenesis,
while finding a strong affinity in the low-density lipoprotein
receptor within the central nervous system (Oliveira et al.
2017). APOE-ε4 is the most important genetic risk factor for
incidence (Smith 1999) and earlier onset of late-onset AD (De
Oliveira et al. 2014b), despite also affecting behavioral

* Fabricio Ferreira de Oliveira
fabricioferreiradeoliveira@hotmail.com

Elizabeth Suchi Chen
eschen@unifesp.br

Marilia Cardoso Smith
macsmith@unifesp.br

Paulo Henrique Ferreira Bertolucci
bertolucci.paulo@unifesp.br

1 Department of Neurology and Neurosurgery, Escola Paulista de
Medicina, Federal University of São Paulo (UNIFESP), Sao
Paulo, SP, Brazil

2 Department of Morphology and Genetics, Escola Paulista de
Medicina, Federal University of São Paulo (UNIFESP), Sao
Paulo, SP, Brazil

https://doi.org/10.1007/s12031-020-01588-7

/ Published online: 31 May 2020

Journal of Molecular Neuroscience (2020) 70:1574–1588

http://crossmark.crossref.org/dialog/?doi=10.1007/s12031-020-01588-7&domain=pdf
https://orcid.org/0000-0002-8311-0859
https://orcid.org/0000-0002-3573-0164
https://orcid.org/0000-0002-1441-1033
https://orcid.org/0000-0001-7902-7502
mailto:fabricioferreiradeoliveira@hotmail.com


performance (Oliveira et al. 2017) and effects of cerebrovas-
cular risk factors over clinical changes, particularly consider-
ing lipid profile variations (De Oliveira et al. 2017). However,
APOE-ε4 carrier status is not required or sufficient for devel-
opment of the disease (Smith 1999), possibly due to variable
expressivity caused by other genetic factors, such as the
TOMM40 poly-T polymorphisms linked to APOE (Roses
2010); actually, genetic heterogeneity causes opposite effects
of APOE-ε4 alleles in early-onset and late-onset AD (De Luca
et al. 2016). Furthermore, APOE-ε4 alleles do not affect cog-
nitive or functional response to lipophilic statins by them-
selves (De Oliveira et al. 2017), but other genetic variants
could be important for such effects.

The amyloid-β-induced increase in astrocytic expression
of APOE is mediated by the low-density lipoprotein receptor
(Oliveira et al. 2017), whereas storage and transport of cho-
lesterol depend upon the expression of LDLR, consisting of 18
exons spanning 45 kb in a region linked to AD; rs11669576
(Yan et al. 2014), rs5930, and rs5925 (Gopalraj et al. 2005)
are the most important genetic variants of the epidermal
growth factor precursor homology domain of LDLR to be
associated with dysfunctional cholesterol metabolism and var-
iability in the risk of AD (Oliveira et al. 2017). The LDLR
gene resides within ∼ 1 cM (1 Mb) of a strong APOE-inde-
pendent linkage signal in 19p13.3 and is an interesting AD
candidate because it encodes an apolipoprotein E receptor
(with the apolipoprotein E2 isoform having the weakest bind-
ing to the low-density lipoprotein receptor at less than 2%
relative to the E3 and E4 isoforms) (Leon et al. 2018) and is
pathogenetically involved in cholesterol homeostasis and re-
sponse to statins (Cacabelos et al. 2016).

Most well-designed studies show no adverse effects of
statins on cognition, but evidence of benefits of statin therapy
over clinical changes in AD is usually non-significant
(McGuiness et al. 2014). Statins could benefit these patients
by lowering cholesterol levels, but also by the following alter-
native mechanisms: their anti-oxidant, anti-thrombotic, and
vasodilatory properties (Loera-Valencia et al. 2019); neuro-
protective effects that reduce production of amyloid-β while
boosting the activity of the α-secretase and stimulating the
non-amyloidogenic pathway of the amyloid precursor protein
(Petek et al. 2018); and degradation of amyloid-β when stim-
ulating the release of the insulin-degrading enzyme (which
degrades insulin and amyloid-β) from microglia (Ozudogru
and Lippa 2012) and increasing the secretion of neprilysin
(another amyloid-β-degrading enzyme) from astrocytes inde-
pendently of cholesterol-lowering effects (Yamamoto et al.
2016).

Most genome-wide association studies have not supported
the role of LDLR genotypes as risk factors for late-onset AD,
though their effects could be mediated via epistatic interac-
tions with other variants of risk, such as APOE haplotypes.
Correlations of clinical response with genetic data might

explain the diversity of results in studies of lipophilic statin
therapy in AD. In this preliminary observational translational
study, we aimed to investigate whether LDLR gene polymor-
phisms rs11669576 (LDLR8), rs5930 (LDLR10), and rs5925
(LDLR13) are associated with cognitive and functional
changes in patients with AD, while also taking APOE haplo-
types and lipid-lowering treatment with lipophilic statins into
account for stratification.

Methods

Participants and Clinical Assessment

In this uncontrolled cohort, consecutive outpatients with late-
onset AD according to National Institute on Aging–
Alzheimer’s Association criteria (Sperling et al. 2011) were
prospectively recruited from November 2010 to May 2014 at
the Behavioral Neurology Section of Hospital São Paulo,
Federal University of São Paulo (UNIFESP). Each patient
was followed for 1 year, and all patients had a magnetic res-
onance exam to evaluate either medial parietal or medial, bas-
al or lateral temporal atrophy or, in cases of claustrophobia or
use of pacemakers, a computed tomography scan to exclude
vascular lesions. Late-onset AD was considered when the de-
mentia syndrome began after patients turned 60 years old (De
Oliveira et al. 2014b).

After diagnostic confirmation, all patients had at least three
yearly consultations; in the first one, they were evaluated for
sex, schooling, and estimated age at dementia onset, while
lipid profile evaluations and assessments of pharmacological
therapy (use of lipid-lowering drugs, cholinesterase inhibitors,
and/or Memantine) were conducted in all consultations.
Information concerning age at dementia onset was determined
following a review of medical records for cognitive and func-
tional decline and confirmed after an interview with the care-
giver, who should have frequent visits with the patient (pref-
erably a family member), so that patients with mild cognitive
impairment would not be included (Grundman et al. 2004).
Diagnosis of hypercholesterolemia was based on the results of
blood tests, while specific guidelines (Grundy et al. 2004)
were employed for its management. Essentially, goals of total
cholesterol and LDL-cholesterol were based on the presence
or not of coronary heart disease, clinical manifestations of
non-coronary forms of atherosclerotic disease, diabetes
mellitus, and other vascular risk factors in general. Unless
the 10-year estimated coronary heart disease risk was higher
than 10%, drug therapy was introduced only if lifestyle ther-
apy was unsuccessful after 3 months. Non-pharmacological
recommendations including body weight control, regular
physical activity, dietary therapy, and smoking cessation were
simultaneously employed, whereas pharmacological therapy
would be discontinued in case of side effects. All efforts were
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directed to control hypercholesterolemia for all patients rather
than just lowering cholesterol levels. Participation of each
patient was concluded when follow-up completed 1 year.

All participants were prospectively evaluated by way of the
Mini-Mental State Examination (MMSE) (Bertolucci et al.
1994) and a 15-item Clock Drawing Test (free drawing)
(CDT) (De Oliveira et al. 2015a), while their caregivers were
queried for scores on the Index of Independence in Activities
of Daily Living (ADL) (Katz and Akpom 1976), Lawton’s
Scale for Instrumental Activities of Daily Living (IADL)
(Lawton 1988), the Clinical Dementia Rating sum-of-boxes
(CDR-SOB) (Lima et al. 2017), and the Brazilian Version of
the Zarit Caregiver Burden Interview (Zarit) (Taub et al.
2004). Scoring guidelines for these tests have been previously
described (De Oliveira et al. 2015a); essentially, cognition and
functionality are usually correlated, while caregiver burden is
more affected by behavioral features. All assessments were
conducted on weekdays at morning time, by the same exam-
iner (FFO). For statistics, only the baseline and the final scores
were taken into account.

Genotyping Procedures

After blood was collected from all patients in tubes with eth-
ylenediaminetetraacetic acid 0.1%, genomic DNA was ex-
tracted using a standard salting-out procedure for determina-
tion of rs11669576, rs5930, rs5925, rs7412, and rs429358 by
way of real-time polymerase chain reactions using TaqMan®
SNP Genotyping Assays on the Applied Biosystems 7500
Fast Real-Time PCR System (Applied Biosystems®, USA),
following the standard protocols of the manufacturer. After
APOE haplotypes were determined by genotypes of rs7412
and rs429358, the presence of LDLR genotypes of
rs11669576, rs5930, or rs5925, or their represented haplo-
types, was correlated with lipid-lowering therapy using lipo-
philic statins. All genotyping procedures were carried out only
after clinical data were collected from all patients.

Outcome Measures

The main outcome measure was the score variation in 1 year
regarding cognition (CDT, MMSE), functionality (ADL,
IADL), global ratings (CDR-SOB), or caregiver burden
(Zarit), taking into account the following independent vari-
ables: use of a lipophilic statin and LDLR genotypes or hap-
lotypes. When the impacts of lipophilic statin therapy or
LDLR genotypes were measured, patients were divided into
groups of APOE-ε4 carriers or APOE-ε4 non-carriers.

Statistical Analyses

Paired Student’s t test was employed for yearly variations of
weight, total cholesterol, and test scores (taking baseline and

final scores after 1 year into account). The Hardy-Weinberg
equilibrium for LDLR genotypes was estimated by way of the
Chi-square test. A general linear model with post hoc
Hochberg’s GT2, separately for APOE-ε4 carriers and for
APOE-ε4 non-carriers, was employed for test score variations
in 1 year, according to LDLR genotypes or haplotypes and use
or not of a lipophilic statin. The general linear model was
adjusted for sex, years of schooling, age, estimated length of
the dementia syndrome, total cholesterol, and weight varia-
tions in 1 year. Univariate analyses disclosed the effects of
genetic variants over each test score variation regardless of
pharmacological treatment, while multivariate analyses
showed results of interactions between genetic variants and
use or not of lipophilic statins. The threshold of significance
was set at p < 0.05.

Results

By the end of the recruitment, 216 patients had been included.
During follow-up, 15 patients (6.9%) passed away, and 9 pa-
tients (4.2%) abandoned the study; at the end, other 13 pa-
tients (6.0%) had to be excluded due to insufficient clinical
data, resulting in a final sample of 179 patients.

Table 1 shows clinical and demographic results for all pa-
tients. Almost 94% of them used a cholinesterase inhibitor
during the study, while almost 75% used a lipophilic statin
(Atorvastatin, a synthetic statin, or Simvastatin, a natural one)
as lipid-lowering therapy (Maxwell et al. 2017). All patients
who used Ezetimibe were also treated with a statin. Weight
and levels of total cholesterol were significantly lowered after
1 year. Significant changes were found for most test scores,
except for the Zarit.

Table 2 shows genetic frequencies for the final sample.
Minor allele frequencies were 0.078 for rs11669576 (A),
0.346 for rs5930 (A), and 0.444 for rs5925 (C). All single-
nucleotide polymorphisms were in Hardy-Weinberg equilib-
rium. Of 27 possible LDLR haplotypes, 21 were represented in
the sample.

Table 3 shows test score variations according to genetic
variants only. APOE-ε4 non-carriers who carried rs5930-AG
had faster worsening of CDR-SOB scores, while those who
carried rs5925-TT had slower worsening of MMSE scores.
APOE-ε4 carriers who carried rs5930-AA had improved care-
giver burden.

Table 4 shows that lipophilic statins protected non-carriers
of rs11669576-GG against functional decline: a slower wors-
ening of instrumental functionality was observed for
APOE-ε4 carriers who also carried rs11669576-AG, while a
slower worsening of basic functionality and CDR-SOB scores
was observed for APOE-ε4 non-carriers who also carried
rs11669576-AG; the AA genotype was underrepresented in
the sample. Table 5 shows that lipophilic statins were harmful
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regarding caregiver burden for APOE-ε4 carriers who also
carried rs5930-AA, while marginally significant effects to-
ward slower cognitive decline were observed for non-
carriers of rs5925-TT.

Table 6 shows LDLR haplotype effects for the entire sam-
ple. Carriers of rs11669576-AG/rs5930-AG had better out-
comes regarding instrumental functionality when using

lipophilic statins. Carriers of rs11669576-GG/rs5930-AA
had better outcomes regarding MMSE and CDR-SOB scores
when using lipophilic statins and caused lower caregiver bur-
den even when not using lipophilic statins. Carriers of
rs11669576-GG/rs5930-AG had worse outcomes regarding
CDT and CDR-SOB scores and also regarding MMSE scores
mostly when not using lipophilic statins. Carriers of rs5930-

Table 1 Demographic and clinical results

Assessed factors, n = 179 n (%) Mean ± SD pa

Sex Women 124 (69.3%) – –

Men 55 (30.7%) – –

Schooling – 4.30 ± 3.7 years –

Estimated age at dementia onset – 72.78 ± 6.5 years old –

Age at inclusion in the study – 77.80 ± 5.9 years old –

Length of dementia at inclusion in the study – 2.95 ± 2.3 years –

Weight Baseline values – 62.79 ± 12.4 kgf p < 0.0001
Final values – 61.32 ± 13.2 kgf

Variation – − 1.47 ± 5.2 kgf –

Diabetes mellitus 49 (27.4%) – –

Hypercholesterolemia 134 (74.9%) – –

Lipid-lowering therapy Atorvastatin 13 29.23 ± 23.6 mg/day –

Rosuvastatin 1 10.00 ± 0.0 mg/day –

Simvastatin 120 18.25 ± 9.0 mg/day –

Ezetimibe 3 10.00 ± 0.0 mg/day –

Total cholesterol Baseline values – 198.90 ± 47.1 mg/dl p < 0.0001
Final values – 182.34 ± 39.0 mg/dl

Variation – − 16.56 ± 36.8 mg/dl –

Use of a cholinesterase inhibitor 168 (93.9%) – –

Use of Memantine 134 (74.9%) – –

Clinical Dementia Rating sum-of-boxes (0.0–18.0 points) Baseline scores – 10.13 ± 3.8 p < 0.0001
Final scores – 11.69 ± 4.0

Variation – 1.55 ± 2.5 –

Index of Independence in
Activities of Daily Living (0–6 points)

Baseline scores – 5.04 ± 1.5 p < 0.0001
Final scores – 4.47 ± 2.0

Variation – − 0.57 ± 1.5 –

Lawton’s Scale for Instrumental
Activities of Daily Living (9–27 points)

Baseline scores – 13.94 ± 4.7 p < 0.0001
Final scores – 12.34 ± 4.1

Variation – − 1.61 ± 3.0 –

Clock Drawing Test (0–15 points) Baseline scores – 6.31 ± 4.5 p = 0.023
Final scores – 5.83 ± 4.7

Variation – − 0.48 ± 2.8 –

Mini-Mental State
Examination (0–30 points)

Baseline scores – 15.57 ± 5.5 p < 0.0001
Final scores – 14.31 ± 6.3

Variation – − 1.26 ± 3.1 –

Brazilian Version of the Zarit
Caregiver Burden Interview (0–56 points)

Baseline scores – 15.47 ± 9.8 p = 0.902
Final scores – 15.55 ± 10.4

Variation – 0.08 ± 8.4 –

SD standard deviation
a Paired Student’s t test for baseline scores and final scores after 1 year

Significant values are outlined in italics
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Table 2 Genetic results
Genotypes and haplotypes, n = 179 n (%) pa

APOE haplotypes APOE-ε4 carriers, n = 96 ε4/ε4 21 (11.7%) –

ε4/ε3 68 (38.0%) –

ε4/ε2 7 (3.9%) –

APOE-ε4 non-carriers, n = 83 ε3/ε3 76 (42.5%) –

ε3/ε2 7 (3.9%) –

ε2/ε2 0 (0.0%) –

(LDLR8): rs11669576 genotypes APOE-ε4 carriers, n = 96 AA 1 (0.6%) p = 0.922
AG 18 (10.0%)

GG 77 (43.0%)

APOE-ε4 non-carriers, n = 83 AA 0 (0.0%)

AG 8 (4.5%)

GG 75 (41.9%)

(LDLR10): rs5930 genotypes APOE-ε4 carriers, n = 96 AA 13 (7.2%) p = 0.405
AG 41 (22.9%)

GG 42 (23.5%)

APOE-ε4 non-carriers, n = 83 AA 11 (6.2%)

AG 35 (19.5%)

GG 37 (20.7%)

(LDLR13): rs5925 genotypes APOE-ε4 carriers, n = 96 CC 14 (7.8%) p = 0.056
CT 53 (29.6%)

TT 29 (16.2%)

APOE-ε4 non-carriers, n = 83 CC 15 (8.4%)

CT 48 (26.8%)

TT 20 (11.2%)

LDLR haplotypes rs11669576 AA/rs5930 GG 1 (0.6%) –

rs11669576 AA/rs5925 TT 1 (0.6%) –

rs11669576 AG/rs5930 AG 9 (5.0%) –

rs11669576 AG/rs5930 GG 17 (9.5%) –

rs11669576 AG/rs5925 CC 1 (0.6%) –

rs11669576 AG/rs5925 CT 13 (7.3%) –

rs11669576 AG/rs5925 TT 12 (6.7%) –

rs11669576 GG/rs5930 AA 24 (13.4%) –

rs11669576 GG/rs5930 AG 67 (37.4%) –

rs11669576 GG/rs5930 GG 61 (34.1%) –

rs11669576 GG/rs5925 CC 28 (15.6%) –

rs11669576 GG/rs5925 CT 88 (49.1%) –

rs11669576 GG/rs5925 TT 36 (20.1%) –

rs5930 AA/rs5925 CT 7 (3.9%) –

rs5930 AA/rs5925 TT 17 (9.5%) –

rs5930 AG/rs5925 CC 5 (2.8%) –

rs5930 AG/rs5925 CT 53 (29.6%) –

rs5930 AG/rs5925 TT 18 (10.0%) –

rs5930 GG/rs5925 CC 24 (13.5%) –

rs5930 GG/rs5925 CT 41 (22.9%) –

rs5930 GG/rs5925 TT 14 (7.8%) –

APOE apolipoprotein E gene, LDLR low-density lipoprotein cholesterol receptor gene
a Hardy-Weinberg equilibrium (Chi-square test)
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GG/rs5925-TT had increasing MMSE scores when not using
lipophilic statins, but better CDT scores particularly when
using lipophilic statins. Carriers of rs5930-AG/rs5925-CC
had worse functionality when not using lipophilic statins.
Carriers of rs11669576-GG/rs5925-TT and rs5930-AA/
rs5925-TT caused lower caregiver burden mostly when not
using lipophilic statins.

According to MMSE scores, carriers of rs11669576-GG/
rs5925-CT (p = 0.042) and rs5930-AG/rs5925-CT (p = 0.029)
had faster cognitive decline, while carriers of rs5930-AA/
rs5925-CT (p = 0.033) had slower cognitive decline, regard-
less of use of lipophilic statins.

Graphical representations of the most significant results of
the analyses are illustrated in Fig. 1; each graph represents test
score variations in 1 year according to specific genotypes and
pharmacological treatment. Figure 2 shows the mechanisms
underlying the bound ligand of apolipoprotein E4 to the low-
density lipoprotein receptor.

Discussion

Conventional treatment for AD is still based on cholinesterase
inhibitors and Memantine (De Oliveira et al. 2014a).

Table 3 Effects of genetic variants over test score variations in 1 year independently of pharmacological treatment

Genotypes CDR-SOB
variations

ADL variations IADL variations MMSE variations CDT variations Zarit variations

Mean ±
SD

pa Mean ± SD pa Mean ± SD pa Mean ± SD pa Mean ± SD pa Mean ± SD pa

rs11669576
genotypes
(APOE-ε4
carriersb)

AA 2.00 ± 0.0 0.411 − 2.00 ± 0.0 0.234 − 2.00 ± 0.0 0.921 − 4.00 ± 0.0 0.282 0.00 ± 0.0 0.664 6.00 ± 0.0 0.387

AG 1.89 ± 2.6 0.616 − 0.44 ± 1.6 0.218 − 1.11 ± 3.1 0.890 − 1.56 ± 3.6 0.270 0.28 ± 2.8 0.932 0.94 ± 6.4 0.600

GG 1.36 ± 2.5 0.254 − 0.61 ± 1.6 0.798 − 2.09 ± 3.1 0.877 − 1.40 ± 3.2 0.847 − 1.04 ± 3.0 0.203 − 1.21 ± 7.7 0.228

rs11669576
genotypes
(APOE-ε4
non--
carriersc)

AA – – – – – – – – – – – –

AG 0.56 ± 3.2 0.272 − 0.50 ± 1.9 0.680 − 1.87 ± 2.1 0.637 − 0.75 ± 2.1 0.407 0.25 ± 1.6 0.430 − 1.00 ± 5.3 0.485

GG 1.77 ± 2.3 0.272 − 0.55 ± 1.5 0.680 − 1.20 ± 3.0 0.637 − 1.07 ± 3.0 0.407 − 0.17 ± 2.6 0.430 1.23 ± 9.8 0.485

rs5930
genotypes
(APOE-ε4
carriersb)

AA 0.15 ± 2.5 0.144 − 0.15 ± 1.3 0.145 − 1.62 ± 3.0 0.102 0.31 ± 2.9 0.326 − 0.31 ± 3.2 0.465 − 5.85 ± 10.6 0.001

AG 1.59 ± 2.4 0.384 − 0.51 ± 1.6 0.411 − 1.49 ± 2.5 0.373 − 1.93 ± 2.9 0.136 − 0.90 ± 2.8 0.767 0.54 ± 5.2 < 0.001

GG 1.75 ± 2.5 0.386 − 0.81 ± 1.6 0.349 − 2.40 ± 3.6 0.271 − 1.55 ± 3.6 0.410 − 0.81 ± 3.2 0.520 − 0.38 ± 7.7 0.417

rs5930
genotypes
(APOE-ε4
non--
carriersc)

AA 0.77 ± 2.2 0.379 − 0.27 ± 0.9 0.856 − 0.09 ± 3.0 0.806 0.18 ± 2.0 0.686 − 0.27 ± 1.7 0.462 − 4.00 ± 11.9 0.123

AG 2.47 ± 2.5 0.021 − 0.91 ± 1.9 0.318 − 2.11 ± 3.5 0.697 − 1.80 ± 3.1 0.227 − 0.54 ± 2.9 0.985 1.34 ± 9.1 0.150

GG 1.15 ± 2.2 0.523 − 0.27 ± 1.2 0.070 − 0.81 ± 2.0 0.327 − 0.68 ± 2.7 0.215 0.30 ± 2.3 0.243 2.19 ± 8.7 0.864

rs5925
genotypes
(APOE-ε4
carriersb)

CC 1.61 ± 1.9 0.237 − 0.79 ± 1.5 0.175 − 2.71 ± 3.2 0.075 − 1.93 ± 2.4 0.498 − 1.07 ± 2.9 0.206 0.57 ± 4.3 0.275

CT 1.58 ± 2.5 0.331 − 0.77 ± 1.7 0.805 − 2.02 ± 3.2 0.317 − 1.36 ± 3.4 0.630 − 0.75 ± 3.3 0.335 − 0.85 ± 7.3 0.700

TT 1.19 ± 2.6 0.711 − 0.17 ± 1.3 0.141 − 1.31 ± 2.7 0.258 − 1.41 ± 3.4 0.763 − 0.69 ± 2.4 0.624 − 1.14 ± 9.0 0.337

rs5925
genotypes
(APOE-ε4
non--
carriersc)

CC 1.80 ± 1.8 0.417 − 0.53 ± 0.8 0.866 − 1.33 ± 1.8 0.980 − 0.93 ± 3.2 0.192 − 0.33 ± 3.2 0.443 3.87 ± 6.3 0.134

CT 1.62 ± 2.5 0.310 − 0.60 ± 1.7 0.762 − 1.33 ± 3.4 0.641 − 1.46 ± 3.0 0.717 − 0.23 ± 2.4 0.758 1.60 ± 9.5 0.563

TT 1.62 ± 2.7 0.892 − 0.40 ± 1.5 0.889 − 1.05 ± 2.4 0.596 − 0.10 ± 2.4 0.030 0.25 ± 2.2 0.507 − 2.55 ± 10.6 0.184

CDR-SOB Clinical Dementia Rating sum-of-boxes, ADL Index of Independence in Activities of Daily Living, IADL Lawton’s Scale for Instrumental
Activities of Daily Living, MMSE Mini-Mental State Examination, CDT Clock Drawing Test, Zarit Brazilian Version of the Zarit Caregiver Burden
Interview, SD standard deviation
a Inter-genotype comparisons (general linear model adjusted for sex, years of schooling, age, estimated length of the dementia syndrome, total choles-
terol, and weight variations in 1 year)
bAPOE-ε4 carriers (n = 96) = carriers of APOE-ε4/ε4, APOE-ε4/ε3 or APOE-ε4/ε2: for rs11669576 AA, n = 1; for rs11669576 AG, n = 18; for
rs11669576 GG, n = 77; for rs5930 AA, n = 13; for rs5930 AG, n = 41; for rs5930 GG, n = 42; for rs5925 CC, n = 14; for rs5925 CT, n = 53; for
rs5925 TT, n = 29
cAPOE-ε4 non-carriers (n = 83) = carriers of APOE-ε3/ε3 or APOE-ε3/ε2 (APOE-ε2/ε2 was not represented in this sample): for rs11669576 AG, n = 8;
for rs11669576 GG, n = 75; for rs5930 AA, n = 11; for rs5930 AG, n = 35; for rs5930 GG, n = 37; for rs5925 CC, n = 15; for rs5925 CT, n = 48; for
rs5925 TT, n = 20

Significant values are outlined in italics
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Pharmacogenetic studies are useful to identify genetic factors
that participate in the heterogeneity of response to convention-
al and unconventional drugs, thus leading to personalized
medicine (Park and Choi 2009). Considering the low cost
and the wide availability of lipophilic statins, the pharmaco-
genetic study of these drugs might be useful for healthcare
systems worldwide.

Significant findings from this cohort demonstrate that clin-
ical outcomes in patients with AD depend upon specific ge-
netic profiles, which may impact cognitive and functional re-
sponse to lipophilic statins. The G allele of rs11669576 usu-
ally led to faster cognitive decline, while lipophilic statins
protected carriers of the A allele against functional decline.
APOE-ε4 carriers who carried rs5930-AA had improved

caregiver burden, while carriers of haplotypes that included
rs5930-AG had mostly worse cognitive and functional out-
comes, but carriers of the A allele of rs5930 had better cogni-
tive and functional response to lipophilic statins. APOE-ε4
non-carriers who carried rs5925-TT had slower cognitive de-
cline, while lipophilic statins protected carriers of the other
genotypes. Some of these effects were boosted when haplo-
types were present to strengthen the actions of independent
genotypes or alleles.

We observed a significant difference between improvement in
caregiver burden for APOE-ε4 carriers who carried rs5930-AA
and the worsening caregiver burden of APOE-ε4 carriers who
carried the G allele of rs5930. On the other hand, APOE-ε4 non-
carriers who carried rs5930-AA also had improved caregiver

Table 4 Functional staging response to lipophilic statins in 1 year according to genotype frequencies for LDLR polymorphisms in APOE-ε4 carriers
and non-carriers

Genotypes CDR-SOB variations (mean ± SD) ADL variations (mean ± SD) IADL variations (mean ± SD)

Lipophilic
statin

No lipophilic
statin

pa Lipophilic
statin

No lipophilic
statin

pa Lipophilic
statin

No lipophilic
statin

pa

rs11669576 genotypes (APOE-ε4
carriersb)

AA 2.00 ± 0.0 – – − 2.00 ± 0.0 – – − 2.00 ± 0.0 – –

AG 1.79 ± 2.6 2.08 ± 2.7 0.675 − 0.17 ± 1.3 − 1.00 ± 2.0 0.291 − 0.17 ± 2.7 − 3.00 ± 3.2 0.035

GG 1.54 ± 2.5 0.91 ± 2.5 0.504 − 0.56 ± 1.5 − 0.73 ± 1.8 0.454 − 2.51 ± 3.3 − 1.05 ± 2.3 0.171

rs11669576 genotypes (APOE-ε4
non-carriersc)

AA – – – – – – – – –

AG − 0.90 ± 3.0 3.00 ± 1.7 0.029 0.60 ± 1.3 − 2.33 ± 1.2 0.015 − 1.40 ± 1.5 − 2.67 ± 3.1 0.586

GG 1.65 ± 2.5 2.27 ± 1.5 0.516 − 0.58 ± 1.5 − 0.40 ± 1.5 0.865 − 1.00 ± 3.0 − 2.00 ± 2.8 0.340

rs5930 genotypes (APOE-ε4
carriersb)

AA − 0.10 ± 2.4 1.00 ± 3.0 0.630 − 0.30 ± 1.3 0.33 ± 1.5 0.564 − 2.50 ± 2.8 1.33 ± 1.5 0.063

AG 1.84 ± 2.3 0.80 ± 2.4 0.361 − 0.45 ± 1.7 − 0.70 ± 1.3 0.545 − 1.32 ± 2.5 − 2.00 ± 2.5 0.368

GG 1.93 ± 2.4 1.43 ± 2.6 0.746 − 0.67 ± 1.4 − 1.07 ± 2.1 0.318 − 2.81 ± 4.0 − 1.67 ± 2.5 0.537

rs5930 genotypes (APOE-ε4
non-carriersc)

AA 0.28 ± 2.1 3.00 ± 0.0 0.186 − 0.33 ± 1.0 0.00 ± 0.0 0.915 0.78 ± 2.6 − 4.00 ± 1.4 0.053

AG 2.31 ± 2.8 3.00 ± 0.8 0.445 − 0.78 ± 1.9 − 1.37 ± 1.8 0.293 − 2.26 ± 3.7 − 1.62 ± 2.5 0.586

GG 1.02 ± 2.3 1.62 ± 2.0 0.837 − 0.28 ± 1.2 − 0.25 ± 1.3 0.932 − 0.45 ± 1.4 − 2.12 ± 3.2 0.188

rs5925 genotypes (APOE-ε4
carriersb)

CC 1.67 ± 0.6 2.40 ± 3.0 0.187 − 0.56 ± 1.2 − 1.20 ± 1.9 0.320 − 2.67 ± 3.5 − 2.80 ± 3.1 0.795

CT 1.72 ± 2.6 1.18 ± 2.5 0.472 − 0.64 ± 1.6 − 1.14 ± 2.1 0.297 − 2.15 ± 3.5 − 1.64 ± 2.5 0.811

TT 1.52 ± 2.8 0.44 ± 2.2 0.370 − 0.25 ± 1.4 0.00 ± 0.9 0.757 − 1.70 ± 2.9 − 0.44 ± 2.2 0.549

rs5925 genotypes (APOE-ε4
non-carriersc)

CC 2.08 ± 1.9 0.67 ± 1.5 0.451 − 0.67 ± 0.9 0.00 ± 0.0 0.592 − 1.17 ± 1.8 − 2.00 ± 1.7 0.659

CT 1.32 ± 2.6 2.80 ± 1.6 0.122 − 0.55 ± 1.7 − 0.80 ± 1.7 0.557 − 1.05 ± 3.4 − 2.40 ± 3.1 0.215

TT 1.30 ± 3.1 2.60 ± 0.5 0.647 − 0.20 ± 1.4 − 1.00 ± 1.9 0.316 − 0.87 ± 2.4 − 1.60 ± 2.7 0.991

CDR-SOB Clinical Dementia Rating sum-of-boxes, ADL Index of Independence in Activities of Daily Living, IADL Lawton’s Scale for Instrumental
Activities of Daily Living, SD standard deviation
a General linear model adjusted for sex, years of schooling, age, estimated length of the dementia syndrome, total cholesterol, and weight variations in
1 year
bAPOE-ε4 carriers (n = 96) = carriers of APOE-ε4/ε4, APOE-ε4/ε3 or APOE-ε4/ε2: for rs11669576 AA (n = 1): 1 used a lipophilic statin; for
rs11669576 AG (n = 18): 12 used a lipophilic statin; for rs11669576 GG (n = 77): 55 used a lipophilic statin; for rs5930 AA (n = 13): 10 used a
lipophilic statin; for rs5930 AG (n = 41): 31 used a lipophilic statin; for rs5930 GG (n = 42): 27 used a lipophilic statin; for rs5925 CC (n = 14): 9 used
a lipophilic statin; for rs5925 CT (n = 53): 39 used a lipophilic statin; for rs5925 TT (n = 29): 20 used a lipophilic statin
cAPOE-ε4 non-carriers (n = 83) = carriers of APOE-ε3/ε3 or APOE-ε3/ε2 (APOE-ε2/ε2 was not represented in this sample): for rs11669576 AG (n =
8): 5 used a lipophilic statin; for rs11669576 GG (n = 75): 60 used a lipophilic statin; for rs5930 AA (n = 11): 9 used a lipophilic statin; for rs5930 AG
(n = 35): 27 used a lipophilic statin; for rs5930 GG (n = 37): 29 used a lipophilic statin; for rs5925 CC (n = 15): 12 used a lipophilic statin; for rs5925 CT
(n = 48): 38 used a lipophilic statin; for rs5925 TT (n = 20): 15 used a lipophilic statin

Significant values are outlined in italics
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burden in comparison to APOE-ε4 non-carriers who carried the
G allele of rs5930, but the differencewas non-significant. In view
of the fact that behavioral features tend to be more severe in
APOE-ε4 carriers (Oliveira et al. 2017), potentially affecting
caregiver burden, we conclude that the protective effect of
rs5930-AA could be observed more easily in these patients.

In line with our findings, the A alleles of rs11669576 and
rs5930 have usually been associated with prospectively im-
proved vascular profiles (De Oliveira et al. 2019) and less
behavioral symptoms in AD (Oliveira et al. 2017), possibly
attesting their protective roles in this dementia syndrome. Still,
the A allele of rs5930 and the T allele of rs5925 have been
associated with reduced odds of AD when represented in hap-
lotypes (Gopalraj et al. 2005).

Whereas APOE-ε4 non-carriers had more benefits from
lipophilic statins than APOE-ε4 carriers, APOE-ε4 alleles
have been strongly associated with both AD and vascular
dementia (Chapman et al. 1998). The apolipoprotein E pro-
motes the proteolytic degradation of amyloid-β (Jiang et al.
2008), more efficiently regarding the more lipidated E2 iso-
form and less efficiently regarding the less lipidated E4 iso-
form (Lee and Landreth 2010), though amyloidosis is report-
edly more important for cognitive decline than APOE-ε4 car-
rier status (Lim et al. 2012). Nevertheless, AD expression is
modulated byAPOE haplotypes, translated intoAPOE-depen-
dent cognitive and structural phenotypes (Morgen et al. 2013),
thus reaffirming the importance of sample stratification ac-
cording to APOE-ε4 carrier status.

Table 5 Cognitive and caregiver burden variation responses to lipophilic statins in 1 year according to genotype frequencies for LDLR polymorphisms
in APOE-ε4 carriers and non-carriers

Genotypes MMSE variations (mean ± SD) CDT variations (mean ± SD) Zarit variations (mean ± SD)

Lipophilic
statin

No lipophilic
statin

pa Lipophilic
statin

No lipophilic
statin

pa Lipophilic
statin

No lipophilic
statin

pa

rs11669576 genotypes
(APOE-ε4 carriersb)

AA − 4.00 ± 0.0 – – 0.00 ± 0.0 – – 6.00 ± 0.0 – –

AG − 1.83 ± 3.6 − 1.00 ± 3.8 0.630 0.75 ± 2.6 − 0.67 ± 3.1 0.478 0.58 ± 7.3 1.67 ± 4.6 0.898

GG − 1.16 ± 3.3 − 2.00 ± 3.0 0.354 − 1.04 ± 3.0 − 1.05 ± 3.1 0.824 − 0.89 ± 7.0 − 2.00 ± 9.2 0.542

rs11669576 genotypes
(APOE-ε4 non-carriersc)

AA – – – – – – – – –

AG − 0.20 ± 1.3 − 1.67 ± 3.2 0.636 0.00 ± 2.0 0.67 ± 0.6 0.874 − 0.20 ± 2.4 − 2.33 ± 9.0 0.684

GG − 0.85 ± 3.0 − 1.93 ± 3.0 0.127 − 0.12 ± 2.7 − 0.40 ± 2.3 0.484 1.35 ± 10.2 0.73 ± 8.3 0.552

rs5930 genotypes (APOE-ε4
carriersb)

AA 0.80 ± 2.3 − 1.33 ± 4.5 0.445 − 0.50 ± 3.7 0.33 ± 0.6 0.891 − 2.60 ± 6.7 − 16.67 ± 15.5 0.005

AG − 1.65 ± 3.1 − 2.80 ± 2.0 0.362 − 1.16 ± 2.5 − 0.10 ± 3.5 0.303 0.10 ± 5.4 1.90 ± 4.8 0.560

GG − 1.74 ± 3.7 − 1.20 ± 3.5 0.566 − 0.26 ± 3.3 − 1.80 ± 2.9 0.097 − 0.48 ± 8.7 − 0.20 ± 5.6 0.971

rs5930 genotypes (APOE-ε4
non-carriersc)

AA 0.33 ± 1.9 − 0.50 ± 3.5 0.398 − 0.11 ± 1.8 − 1.00 ± 1.4 0.663 − 3.89 ± 13.0 − 4.50 ± 7.8 0.847

AG − 1.56 ± 3.1 − 2.62 ± 3.3 0.342 − 0.56 ± 3.1 − 0.50 ± 2.4 0.803 1.67 ± 8.7 0.25 ± 11.1 0.576

GG − 0.45 ± 2.8 − 1.50 ± 2.7 0.402 0.31 ± 2.4 0.25 ± 2.0 0.817 2.41 ± 9.5 1.37 ± 4.7 0.579

rs5925 genotypes (APOE-ε4
carriersb)

CC − 1.89 ± 1.6 − 2.00 ± 3.6 0.880 0.00 ± 2.4 − 3.00 ± 2.9 0.056 0.56 ± 5.0 0.60 ± 3.1 0.968

CT − 0.92 ± 3.5 − 2.57 ± 2.8 0.161 − 0.72 ± 3.3 − 0.86 ± 3.5 0.945 − 1.36 ± 7.5 0.57 ± 6.8 0.526

TT − 1.85 ± 3.5 − 0.44 ± 3.2 0.279 − 1.00 ± 2.6 0.00 ± 1.8 0.469 0.60 ± 7.0 − 5.00 ± 11.9 0.065

rs5925 genotypes (APOE-ε4
non-carriersc)

CC − 0.75 ± 3.2 − 1.67 ± 3.8 0.449 − 0.17 ± 3.4 − 1.00 ± 2.6 0.578 4.00 ± 7.0 3.33 ± 3.2 0.804

CT − 1.08 ± 3.0 − 2.90 ± 2.6 0.071 − 0.26 ± 2.5 − 0.10 ± 2.4 0.888 1.76 ± 9.6 1.00 ± 9.4 0.636

TT − 0.13 ± 2.4 0.00 ± 2.7 0.981 0.33 ± 2.5 0.00 ± 1.2 0.586 − 2.33 ± 11.7 − 3.20 ± 7.6 0.807

MMSE Mini-Mental State Examination, CDT Clock Drawing Test, Zarit Brazilian Version of the Zarit Caregiver Burden Interview, SD standard
deviation
a General linear model adjusted for sex, years of schooling, age, estimated length of the dementia syndrome, total cholesterol and weight variations in
1 year
bAPOE-ε4 carriers (n = 96) = carriers of APOE-ε4/ε4, APOE-ε4/ε3 or APOE-ε4/ε2: for rs11669576 AA (n = 1): 1 used a lipophilic statin; for
rs11669576 AG (n = 18): 12 used a lipophilic statin; for rs11669576 GG (n = 77): 55 used a lipophilic statin; for rs5930 AA (n = 13): 10 used a
lipophilic statin; for rs5930 AG (n = 41): 31 used a lipophilic statin; for rs5930 GG (n = 42): 27 used a lipophilic statin; for rs5925 CC (n = 14): 9 used
a lipophilic statin; for rs5925 CT (n = 53): 39 used a lipophilic statin; for rs5925 TT (n = 29): 20 used a lipophilic statin
cAPOE-ε4 non-carriers (n = 83) = carriers of APOE-ε3/ε3 or APOE-ε3/ε2 (APOE-ε2/ε2 was not represented in this sample): for rs11669576 AG (n =
8): 5 used a lipophilic statin; for rs11669576 GG (n = 75): 60 used a lipophilic statin; for rs5930 AA (n = 11): 9 used a lipophilic statin; for rs5930 AG
(n = 35): 27 used a lipophilic statin; for rs5930 GG (n = 37): 29 used a lipophilic statin; for rs5925 CC (n = 15): 12 used a lipophilic statin; for rs5925 CT
(n = 48): 38 used a lipophilic statin; for rs5925 TT (n = 20): 15 used a lipophilic statin

Significant values are outlined in italics
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Low-density lipoprotein receptors supply cholesterol to
cells and remove cholesterol-rich lipoprotein particles
from the circulation (Maxwell et al. 2017); they also bind
the apolipoprotein E, which by itself may bind amyloid-β
(Jiang et al. 2008) and induce cholinergic compensatory
synaptogenesis caused by entorhinal cortex deafferenta-
tion (Poirier 1999). Different binding affinities of apoli-
poprotein E isoforms to the low-density lipoprotein recep-
tors suggest that the receptor may trap the apolipoprotein
E4 and reduce its transfer to lipoproteins for clearance,
resulting in increased levels of plasma low-density lipo-
proteins (Petek et al. 2018) and amyloidogenesis (Leon
et al. 2018). High levels of cholesterol increase insoluble
amyloid-β formation, while older people with increased
plasma cholesterol levels are at higher risk for dementia
(Loera-Valencia et al. 2019), despite the largest amount of
brain cholesterol resulting from local production by astro-
cytes, oligodendrocytes, and also neurons (Petek et al.
2018). The polymorphisms in the epidermal growth factor
precursor homology domain of LDLR may prevent the

internalization of the bound ligand and subsequent release
in the acidic endosome, while also foiling the recycling of
the receptor. Moreover, these polymorphisms may indi-
rectly affect cholesterol metabolism by way of functional
variants in this same gene or in closely linked genes, thus
resulting in pleiotropic effects over pathogenesis of AD
(Cacabelos et al. 2016).

Overall, 74.9% of all patients had hypercholesterolemia
in this study, almost all of them using lipophilic statins
(thereby crossing the blood-brain barrier), thus confirming
the burden of this vascular risk factor in older people (De
Oliveira et al. 2017). Since only one patient used a hydro-
philic statin (Rosuvastatin), and only three used Ezetimibe,
we could not specifically assess the effects of such thera-
pies. Some associations may have been biased by the high
rates of statin therapy, but management recommendations
regarding lipid-lowering therapy were strictly followed.

Statins lower plasma cholesterol concentrations by
inhibiting 3-hydroxy-3-methylglutaryl-CoA reductase,
thus blocking cholesterol biosynthesis (Cacabelos et al.

Fig. 1 The most significant results of the neurotranslational analyses are
illustrated. Test score variations in 1 year according to specific genotypes
and pharmacological treatment are graphically represented. a Regarding
Instrumental Activities of Daily Living score variations, lipophilic statins
protected APOE-ε4 carriers who also carried rs11669576-AG (p =
0.035). b Regarding Clinical Dementia Rating sum-of-boxes score vari-
ations, lipophilic statins protected APOE-ε4 non-carriers who also carried
rs11669576-AG (p = 0.029). c Regarding Index of Independence in
Activities of Daily Living score variations, lipophilic statins protected
APOE-ε4 non-carriers who also carried rs11669576-AG (p = 0.015). d
Regarding the Zarit Caregiver Burden Interview, APOE-ε4 carriers who
also carried rs5930-AA had improved scores after 1 year (p = 0.001). e

Regarding Clinical Dementia Rating sum-of-boxes score variations, lipo-
philic statins non-significantly protected APOE-ε4 non-carriers who also
carried rs5930-AA (p = 0.186), while APOE-ε4 non-carriers who also
carried rs5930-AG had worse prognosis regardless of statin therapy
(p = 0.021). fRegardingMini-Mental State Examination score variations,
lipophilic statins marginally significantly protected APOE-ε4 non-
carriers who also carried rs5925-CT (p = 0.071), while APOE-ε4 non-
carriers who also carried rs5925-TT had better prognosis regardless of
statin therapy (p = 0.030). APOE-ε4 carriers (n = 96) = carriers of APOE-
ε4/ε4, APOE-ε4/ε3 or APOE-ε4/ε2; APOE-ε4 non-carriers (n = 83) =
carriers of APOE-ε3/ε3 or APOE-ε3/ε2 (APOE-ε2/ε2 was not represent-
ed in this sample)
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2016). In cell cultures, decreased amyloid-β load follows
cholesterol lowering by lipophilic statins (Eckert et al.
2005). Earlier prospective studies showed that statins
could prevent dementia independently of cholesterol var-
iations (Larsson & Markus 2018), as well as increase ce-
rebral perfusion (Petek et al. 2018), reduce tau pathology
and amyloidosis (Loera-Valencia et al. 2019). Some

intraclass differences for patients with mild to moderate
AD have been reported, though, with cognitive benefits
and aggressive cholesterol reductions following high-dose
Atorvastatin treatment at 6 months up to 1 year (Sparks
et al. 2005), but not with dose escalation of Simvastatin
even after 18 months (Sano et al. 2011). However, lipo-
phil ic stat in therapy has been shown to protect

Fig. 2 The LDLR gene consists of 18 exons, whereas exons 7 to 14
correspond to the epidermal growth factor precursor homology domain.
Single-nucleotide polymorphisms rs11669576 (LDLR8), rs5930
(LDLR10), and rs5925 (LDLR13) are the most important genetic variants
of the epidermal growth factor precursor homology domain of LDLR to
be associated with dysfunctional cholesterol metabolism and variable risk
of Alzheimer’s disease. The apolipoprotein E4 (green) has the highest
binding affinity to the low-density lipoprotein receptor (blue). Presence
of the G allele of rs11669576, the G allele of rs5930, or the C allele of

rs5925 translates an abnormal low-density lipoprotein receptor that in-
hibits the internalization of apolipoprotein E4 (thus reducing its transfer to
lipoproteins for clearance), resulting in increased synthesis of low-density
lipoproteins and reduced storage of intracellular cholesterol while pre-
cluding recycling of the low-density lipoprotein receptor and activating
the amyloidogenic pathway of amyloid precursor protein processing. The
apolipoprotein E may also bind amyloid-β peptides (red) and induce
cholinergic synaptogenesis caused by cortical deafferentation while in-
creasing the expression of the APOE gene
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hippocampal neurons via inhibition of oxidative stress-
induced apoptosis and regulation of mitochondrial func-
tion while also upregulating low-density lipoprotein re-
ceptors (Petek et al. 2018).

Due to operational and funding restrictions, we only stud-
ied APOE and LDLR as potential modifiers of progression of
AD in this cohort. Other cholesterol-related genes have shown
importance for AD pathogenesis, such as HMGCR (Leduc
et al. 2016), CETP (Chen et al. 2008), PPARα (Chen et al.
2010),APOA5 (Barbosa et al. 2006),MEOX2 (Wu et al. 2005)
andDHCR24 (Crameri et al. 2006), and should be assessed in
future pharmacogenetic studies.

Major strengths of this study include the longitudinal de-
sign and the fact that assessments of functional and cognitive
decline, as well as lipid profile variations, were well docu-
mented all along the follow-up, thus avoiding a classification
bias that could have resulted from self-reports. Except for
caregiver burden, all other test scores were significantly dif-
ferent after 1 year, thus confirming that this length of follow-
up was proper for most measures. Though it is unknown
whether age affects the brain distribution of lipophilic statins,
our general linear model was adjusted for age, while adjust-
ment for cholesterol variations allowed us to isolate the phar-
macogenetic effects of these medications over cognition and
functionality.

Limitations of this preliminary study include the fact that it
was conducted in a single center, with a short follow-up and
no randomization, and the absence of stratification according
to environmental factors (the full spectrum of which is hardly
incorporated into genetic studies). Still, the small subgroup
sizes affected the power of the associations we found; thus,
further studies with larger samples are recommended to vali-
date our findings. Though functionality may be affected by
cognitive performance, we only assessed one test score varia-
tion at a time in our analyses. Also, it is unknown whether the
cognitive and functional effects of lipophilic statins are either
different from those of hydrophilic statins or dose-dependent,
or more significant at the start of lipid-lowering therapy (be-
cause many patients were already under treatment when they
were included in the study). We tried to minimize these lim-
itations by keeping observers blinded to genetic data during
the neurological evaluations, and also by indicating lipophilic
statins only for patients with hypercholesterolemia. We also
sustained the use of cholinesterase inhibitors for most patients
who did not have side effects to these medications, so that the
results of this study may be attributed to the effects of lipo-
philic statins only. Nonetheless, this is a pioneering study on
the evaluation of effects of lipophilic statins during the course
of AD while taking into account APOE and LDLR genotypes
and haplotypes. Future studies should also prospectively ana-
lyze parameters of neuroimaging exams and gene expression
according to the use of these drugs.

We conclude that therapy with lipophilic statins might be
beneficial for carriers of specific genetic variants, such as the
A allele of rs11669576, the A allele of rs5930, or the CC and
CT genotypes of rs5925. Overall, variants of LDLR and
APOE that reportedly protected against risk of AD also
seemed to slow cognitive decline in epistatic interactions, re-
gardless of cholesterol variations. Further molecular studies
and randomized controlled trials will be required to confirm
any disease-modifying or pharmacogenetic effects of lipophil-
ic statins in AD.
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