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Background: The effect of statins use on the incidence of Alzheimer’s disease (AD) is still under debate, and it
could be modified by a series of factors.

Objectives: We aimed to examine the association of statins use with the risk of cognitive impairment and AD, and
assess the moderating roles of genetic susceptibility and other individual-related factors.

Design: A longitudinal study was conducted from the UK Biobank where individuals completed baseline surveys
(2006-2010) and were followed (mean follow-up period: 9 years).

Setting: A population-based study.

Participants: A total of 371,019 dementia-free participants (mean age 56.4 years; 53.6% female).

Measurements: The effects of statins use on cognitive performance and incident AD were examined by using
linear regression model and Cox proportional hazards regression model, respectively. We further evaluated the
moderating roles of genetic risks and individual-related factors on both multiplicative and additive scales.
Results: The findings showed statins use was associated with an increased risk of AD development [hazard ratio
(HR) 1.19 (95% CI: 1.08, 1.30)] compared with no use of statins. We further found significant negative additive
interactions of statins use with APOE ¢4 allele. Besides, the effects of statins use would be modified by age, sex
and cardiovascular diseases (CVDs).

Discussions: A protective effect of statins use was observed in those who carried two APOE ¢4 alleles. Also, sex,
age and CVDs could modify the effects of statins use, which would provide insights for the guideline of the statins
therapy.

1. Introduction terol concentration by inhibiting 3-hydroxy-3-methylglutaryl coenzyme

A reductase (HMGCR), which may offer a candidate way to pre-

With the acceleration of population ageing, Alzheimer’s disease (AD)
is becoming one of the greatest public health challenges worldwide
[1]. Diseases associated with cognitive impairment lead to increased
spendings by governments, communities, families and individuals on
protecting the lives of older adults. Cholesterol metabolism has been
shown to play an important role in the development of AD [2]. The
incidence of AD is correlated with hypercholesterolemia [3]. Therefore,
statins, a class of cholesterol-lowering drugs, could reduce blood choles-

vent cognitive dysfunction and AD [4-6]. One study showed that the
statins therapy was associated with slower cognitive decline over a 10-
year follow-up [7]. A cohort study suggested that some patients with
Alzheimer’s which is an indication for lipid-lowering medication may
benefit cognitively from statins treatment [8]. And another cohort study
in the United States with a median follow-up period of 9.8 years sug-
gested the statins treatment may be associated with a lower risk of
AD [6].

* Corresponding authors at: Jiawei Xin, M.D., Xiaochun Chen, M.D., Department of Neurology, Fujian Medical University Union Hospital, Fujian Key Laboratory
of Molecular Neurology and Institute of Neuroscience, Fujian Medical University, No.29 Xinquan Road Gulou District, Fuzhou, Fujian Province, 350000, China
E-mail addresses: chenxc998@fjmu.edu.cn (X. Chen), xinjw@fjmu.edu.cn (J. Xin).

! These authors contributed equally to this work and share first authorship.

https://doi.org/10.1016/j.tjpad.2024.100025

Available online 1 January 2025

2274-5807/© 2024 The Authors. Published by Elsevier Masson SAS on behalf of SERDI Publisher. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.tjpad.2024.100025
http://www.ScienceDirect.com/science/journal/22745807
http://www.elsevier.com/locate/tjpad
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tjpad.2024.100025&domain=pdf
mailto:chenxc998@fjmu.edu.cn
mailto:xinjw@fjmu.edu.cn
https://doi.org/10.1016/j.tjpad.2024.100025
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Ye, J. Deng, X. Wu et al.

Notably, statins have also a series of known adverse effects. The
most common adverse effects are headaches, altered liver function tests,
paraesthesia and gastrointestinal effects (including diarrhea, abdomi-
nal pain, and flatulence). Reversible myositis, a rare adverse effect of
statins, has also been reported. Furthermore, cognitive impairment due
to statins has been shown in case studies, observational researches and
randomized controlled trials (RCTs) [9-12]. One cohort study in the UK
Biobank also found that statins users have an increased risk of AD [13].
After a review, the U.S. Food and Drug Administration (FDA)’s report on
the short-term effects of statins, which included confusion and memory
loss as potential adverse effects in the form of cognitive decline, raised
the question of whether statins were beneficial to the prevention of cog-
nitive dysfunction and AD [14]. Hence, the effects of statins on both
cognitive impairment and the onset of AD remain inconsistent and need
to be further replicated.

The effects of statins on cognitive impairment and AD may differ
depending on individual-related factors, such as sex, comorbidity, and
genetic factors [13,15,16]. For instance, a research based on the Pri-
mary Care Electronic Medical Record (EMR) data from the QResearch
database (England and Wales) suggested that the risk of AD was reduced
with simvastatin or atorvastatin use only in women [17]. Furthermore,
the use of statins was associated with a decreased risk of post-stroke cog-
nitive impairment [18], which substantiated that stroke might be a po-
tential moderating factor regarding the relationship between statins use
and AD. In addition, a previous research examined that the apolipopro-
tein E €4 (APOE ¢4) allele could modify the impact of statins on cog-
nitive deterioration. Two additional cohort studies in the US and UK,
respectively, substantiated that the protective effect of statins might be
associated with the APOE ¢4 carrier status [6,13]. Considering other
genetic variants beyond APOE ¢4 clinically contributing to the patho-
physiology of AD and being relevant to cognitive dysfunction [19,20],
exploration of the moderating role of other AD-related genes was nec-
essary. Even though previous studies assessed the multiplicative in-
teraction between the use of statins and individual-related factors, no
study has examined the additive interactions of greater public health
relevance.

Hence, this study aimed to examine the interactions between statins
and genetic susceptibility, as well as other individual-related factors (in-
cluding sex, age and cardiovascular diseases), in relation to AD, which
were tested both on the multiplicative and additive scales. Comprehen-
sively identifying genetic risks and individual-related modifiers could
improve current practice guidelines regarding statins for the prevention
and treatment of AD.

2. Method
2.1. Study population

This study was based on data from the UK Biobank, which is a large
population-based prospective cohort study of more than 500,000 par-
ticipants aged 37-73 years who were recruited between 2006 and 2010
from 22 assessment centers across the England, Scotland, and Wales.
All participants provided informed consents through electronic signa-
tures at the baseline assessment. The examination at baseline consisted
of a series of cognitive tests, physical measures, and questionnaires in-
volving health status and cognitive function [21]. More detailed infor-
mation is available on the UK Biobank website (www.ukbiobank.ac.
uk).

We used data published in October 2023. Data from participants
who were below 40 years of age (n = 7), classified as non-White Euro-
pean (white ethnicity includes British, Irish and any other white back-
ground) (n = 30,339), with prevalent neurological or psychiatric dis-
orders (n = 5657), with dementia (n = 89) and with malignant tumor
at baseline (n = 38,436), with unclear medication information at base-
line (n = 296), with a history of taking both statins and other lipid-
lowering medications (n = 5180), with incomplete APOE genotypes data
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and other single-nucleotide polymorphisms (SNPs), with information for
calculating the polygenic risk score associated with AD (n = 28,581) or
with missing information on any of the covariates (n = 22,574), were
excluded from analyses in our present study. The remaining 371,019
individuals were eligible for analyses in our study. The process of data
cleaning is shown in Fig. 1.

2.2. Assessment of statins use

Data regarding a regular use of statins and other cholesterol-lowering
medications was collected through an online ‘Healthy Work’ question-
naire or a verbal interview by a trained nurse at baseline, and re-
ported as medication codes. Medication codes corresponding to statins
and non-statin cholesterol-lowering medications were identified respec-
tively (Supplemental Table 1). Statins use was categorized as “yes” for
using atorvastatin, fluvastatin, pravastatin, rosuvastatin, simvastatin at
baseline and “no” for taking other medications or being unexposed to
any drugs ever [22].

2.3. Assessment of incident Alzheimer’s disease

Alzheimer’s disease was ascertained through linkage to data from
primary care, hospital admissions, and death registers during follow-
up [23], which was algorithmically defined by health-related outcome
preprocessed by the UK Biobank. The duration of the study period from
baseline to either event (death or incident AD) or end of study (including
loss to follow-up) was calculated in months. Diagnoses were recorded
using the International Classification of Diseases-9 (ICD-9) and ICD-10
coding system (Supplemental Table 2).

2.4. Cognitive tests

Participants completed cognitive tests on the touchscreen question-
naire covering four different cognitive domains: visuospatial memory
(pairs matching test), reasoning (fluid intelligence test), processing
speed (reaction time test), and prospective memory (prospective mem-
ory test) [22]. Description of each test is detailed in the Supplemen-
tal Table 3. Not all cognitive tests are positively correlated with cogni-
tion. For tests of reaction time and pairs matching, higher raw scores
indicate worse performance. Thus, the four cognitive scores were re-
coded so that higher positive values correspond to better cognitive per-
formance. Then, the raw scores from each cognitive test were inde-
pendently converted to Z-scores for each cognitive domain. This was
achieved by subtracting the mean and then dividing by the standard de-
viation [24]. Finally, Z-scores were summed up to represent the global
cognitive Z-score, with higher values reflecting better overall cognitive
function.

2.5. APOE &4 alleles and polygenic risk score (PRS)

The APOE ¢4 genotype was determined by two APOE SNPs, rs7412
and rs429358, which were directly inputted by UK Biobank. More
detailed information about genotyping process is available elsewhere
[25,26]. The number of APOE &4 alleles was coded as zero (£2/€2,
€2/€3, £€3/€3), one (e3/e4, £2/¢4) and two (e4/¢4) (Supplementary Ta-
ble 4) [27,28].

The PRS for AD was calculated using 38-SNP score (available on
the Polygenic Score Catalog online as PGS001775) as the training
dataset developed by Ebenauet al [19]. Ebenau et al. selected variants
of genome-wide significance from publicly available genome-wide asso-
ciation study summary statistics, which were derived from the Interna-
tional Genomics of Alzheimer’s Project [29,30].

Specifically, the hard call threshold 0.1 was controlled by PLINK
to eliminate the linkage disequilibrium (LD) with 39 genetic variants
and the APOE SNPs (R%<0.3). One SNP whose minor allele frequency
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(502,178 participants)
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Missing information on any of the covariates (n = 22,574)
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Below 40 years of age (n=7)
i Non-White European (n = 30,3

Unclear medication information at baseline (n = 296)
Taking both statins and other lipidlowering medications (n = 5,180)

Fig. 1. Workflow of participants’ selection at baseline (2006-2010).

<0.005 was excluded. The individual PRS based on the 38 genetic vari-
ants was added up the risk alleles weighted by their odds ratios, im-
plemented with the score command in PLINK. No SNPs were ambigu-
ous. The PRS was then divided into quintiles and categorized as “low”
(quintiles 1), “intermediate” (quintiles 2-4), and “high” (quintiles 5)
groups [31], with a higher score indicating a higher predisposition
to AD.

2.6. Covariates

All models were adjusted for variables as follows: age; sex; body
mass index (BMI); education level; socioeconomic status; physical
activity; smoking status; alcohol consumption; history of diabetes,
stroke, coronary heart disease (CHD), heart failure, hypertension,
cataract and hearing problems; biological samples: C-reactive pro-
tein (CRP) concentrations, blood glucose and low-density lipoprotein
(LDL) concentrations; the healthy diet score; self-reported depressive
symptoms; social isolation. Covariate adjustment strategy was illus-
trated in Supplemental Table 5. We also adjusted for the first 10
genetic principal components, genotyping array and relatedness (ge-
netic kinship), when the gene-related factors were involved in the
analyses.

2.7. Statistical analysis

Baseline characteristics of the study participants were summarized
across the statins use status as percentage for categorical variables, and
mean and standard deviation (SD) for continuous variables.

Linear regression model was used to estimate the association be-
tween the statins use and cognitive performance. Cox proportional haz-
ards regression was used to examine the association of genetic risk cat-

egories and statins use categories with time to incident AD, reporting
hazards ratios (HRs) and 95% confidence intervals (CIs). The propor-
tionality of hazards assumption was assessed using the Schoenfeld resid-
uals. Participants were considered at risk of developing the Alzheimer’s
disease at baseline (2006-2010) and were followed up until the date
of first diagnosis, death, loss to follow-up, or the last date of hospital
admission (October 30, 2023), whichever came first.

Moreover, an interaction term was added into the model to test the
additive and multiplicative interaction between statins use and genetic
susceptibility to AD. Genetic susceptibility consists of two parts, APOE
e4-related genetic susceptibility (0,1 or 2 of APOE &4 alleles) [27,28]
and overall genetic susceptibility (low, intermediate, high). The addi-
tive interaction was evaluated using two indexes: the relative excess
risk due to the interaction (RERI) and the attributable proportion due to
the interaction (AP). RERI, or AP of >0, or of <0, indicate synergistic or
antagonistic effects, respectively. If the additive interaction was not sig-
nificant, the CIs of the RERI and AP would include 0. Meanwhile, signifi-
cant multiplicative interaction occurred when the regression coefficient
for the interaction term was significant. Furthermore, the additive and
multiplicative interactions between age, sex, and comorbidities (stroke,
heart failure, and CHD) and statins on the risk of developing AD were
investigated, respectively.

We performed several sensitivity analyses. First, considering the po-
tential bias introduced by the use of other medications, the main model
was further adjusted for aspirin use, which may have an effect on the
development of AD to a certain extent [32-34]. Second, analyses were
restricted to individuals aged between 45 and 50 years old accordingly.
Third, we analyzed competing risks by avoiding deaths from non-AD
causes as competing events.

All analyses were computed using R software, version 4.3.3. Results
were presented as the main effect with a 95% confidence interval. All P
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Table 1
The association between statins use with risk of Alzheimer’s disease and cognitive performance.
Model 1° Model 2** Model 3** Model 4 Model 5***
No. of Events B (95% CI) B (95% CI) B (95% CI)
Statins use
(Global cognitive Z-score)
No 99 237 1 [Reference] 1 [Reference] 1 [Reference] / /
Yes 18 535 —0.22 (-0.26, —0.19) -0.10 (-0.13, —0.07) 0.00 (-0.04, 0.04) / /

No. of Events HR (95% CI)
Statins use

(Alzheimer’s disease)

No 315 834

Yes 55185

1 [Reference]
1.34 (1.24, 1.46)

HR (95% CI)

1 [Reference]
1.32 (1.22,1.43)

HR (95% CI) HR (95% CI) HR (95% CI)

1 [Reference]
1.17 (1.06, 1.29)

1 [Reference]
1.22 (1.11, 1.33)

1 [Reference]
1.19 (1.08, 1.30)

* Model 1: Adjusted for age; sex; polygenic risk score (PRS); APOE ¢4 allele.

** Model 2: Further adjusted for body mass index (BMI); education level; socioeconomic status; physical activity; smoking status; alcohol consumption; biological
samples: CRP concentrations, blood glucose and LDL concentrations; the healthy diet score; self-reported depressive symptoms; social isolation; forced expiratory

volume in one second/ forced vital capacity (fevl/ fvc) on the basis of Model 1.

*** Model 3: Further adjusted for history of diabetes, stroke, CHD (angina), heart failure, hypertension, cataract and hearing problems on the basis of Model 2.
*++ Model 4: Competing risk model; Adjusted the same concomitant variables as Model 3.

*++ Model 5: Further adjusted for asprin use on the basis of Model 3.

values were two-sided, and P<0.05 was considered to denote statistical
significance.

3. Results
3.1. Baseline characteristics of participants

This study included 371,019 people with a mean age of 56.4 [stan-
dard deviation (SD): 8.05], with a slightly higher proportion of female
(53.6%), and 2951 people developed Alzheimer’s disease during the
follow-up period. We divided the study population according to the
statins use status, with 55,185 users and 315,834 nonusers, and Supple-
mental Table 6 shows the baseline characteristics of participants. Indi-
viduals on statins had a higher prevalence of AD (1.65%) than nonusers
(0.65%), p < 0.001, and a lower global cognitive Z-score [—0.29 (SD:
2.37)] compared with nonusers [0.31 (SD: 2.18)], p < 0.001. Despite no
significant difference in the APOE ¢4 allele status between statins users
and nonusers, the distribution in the polygenic risk score was significant
difference between two groups, p = 0.003. We also found significant
differences in age, sex, and history of stroke between statins users and
nonusers.

3.2. The effects of statins use on cognitive performance and Alzheimer’s
disease

Table 1 shows the associations between statins use and the risk
of developing AD or impairing cognitive performance. We found that
statins use was significantly associated with global cognitive Z-score
in the model 1 and model 2, which showed that f was —0.22 (95%
CI: —0.26, —0.19) in model 1 and —0.10 (95% CI: —0.13, —0.07) in
model 2, respectively. However, after the inclusion of all covariates in
model 3, no significant association was seen between the statins use
and global cognitive Z-score, and meanwhile, it was significantly asso-
ciated with the risk of developing AD in these three models. Specifi-
cally, in the full-adjusted model (Model 3), statins use was associated
with an increased risk of developing AD compared with no statins use,
and the HR was 1.19 (95% CI: 1.08, 1.30). In order to further explore
the robustness of the results of the model 3, we built a competitive risk
model (Model 4), and the HR was 1.22 (95% CI: 1.11, 1.33), which
also shows a significant association between statins use and AD. After
adjusting for the aspirin, we also observed that statins use was signifi-
cantly associated with AD (Model 5), and the HR was 1.17 (95% CI: 1.06,
1.29).

Furthermore, we estimated the effects of statins on AD stratified by
APOE ¢4 allele numbers and the level of PRS (Fig. 2). Although there

was no significant association in the two APOE ¢4 alleles stratification,
statins use was found to increase the risk of AD in the zero APOE &4
allele group, and the HR was 1.29 (95% CI: 1.11, 1.49) and in the one
APOE &4 allele stratification, the HR was 1.15 (95% CI: 1.01, 1.31).
In the intermediate PRS stratification, the HR was 1.22 (95% CI: 1.08,
1.37) and in the high PRS stratification, the HR was 1.26 (95% CI: 1.06,
1.49).

3.3. Joint effects and interactions of statins use and APOE &4 allele

We explored the interactions between statins use and APOE ¢4 al-
leles. We found significant multiplicative interactions between statins
use and two APOE ¢4 alleles (P-value for multiplicative interac-
tions = 0.024) on the risk of developing AD. Compared with the control
group (participants with zero APOE ¢4 allele and without statins use),
participants with two APOE ¢4 alleles and with statins use had the low-
est risk of developing AD, and the HR was 0.72 (95% CI: 0.55, 0.97).
The subgroup of participants with zero APOE &4 allele and with statins
use had the most incidence of AD, and the HR was 1.24 (95% CI:1.08,
1.41). We found that the risk of developing AD increased as the num-
ber of APOE ¢4 allele increased in statins nonusers, while the opposite
effect was observed in statins users (Fig. 3). In the sensitivity analysis,
considering the potential bias due to aspirin, the multiplicative interac-
tions remained significant (P = 0.024). The multiplicative interactions
were still significant among individuals aged at least 45 (P = 0.030) and
at least 50 (P = 0.033).

We further found significant negative additive interaction of statins
with APOE ¢4 allele. Specifically, for statins users with two APOE ¢4
alleles (Table 2), the RERI and AP were —0.37 (95% CI: —0.70, —0.03),
—0.33 (95% CI: —0.78, —0.06), respectively. This indicated that there
would be a 0.37 relative reduced risk because of the additive interac-
tion, accounting for 33% of the risk of developing AD in individuals
exposed to both two APOE ¢4 alleles and on statins. But significant re-
sults were not observed in participants with one APOE &4 allele and on
statins. Besides, we also see the same additive joint interactions in the
sensitivity analysis of different age groups. Specifically, the negative ad-
ditive interactions were fairly constant in individuals at least 50 years
old with RERI and AP of —0.35 (95% CI: —0.68, —0.01), —0.32 (95% CI:
—0.76, —0.04), and in individuals at least 45 years old with RERI and
AP of —0.36 (95% CL: —0.69, —0.01), —0.32 (95% CI: —0.76, —0.05),
respectively (Supplemental Table 7). Additionally, similar results were
observed in sensitivity analyses that incorporated aspirin as a control
variable, the RERI and AP were —0.37 (95% CI: —0.68, —0.06), —0.34
(95% CI: —0.70, —0.09) (Supplemental Table 7).
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Subgroup HR95%CI P

APOE ¢ 4 alleles zero - 1.29(1.11,1.49) <0.001
APOE € 4 alleles one - 1.15(1.01,1.31) 0.037
APOE € 4 alleles two 1.00(0.74,1.36) 0.991
Low PRS - 0.97(0.751.25)  0.804
Intermediate PRS - 1.22(1.08,1.37) 0.002
High PRS - 1.26(1.06,1.49)  0.009

o7 o8 08 1 12 13 14 18

Fig. 2. The effect of statins use on Alzheimer’s disease in different subgroups.

Models were adjusted for age; sex; body mass index (BMI); education level; socioeconomic status; physical activity; smoking status; alcohol consumption; history of
diabetes, stroke, CHD (angina), heart failure, hypertension, cataract and hearing problems; biological samples: CRP concentrations, blood glucose and LDL
concentrations; the healthy diet score; self-reported depressive symptoms; social isolation; forced expiratory volume in one second/ forced vital capacity (fevl/
fvc). Abbreviations: APOE €4 = apolipoprotein E £4; PRS = polygenic risk score; HR = hazard ratio; CI = confidence interval.

Subgroup HR95%CI P
APOE ¢ 4 alleles zero

Statins Nonusers reference

Statins Users — — 1.24(1.08,1.41) 0.002
APOE ¢ 4 alleles one
Statins Nonusers — 1.05(0.95,1.15) 0.330
Statins Users — 0.98(0.83,1.16)  0.832
APOE ¢ 4 alleles two

Statins Nonusers _— 1.18(1.02,1.37) 0.031

Statins Users 0.72(0.55,0.97) 0.030

r T T T T T T T T 1
05 06 o7 08 09 1 11 12 13 14 1.5

Fig. 3. Joint association between APOE &4 allele and statins use in relation to risk of Alzheimer’s disease.

Models were adjusted for age; sex; body mass index (BMI); education level; socioeconomic status; physical activity; smoking status; alcohol consumption; history of
diabetes, stroke, CHD (angina), heart failure, hypertension, cataract and hearing problems; biological samples: CRP concentrations, blood glucose and LDL
concentrations; the healthy diet score; self-reported depressive symptoms; social isolation; forced expiratory volume in one second/ forced vital capacity (fevl/
fvc). Abbreviations: APOE ¢4 = apolipoprotein E £4; HR = hazard ratio; CI = confidence interval.
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Table 2
Joint effects and interactions of statins use and APOE ¢4 allele or PRS.
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RERI (95% CI) AP (95% CI)

Subgroup No. of Events
Statins * APOE &4 allele (one) n= 334944
Statins * APOE &4 allele (two) n =190 529
Statins * PRS (high) n =148 409
Statins * PRS (intermediate) n =296 815

-0.01 (0.2, 0.18)
-0.37 (=0.7, —0.03)
0.16 (—0.28, 0.59)
0.15 (—0.15, 0.40)

-0.01 (-0.16, 0.15)
—0.33 (-0.78, —0.06)
0.06 (-0.03, 0.21)
0.09 (-0.09, 0.25)

Abbreviations: APOE ¢4, apolipoprotein E €4; CI, confidence interval; PRS, polygenic risk score; RERI, relative excess risk due to the interaction; AP, attributable

proportion due to the interaction.

Adjusted for age; sex; body mass index (BMI); education level; socioeconomic status; physical activity; smoking status; alcohol consumption; history of diabetes,
stroke, CHD (angina), heart failure, hypertension, cataract and hearing problems; biological samples: CRP concentrations, blood glucose and LDL concentrations; the
healthy diet score; self-reported depressive symptoms; social isolation, forced expiratory volume in one second/ forced vital capacity (fevl/ fvc).

3.4. Joint effects and interactions of statins use and PRS

We also classified participants according to a combined category of
PRS and statins use. Among statins nonusers, we found that the higher
the PRS was, the higher the risk of developing AD (Supplemental Fig-
ure 1) would be, and a similar trend was observed among statins users.
Notably, compared with the control group (participants with low PRS
and not on statins), the subgroup of participants with high PRS and
on statins had the highest risk of developing AD, and the HR was 2.44
(95% CI: 2.04, 2.91), which was more than double that of the control
group. Unfortunately, we didn’t observe multiplicative interactions in
any groups. In the additive joint analyses, we didn’t observe significant
additive interactions of PRS with statins use (Table 2), nor did we find
them in the sensitivity analyses after stratified by age (Supplemental
Table 7).

3.5. Joint effects and interactions of statins use with other
individual-related factors

The results for joint effects show that statins use was associated with
a reduced risk of AD among people aged 60 years or older, and the HR
was 0.54 (95% CI: 0.40, 0.72). Results also show that statins use was
associated with an increased risk of developing AD among people under
60 years old, with HR being 2.35 (95% CI: 1.76, 3.12) (Supplemen-
tal Figure 2). Statins use was a protective factor against AD in males,
with HR being 0.80 (95% CI: 0.68, 0.94) and a risk factor in females,
with HR being 1.37 (95% CI: 1.18, 1.51). Statins can reduce the risk
of developing AD in people with a history of stroke and heart failure,
with the HR being 0.57 (95% CI: 0.36, 0.89) and 0.37 (95% CI: 0.20,
0.68), respectively (Supplemental Figure 2). We also found significant
multiplicative interactions between statins use and sex (P-value for mul-
tiplicative interactions = 0.025), and stroke (P-value for multiplicative
interactions = 0.016), and heart failure (P-value for multiplicative inter-
actions < 0.001) on the risk of developing AD. Also, these interactions
were significant on additive scales (in Supplemental Table 8).

4. Discussion

In this study, we found that statins use was significantly associated
with an increased risk of incident AD, which was modified by genetic
susceptibility and individual-related factors. This study was the first to
assess quantitative data about the effects of the additive and multiplica-
tive interactions between statins use and these moderating roles. The
effects of statins varied with genetic susceptibility and other individual-
related factors, which provided insights for practice guidelines regard-
ing the use of statins.

This study found that statins use was associated with an increased
risk of developing AD, but not with short-term cognitive decline after
all observed confounders were adjusted. At the beginning of the 21st
century, a series of case reports showed that statins may be related to
cognitive impairment [9-12]. Recently, two cohort studies also reported

adverse effects of statins, which were consistent with our findings. One
of them, in the ASPREE cohort, demonstrated that statins use was asso-
ciated with lower global cognitive performance, especially in episodic
memory [32]. The other, from the UK Biobank [13], suggested an ad-
verse effect of statins on AD incidence among the older population, but
unfortunately this wasn’t discussed in depth. The underling mechanism
by which statins are associated with AD is likely linked to blood glu-
cose regulation. Type 2 diabetes (T2D) is considered to aggravate AD
[33,34]. Prior reports have found that g-cell function and insulin sen-
sitivity can be affected by statins uses [35], which is associated with
decreased brain glucose metabolism [36], thus leading to the potential
for neurotoxicity and cognitive impairment [37,38]. Besides, epidemio-
logical studies have shown that statins use was related to increased fast-
ing blood glucose and diabetes progression [39,40]. Therefore, it could
be presumed legitimately that statins contribute to AD through blood
glucose dysregulation according to above findings. In contrast, the pro-
tective effects of statins reported by some studies [6,41] are inconsistent
with our results. Of note, the effects of statins could vary with a number
of individual-related factors such as genetic diversity, sex, age and even
comorbidities, etc. [13,42,43]. Then, evaluating the moderating roles
of individual-related factors is extremely relevant for the guideline of
statins use.

Intriguingly in our study, the effect of statins on the risk of develop-
ing AD was altered by genetic factors, including APOE ¢4 and other AD-
related SNPs. To be specific, although the adverse effects of statins on AD
were observed among noncarriers of the APOE &4 allele, statins turned
out to have lowered the risk of developing AD in APOE €4 homozygotes,
which was similar to the results of previous studies. Donald R. Royall
et al. suggested that statins may provide protective effects against 4
carriers’ dementia compared with €4 non-carriers [44]. And a study in
the United States found a significant association of statins with a lower
risk of developing AD among participants who carried APOE ¢4 allele,
but not among those who didn’t [6]. As for the PRS calculated by other
AD-related SNPs, the adverse effects of statins on AD increased as PRS
increased, to our knowledge, which was assessed for the first time. The
inconsistent moderating roles of APOE ¢4 and other AD-related genes
can be explained by the fact that APOE is a kind of apolipoproteins that
has a key role in lipid transport both in the plasma and in the central
nervous system. In the brain, cholesterol is mainly transported from as-
trocytes to neurons via low-density lipoprotein receptor (LDLR) family
of which APOE is a principle component [45]. Previous studies have in-
dicated that the E4 variant of APOE-dependent cholesterol metabolism
dysregulation might be linked to AD-related pathology [46-48]. Con-
sequently, the mechanism of dysregulated APOE expression and statins
therapies on hyperlipidemia and hypercholesterolemia might have some
overlapping pathways that might translate to reducing the risk of inci-
dent AD. Furthermore, this study was the first to validate the association
between statins use and APOE ¢4 allele on the additive scale, and the
significant negative additive interactions were observed, which is more
meaningful than the findings of multiplicative interactions. The multi-
plicative interaction assesses whether the relative risk of statins users vs
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non-users varies across APOE &4 allele carriers groups. By contrast, the
additive interaction evaluates whether the difference in statins users’
and non-users’ absolute risk of developing AD varys with the factors of
carrying two and zero APOE ¢4 alleles. Therefore, from a public health
perspective, the results of additive interaction are more important than
the results of multiplicative interactions. Based on these results, it could
be speculated that statins use might be an effective method in AD pre-
vention for individuals with two APOE &4 alleles, while statins should
be used with caution for those without APOE ¢4 allele.

Notably, we also demonstrated the moderating role of age in the ef-
fect of statins on the risk of developing AD. Recent study revealed that
reduction for CVDs after a statins therapy were seen in patients aged 75
years or older without increasing risks for severe adverse effects [49]
It is suggested that older adults may benefit more from statins initiation
than the young. A research based on the UK Biobank also reported that
the effects of statins varied by age, as individuals over 65 showed an
improvement in cognition whereas individuals under 65 displayed im-
paired working memory, which was similar to the findings of our study
[50]. In addition, the effect of statins was moderated by sex. Consistent
with our findings, Dagliati A et al. revealed that males, in the analyses
of cognitive performance in statins users vs. non-users, may obtain more
positive effects from statins uses [13]. Interestingly, we also discov-
ered the regulatory effect conferred by cardiovascular diseases regarding
statins use and AD. The findings showed a prominent protective effect of
statins against AD in participants with stroke or heart failure at baseline.
These findings were comparable to a previous study, which concluded
that taking statins was correlated with a modest reduction in the risk of
dementia after a concussion [51]. A meta-analysis had also shown that
post-stroke statins use was associated with decreased risk of cognitive
impairment [18]. Overall, these moderating roles of individual-related
factors may provide insights for the guideline of statins therapy. Specif-
ically, statins could be used to prevent and treat AD in seniors, males
and people with a history of CVDs.

We also acknowledge several potential limitations of this study. First,
this sample was restricted to volunteers of European ancestry, and there-
fore further research is warranted to what degree these findings could
be generalized to other ethnic populations. Second, the health outcomes
of the studies were collected from hospitalization records and death reg-
isters, which may be potential biases toward more severe diseases, and
hence some cases of AD were likely to have been missed [21,31,52].
Third, although in the analyses controls were used to adjust for a va-
riety of known potential confounding factors, the possibility of unmea-
sured bias remained. Fourth, the information of statins was derived from
self-reported questionnaires, which may offer a potential source of bias.
Fifth, because of the small sample size in each subcategory of statins
medication, this study failed to assess the association between different
subtypes of statins and incident AD. Finally, because the UK Biobank
didn’t document the duration of statins use, we were unable to further
explore the cumulative effects of the statins.

5. Conclusion

In conclusion, our findings manifested that statins use was signifi-
cantly associated with an increased risk of incident AD, and it was modi-
fied by genetic susceptibility and individual-related factors. Specifically,
this risk effect was reversed to a protective effect by factors including
the APOE ¢4 allele carriers, old age, males and a history of cardiovas-
cular diseases, which provided epidemiological evidence for practice
guidelines on AD intervention regarding the use of statins.
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