
Journal of Alzheimer’s Disease 95 (2023) 79–91
DOI 10.3233/JAD-230350
IOS Press

79

Incidence of Alzheimer’s Disease in Men
with Late-Life Hypertension Is Ameliorated
by FOXO3 Longevity Genotype

Randi Chena, Brian J. Morrisa,b,c,∗, Timothy A. Donlona,d, G. Webster Rossc,e,f ,
Kalpana J. Kallianpura,g, Richard C. Allsopph, Kazuma Nakagawaa,i,j, Bradley J. Willcoxa,c,1

and Kamal H. Masakia,c,1
aNIH Center of Biomedical Research Excellence on Aging, Kuakini Medical Center, Honolulu, HI, USA
bSchool of Medical Sciences, University of Sydney, Sydney, New South Wales, Australia
cDepartment of Geriatric Medicine, John A. Burns School of Medicine, University of Hawaii, Honolulu, HI,
USA
dDepartment of Cell and Molecular Biology, John A. Burns School of Medicine, University of Hawaii, Honolulu,
HI, USA
eVeterans Affairs Pacific Islands Health Care Systems, Honolulu, HI, USA
f Pacific Health Research and Education Institute, Honolulu, HI, USA
gDepartment of Tropical Medicine, Medical Microbiology and Pharmacology, John A. Burns School of Medicine,
University of Hawaii, Honolulu, HI, USA
hInstitute for Biogenesis Research, University of Hawaii, Honolulu, HI, USA
iDepartment of Medicine, John A. Burns School of Medicine, University of Hawaii, Honolulu, HI, USA
jNeuroscience Institute, The Queen’s Medical Center, Honolulu, HI, USA

Accepted 20 June 2023
Pre-press 14 July 2023

Abstract.
Background: It is well established that mid-life hypertension increases risk of dementia, whereas the association of late-life
hypertension with dementia is unclear.
Objective: To determine whether FOXO3 longevity-associated genotype influences the association between late-life hyper-
tension and incident dementia.
Methods: Subjects were 2,688 American men of Japanese ancestry (baseline age: 77.0 ± 4.1 years, range 71–93 years)
from the Kuakini Honolulu Heart Program. Status was known for FOXO3 rs2802292 genotype, hypertension, and diagnosis
of incident dementia to 2012. Association of FOXO3 genotype with late-life hypertension and incident dementia, vascular
dementia (VaD) and Alzheimer’s disease (AD) was assessed using Cox proportional hazards models.
Results: During 21 years of follow-up, 725 men were diagnosed with all-cause dementia, 513 with AD, and 104 with
VaD. A multivariable Cox model, adjusting for age, education, APOE �4, and cardiovascular risk factors, showed late-life
hypertension increased VaD risk only (HR = 1.71, 95% CI = 1.08–2.71, p = 0.022). We found no significant protective effect of
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FOXO3 longevity genotype on any type of dementia at the population level. However, in a full Cox model adjusting for age,
education, APOE �4, and other cardiovascular risk factors, there was a significant interaction effect of late-life hypertension
and FOXO3 longevity genotype on incident AD (� = –0.52, p = 0.0061). In men with FOXO3 rs2802292 longevity genotype
(TG/GG), late-life hypertension showed protection against AD (HR = 0.72; 95% CI = 0.55–0.95, p = 0.021). The non-longevity
genotype (TT) (HR = 1.16; 95% CI = 0.90–1.51, p = 0.25) had no protective effect.
Conclusion: This longitudinal study found late-life hypertension was associated with lower incident AD in subjects with
FOXO3 genotype.

Keywords: Alzheimer’s disease, FOXO3, genetics, hypertension, longitudinal study, vascular dementia

INTRODUCTION

Hypertension compromises the structural and
functional integrity of the cerebral microcirculation,
resulting in microvascular rarefaction, endothelial
dysfunction, and neurovascular uncoupling, which
together impair cerebral blood supply [1]. Cerebral
small vessel disease manifests as white matter hyper-
intensities, lacunar infarcts, microhemorrhages, and
accumulation of amyloid-� in perivascular spaces
leading to disruption of the blood-brain barrier [2, 3].
The resulting increase in neuroinflammation can lead
to cognitive decline [2]. With aging, the deleterious
effects of hypertension on the cerebral microvas-
culature gradually increase, homeostatic functions
are increasingly disrupted and resilience to stress
declines [2]. As a result, amyloid-related pathologies
such as Alzheimer’s disease (AD) ensue [2]. While
there is clear evidence that increased diastolic blood
pressure (DBP) is associated with biomarkers of AD,
the role of systolic blood pressure (SBP) is less clear,
although, in contrast to DBP, may protect against
AD-associated hippocampal volume reduction [4]. It
is therefore considered important to study effects of
DBP and SBP on brain aging and disease separately
[4].

While most [5–11], but not all [12], studies have
found that mid-life hypertension increases the risk of
dementia and AD, mixed results have been obtained
for the association of late-life hypertension with AD.
These include an increased risk [13, 14], decreased
risk [15–17] (especially in centenarians and near-
centenarians [15, 18], or no association [19–23]. It
has, moreover, been found that very high SBP is
associated with AD, but high DBP is not [24]. In
contrast, extremely low DBP was associated with
AD in the latter study. In a long-term US follow-up
study, sustained hypertension in midlife to late life,
as well as midlife hypertension and late-life hypoten-
sion, were each associated with risk of AD [25]. A

meta-analysis found elevated DBP variability, ele-
vated SBP variability, and orthostatic hypotension
were associated with increased risk of AD in the
elderly [9]. The apparent inconsistencies in findings
for late-life hypertension on AD risk have been puz-
zling researchers and the public health sector for
decades. We therefore wondered whether another fac-
tor, such as genetics, might be modulating the impact
of late-life hypertension on AD risk, thereby poten-
tially explaining these conflicting observations.

The forkhead/winged helix box O member 3 tran-
scription factor FOXO3 controls multiple pathways
involved in healthy aging and longevity [26]. FOXO3
has a protective effect on vascular aging by reg-
ulation of pathways that suppress vascular smooth
muscle cell proliferation and neointimal hyperplasia
[27]. Activation of FOXO3 transcription in human
embryonic stem cells resulted in reinforcement of
human vascular cell homeostasis, delayed aging, and
increased resistance to oxidative injury [28]. As seen
in loss-of-function studies, FOXO3 helps to maintain
homeostasis of a diverse array of vascular cell types
[29, 30]. Thus, FOXO3 may protect against fibrinoid
necrosis in cerebral arterioles of patients with chronic
hypertension.

Minor alleles of multiple single nucleotide
polymorphisms (SNPs) located in the FOXO3
gene (FOXO3), particularly the G-allele of SNP
rs2802292, have been strongly associated with
human longevity in multiple studies [26, 31, 32].
In the Kuakini Honolulu Heart Program (Kuakini
HHP) cohort, the presence of the longevity asso-
ciated FOXO3 allele was associated with increased
likelihood of living to almost 100 years [33]. It has
been postulated that the longevity-associated FOXO3
G-allele may confer “resilience” by mitigating the
adverse effects of chronic cardiometabolic stress on
intracellular processes, thereby reducing the risk of
life-threatening cardiovascular events [26, 33]. In
support, we found that FOXO3 longevity genotype
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mitigates the increased risk of mortality posed by
having a cardiometabolic disease [34].

The aim of the present study was to determine
whether late-life hypertension affects the risk of
developing incident all-cause dementia, AD, and
vascular dementia (VaD) differently in men with con-
trasting FOXO3 genotypes.

METHODS

Design

The Kuakini HHP is a population-based longitudi-
nal study that started on the island of Oahu, Hawaii in
1965 with 8,006 resident middle-aged American men
of Japanese ancestry followed for the development of
coronary heart disease (CHD) and stroke [35–37].

Participants

Participants were identified using World War
II Selective Service Registration files. They were
aged 45 to 68 years at the baseline examina-
tion that took place between 1965 and 1968.
The Kuakini Honolulu-Asia Aging Study (Kuakini
HAAS) commenced with Kuakini HHP examination
4 (1991–1993) when participants were 71–93 years
old. The primary aim of the Kuakini HAAS was to
study cognitive function and dementia. At examina-
tion 4, the cognitive abilities screening instrument
(CASI) was given to 3,734 Kuakini HHP sur-
vivors. Procedures performed were in accord with
institutional guidelines and were approved by the
Institutional Review Board of the Kuakini Medical
Center. Written informed consent was obtained at all
examination cycles.

Data collection

The sample used for analysis included 2,688
American men of Japanese ancestry (mean age at
examination 4 [baseline], 77.0 ± 4.1 SD years, range
71–93 years) from the Kuakini HHP who had been
genotyped for FOXO3 rs2802292 and had available
information on incident AD from 1991 to 2012.
Cognitive function was assessed by CASI testing.
All-cause dementia, AD, and VaD cases were diag-
nosed from examination 4 (1991–1993) through
examination 12 (2011-2012). Details on dementia
case finding methods have been published else-

where [38–40]. All-cause dementia was diagnosed
using the Diagnostic and Statistical Manual of Men-
tal Disorders-III-R (DSM-III-R), AD was diagnosed
using the National Institute of Neurological Dis-
orders and Stroke and AD and Related Disorders
Association (NINDS-ADRDA) criteria, and VaD was
diagnosed using the California Alzheimer’s Disease
Diagnostic and Treatment Centers (ADDTC) criteria
by a team comprising a neurologist and at least one
other physician with expertise in dementia diagnosis.
Diagnosis was based on history from each participant
and a proxy informant, standardized neuropsycho-
logical tests, a neurological examination, as well
as laboratory tests and brain computed tomography
scans when deemed necessary to classify sub-types
of dementia. Final diagnosis was assigned by the
consensus committee, defining all-cause dementia,
as well as probable or possible cases of AD, VaD,
or “other” as the primary cause. Secondary causes of
dementia were also coded. AD was defined as those
who had AD as the sole or primary cause of dementia,
and VaD was defined similarly. For incident demen-
tia cases, the time of onset was determined as the
mid-point from the date of the examination at which
diagnosis was made to the date of the prior examina-
tion of the subject. For those who were censored, the
date of the last examination the subject participated
in was defined as the censored time.

Data on cardiovascular risk factors were obtained
at the Kuakini HHP baseline examination (exam-
ination 4 in 1991–1993). Hypertension variables
at baseline were defined as HTN1: SBP/DBP
of ≥140/90 mmHg or the self-reported use of
anti-hypertensive medications at Kuakini HHP exam-
ination 4; HTN2: SBP/DBP of ≥160/95 mmHg
or the self-reported use of anti-hypertensive med-
ications at Kuakini HHP examination 4. Since all
participants were aged over 70 years at baseline,
those with hypertension had this condition in late
life. We defined time of hypertension diagnosis (i.e.,
hypertension diagnosed at Kuakini HHP examina-
tion 3 (1971–1974; age = 60.2 ± 5.5 years), based on
SBP/DBP ≥140/90 mmHg or self-reported use of
anti-hypertensive medications, as hypertension diag-
nosed in midlife (T-HTN-ML). Those who were
normotensive at examination 3 but at examination 4
had SBP/DBP ≥140/90 mmHg or self-reported the
use of anti-hypertensive medications were deemed
to have hypertension diagnosed in late-life (T-HTN-
LL). Those with SBP/DBP <140/90 at examination 3
and examination 4 were considered to be normoten-
sive (NMT).
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Body mass index (BMI) was defined as weight
in kilograms divided by height in meters squared.
Diabetes was defined by fasting glucose/two-hour
oral glucose tolerance test result of ≥126/200 mg/dl
or reported use of insulin or oral hypoglycemic
medications (modified American Diabetes Associ-
ation criteria). Smoking was defined as pack-years
by self-report. Physical activity index was quanti-
fied as metabolic output during a typical 24-hour
period by multiplying a weighting factor by the
number of hours spent in 5 activity levels (no activ-
ity = 1.0, sedentary = 1.1, slight = 1.5, moderate = 2.4,
and heavy = 5.0) [41]. Alcohol intake was measured
by self-report as ounces per month. Depressive symp-
toms were measured using the 11-item Center for
Epidemiological Studies Depression (CES-D) Scale
[37]. Presence of depressive symptoms was defined
as a total CES-11 score CESD-11 ≥9.

Genotyping

Seven FOXO3 SNPs in a haplotype block were
genotyped using blood samples collected at examina-
tion 4. The FOXO3 longevity haplotype is comprised
of a minimum of 14 SNPs with putative func-
tional significance that are in a high degree of
linkage disequilibrium in the Japanese population
[33]. We genotyped 7 SNPs as a surrogate for the
complete haplotype. These comprised the following
SNPs (minor alleles shown in brackets): rs2802292
(G), rs2253310 (C), rs2802288 (A), rs2764264 (C),
rs9398171 (C), rs12212067 (G), and rs3800230 (G).
Genotyping of FOXO3 and APOE variants was per-
formed using DNA from buffy coat blood samples
that had been frozen at –70◦C [42]. Genotyping was
performed using TaqMan on an Applied Biosystems
QuantStudio 12K Flex system (ThermoFisher Scien-
tific, Waltham, MA, USA).

Statistical analyses

General linear models were used to compare
indirect measurements between groups, and logistic
models were used to compare the direct measure-
ments at baseline. Mean age-adjusted baseline risk
factor levels were compared among subjects with the
FOXO3 TT genotype and carriers of the FOXO3 G-
allele (TG/GG) of SNP rs2802292. This was done
separately among subjects who were normotensive
and subjects with late-life hypertension. Cox pro-
portional hazard models were used to assess the
association of late-life hypertension and FOXO3

genotype with dementia outcomes. The interaction
of BP variables and FOXO3 genotype with demen-
tia outcome was tested in a full Cox model, i.e.,
a Cox model that included BP variables, FOXO3
genotype and the interaction term of (BP*FOXO3
genotype), adjusting for other covariates. The effects
(hazard ratio [HR] and 95% confidence intervals
[CI]) of late-life hypertension status on dementia
outcomes for different FOXO3 genotypes were esti-
mated using stratified analyses. The Cox proportional
hazard assumption was tested for each Cox model. All
statistical analyses were performed using the Statis-
tical Analysis System (SAS) version 9.4 (Cary, NC,
USA) [43]. Figures were generated using StataCorp
2019 Stata Statistical Software Release 16 (College
Station, TX, USA) [44].

RESULTS

In this prospective study of 3,734 participants
with cognition assessment at Kuakini HHP exami-
nation 4, we excluded 226 prevalent dementia cases
at baseline. We also excluded 141 subjects with-
out FOXO3 rs2802292 genotype, and 679 subjects
who did not attend any follow-up examinations after
Kuakini HHP examination 4, i.e., with unknown inci-
dent dementia status. In the end, our analytical sample
included 2,688 subjects. In the 21 years of follow-
up (mean follow-up time 8.63 ± 5.03 SD years), 725
incident dementia cases were diagnosed, including
513 cases of AD and 104 cases of VaD.

Table 1 compares baseline characteristics of
subjects by FOXO3 genotype status and by late-
life hypertension status. At baseline, subjects with
FOXO3 longevity genotypes were significantly older,
had lower stroke and CHD prevalence, and higher dia-
betes prevalence and fasting plasma glucose levels.
Subjects with hypertension were significantly older,
had higher BMI, consumed more alcohol, had higher
plasma glucose levels, and had higher prevalence of
diabetes, stroke, and CHD. Since non-random loss to
follow-up by late-life hypertension or FOXO3 geno-
types may bias our results, we compared rates of
loss to follow-up by late-life hypertension status and
FOXO3 genotype status after combining the 2,688
subjects with 679 subjects who were lost to follow-up.
No differences were found in rates of loss to follow-
up by either hypertension status or FOXO3 genotype
status. Therefore, the loss to follow-up in our study
did not appear to be influenced by hypertension status
or FOXO3 genotype status of the subjects.
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Table 1
Characteristics of subjects at baseline, age-adjusted, by hypertension status (HTN2) and FOXO3 rs2802292 genotype

Variables NT HTN2 p rs2802292 TT rs2802292 TG/GG p
n 1,237 1,451 1429 1259

FOXO3 TG/GG (%)1 46.1 47.5 0.47 – – –
Hypertension (%)1 – – – 53.3 54.7 0.47
Age (y ± SD)1 76.7 ± 3.9 77.1 ± 4.1 0.031 76.7 ± 3.9 77.2 ± 4.2 0.0024
Education (y) 10.8 ± 3.1 10.7 ± 3.1 0.52 10.8 ± 3.1 10.7 ± 3.2 0.41
APOE �4 carriage (%) 17.8 19.2 0.37 18.5 18.7 0.89
Cognitive (CASI) score 86.7 ± 9.1 86.5 ± 7.9 0.65 86.8 ± 8.1 86.3 ± 8.9 0.17
BMI (kg/m²) 23.3 ± 3.1 24.1 ± 2.9 <0.0001 23.6 ± 3 23.8 ± 2.9 0.12
Systolic blood pressure (mmHg) 136.4 ± 13.4 160.7 ± 21.4 <0.0001 148.8 ± 21.7 150.3 ± 21.9 0.070
Diastolic blood pressure (mmHg) 76.3 ± 8.3 84.4 ± 11.1 <0.0001 80.5 ± 10.5 80.9 ± 10.9 0.27
Smoking (pack-years) 24.4 ± 33.9 26.5 ± 34.1 0.13 24.9 ± 33.5 26.3 ± 34.6 0.28
Alcohol consumption (ounces/mo.) 14.6 ± 31 20.9 ± 44.1 <0.0001 17.5 ± 38.1 18.5 ± 39.4 0.52
Physical activity index 31.4 ± 4.8 31.2 ± 4.6 0.41 31.3 ± 4.8 31.4 ± 4.6 0.70
Fasting plasma glucose (mg/dl) 109.9 ± 25.2 115.5 ± 30.5 <0.0001 111.7 ± 26.9 114.3 ± 29.8 0.022
Diabetes (%) 22.5 33.1 <0.0001 26.6 30.1 0.045
Stroke (%) 2.3 3.8 0.021 3.7 2.4 0.058
CHD (%) 17.5 21.2 0.016 21 17.8 0.035
Depressive symptoms 9.4 9.3 0.95 8.9 9.8 0.45
Loss to follow-up1,2 (%) 19.2 20.97 0.20 20.12 20.22 0.95

NT: normotensive; HTN2: SBP/DBP ≥160/95 or on anti-hypertensive medication. 1Not adjusted for age. 2Loss to follow-up by hypertension
status and FOXO3 genotypes were based on 2,688 eligible subjects + 679 subjects lost during follow-up.

Table 2
Main effects (HR and 95% confidence intervals) of late-life hypertension status, BP variables, and FOXO3 rs2802292 longevity genotype,

on risk of all-cause dementia, Alzheimer’s disease and vascular dementia

Model A All-cause dementia Alzheimer’s disease Vascular dementia
Variable HR (95% CI)1 p HR (95% CI) p HR (95% CI) p

HTN1 1.05 (0.89–1.25) 0.55 0.97 (0.79–1.18) 0.73 1.78 (1.05–2.99) 0.032
HTN2 1.02 (0.88–1.18) 0.79 0.96 (0.81–1.15) 0.67 1.76 (1.16–2.66) 0.0079
SBP ≥140 0.96 (0.83–1.13) 0.65 0.87 (0.73–1.05) 0.15 1.61 (1.03–2.54) 0.038
SBP ≥160 0.96 (0.82–1.13) 0.63 0.84 (0.69–1.02) 0.072 1.88 (1.26–2.79) 0.0018
DBP ≥90 0.96 (0.80–1.16) 0.68 0.89 (0.71–1.11) 0.30 1.50 (0.96–2.32) 0.074
DBP ≥95 0.73 (0.56–0.96) 0.023 0.65 (0.47–0.91) 0.011 1.53 (0.88–2.65) 0.13
FOXO3 G 0.88 (0.76–1.03) 0.10 0.87 (0.73–1.04) 0.12 0.77 (0.52–1.14) 0.19
Haplotype 0.89 (0.73–1.09) 0.25 0.87 (0.69–1.10) 0.26 0.86 (0.51–1.45) 0.57
Model B All-cause dementia Alzheimer’s disease Vascular dementia
Variable HR (95% CI)* p HR (95% CI) p HR (95% CI) p
HTN1 0.98 (0.82–1.18) 0.84 0.88 (0.71–1.09) 0.23 2.03 (1.11–3.69) 0.020
HTN2 0.93 (0.80–1.09) 0.39 0.88 (0.73–1.06) 0.19 1.71 (1.08–2.71) 0.022
SBP ≥140 0.92 (0.78–1.09) 0.33 0.83 (0.68–1.00) 0.051 1.74 (1.05–2.89) 0.032
SBP ≥160 0.89 (0.75–1.06) 0.20 0.77 (0.63–0.95) 0.015 1.80 (1.17–2.78) 0.0076
DBP ≥90 0.92 (0.75–1.12) 0.39 0.84 (0.67–1.07) 0.16 1.62 (1.00–2.62) 0.051
DBP ≥95 0.67 (0.50–0.90) 0.0073 0.59 (0.41–0.84) 0.004 1.57 (0.85–2.89) 0.15
FOXO3 G 0.88 (0.75–1.03) 0.099 0.87 (0.72–1.05) 0.14 0.75 (0.49–1.16) 0.19
Haplotype 0.87 (0.70–1.07) 0.19 0.85 (0.66–1.08) 0.19 0.84 (0.48–1.48) 0.56

Model A: HR (95% CI) were estimated from multivariate Cox models adjusted for baseline variables: age, education (years), CASI score,
prevalent stroke, APOE �4, and FOXO3 G (having the G-allele of FOXO3 SNP rs2802292, i.e., genotype TG or GG). Model B: HR (95%
CI) were estimated from multivariate Cox models adjusted for baseline variables: age, education (years), APOE �4, CASI score, BMI, plasma
glucose, smoking (pack-year), alcohol drinking (ounces/month), physical activity index, and prevalent diabetes, CHD, stroke, and depressive
symptoms. HTN1, SBP/DBP ≥140/90 mmHg or the self-reported use of anti-hypertensive medications; HTN2, SBP/DBP ≥160/95 mmHg
or the self-reported use of anti-hypertensive medications; FOXO3 G, having the G allele of FOXO3 SNP rs2802292, i.e., genotype TG or
GG.

To illustrate the association of FOXO3 genotype
and late-life hypertension with incident dementia
outcomes, i.e., all-cause dementia, AD, and VaD,
we used the FOXO3 SNP rs2802292 (which is the
most replicated SNP used for longevity research) as

the representative SNP for FOXO3 genotype in this
analysis. Table 2 shows the main effects of FOXO3
G-allele carriers and late-life BP and hypertension on
incident all-cause dementia (n = 725), AD (n = 513),
and VaD (n = 104) estimated from two multiple Cox
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Table 3
Incidence of dementia (per 1,000 person-years) of FOXO3 rs2802292 genotypes stratified by late-life hypertension status

A Normotensive Hypertensive (HTN2)
TT TG/GG p1 TT TG/GG p1

Total n values 667 570 – 762 689 –
All-cause dementia – n 184 153 – 198 190 –
age-adjusted incidence 34.4 32.3 0.60 33.8 33.1 0.24
Alzheimer’s disease – n 127 119 – 144 123 –
age-adjusted incidence 23. 5 25.1 0.58 24.3 21.3 0.036
Vascular dementia – n 22 12 – 38 32 –
age-adjusted incidence 4.27 2.68 0.16 6.64 5.61 0.40
B Normotensive Hypertensive (HTN1)

TT TG/GG p1 TT TG/GG p1

Total n value 361 313 – 1068 946 –
All-cause dementia – n 96 82 – 286 261 –
Age-adjusted incidence 34.5 31.6 0.90 34.2 32.8 0.14
Alzheimer’s disease – n 68 65 – 203 177 –
age-adjusted incidence 23.5 25.0 0.40 24.2 22.2 0.071
Vascular dementia – n 10 7 – 50 37 –
age-adjusted incidence 4.36 2.93 0.65 6.06 4.72 0.16
1p value for test of incidence rates between FOXO3 genotypes (TT versus TG/GG), estimated using Cox proportional hazard models adjusting
for age within each hypertension status. HTN1, SBP/DBP ≥140/90 mmHg or the self-reported use of anti-hypertensive medications; HTN2,
SBP/DBP ≥160/95 mmHg or the self-reported use of anti-hypertensive medications.

regression models, namely: (A) adjusting for base-
line variables: age, education (years), CASI score,
prevalent stroke, and APOE �4 and (B) adjusting for
the baseline variables age, education (years), CASI
score, APOE �4, BMI, plasma glucose, smoking
(pack-year), alcohol drinking (ounces/month), phys-
ical activity index, and prevalent diabetes, CHD,
stroke, and depressive symptoms. As expected, most
BP variables showed nonsignificant protective effects
for all-cause dementia and AD at the population
level. However, BP variables were associated with
increased risk of VaD. Of note, FOXO3 G-allele
carriers showed a protective effect for all dementia
outcomes, although this was not statistically signifi-
cant at the population level.

To study whether the effects of FOXO3 genotype
on dementia outcomes differed between HTN1 and
HTN2 status, we computed the incidence rates of
dementia outcomes for FOXO3 rs2802292 genotypes
stratified by late-life hypertension status. The results
are shown in Table 3. Among the subjects with HTN2,
those with the FOXO3 rs2802292 longevity geno-
type, TG/GG, had a significantly lower incidence
of AD than those with the TT common genotype
(p = 0.036). And among subjects with HTN1, those
with the FOXO3 rs2802292 longevity genotype,
TG/GG, had a lower incidence of AD than those
with the TT common genotype (p = 0.071). In con-
trast, among normotensive subjects there were no
genotypic differences in AD incidence.

To examine whether FOXO3 rs2802292 genotype
modulates the association of late-life BP with inci-
dent all-cause dementia, AD, and VaD, we tested the
interaction effect of FOXO3 genotype with the late-
life BP variables in the full Cox models (Table 4). This
showed significant interactions of FOXO3 rs2802292
G-allele carriage with BP variables only for AD risk.
Here, a significant interaction indicated that the late-
life BP variables affect AD onset differently between
FOXO3 genotypes.

In addition, we examined whether the other six
FOXO3 SNPs in LD with each other, as well as the
longevity haplotype, reacted to the stress of late-life
hypertension so as to affect AD, the major type of
dementia. To do this, we tested the interaction effect
of HTN2 with each FOXO3 genotype using a mul-
tivariate full Cox model adjusting for the baseline
variables age, education (years), APOE �4, CASI
score, BMI, smoking (pack-year), alcohol drink-
ing (ounces/month), physical activity index, plasma
glucose, and prevalent diabetes, CHD, stroke, and
depressive symptoms. The p values for interaction
tests and the HRs of late-life HTN2 for AD by FOXO3
longevity genotype are presented in Fig. 1. We found
a significant interaction effect of late-life HTN2 with
the majority of the individual FOXO3 SNPs (5 out
of 7), and the FOXO3 longevity haplotype, on AD
incidence. For individual FOXO3 longevity geno-
types (L), late-life HTN2 was associated with an
apparent protective effect against AD risk, with HRs
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Table 4
Probability (p) values for the interaction term between FOXO3 rs2802292 longevity genotype with late–life

BP variables on incident all-cause dementia, Alzheimer’s disease, and vascular dementia

All–cause dementia Alzheimer’s disease Vascular dementia

Interaction term p† p p
BP*FOXO3 G
HTN1*FOXO3 G 0.10 0.051 0.25
HTN2*FOXO3 G 0.070 0.0061 0.81
SBP140*FOXO3 G 0.15 0.061 0.84
SBP160*FOXO3 G 0.023 0.0055 0.58
DBP90*FOXO3 G 0.039 0.0021 0.31
DBP95*FOXO3 G 0.65 0.51 0.57

†p value for the interaction term estimated from the full Cox models for late-life BP variable and FOXO3
genotype, adjusting for baseline variables: age, education (years), APOE �4, CASI score, BMI, plasma glu-
cose, smoking (pack–year), alcohol drinking (ounces/month), physical activity index, and prevalent diabetes,
CHD, stroke, and depressive symptoms. HTN1, SBP/DBP ≥140/90 mmHg or the self-reported use of anti-
hypertensive medications; HTN2: SBP/DBP ≥160/95 mmHg or the self-reported use of anti-hypertensive
medications; SBP140, SBP ≥140; SBP160, SBP ≥160; DBP90, DBP ≥90; DBP95, DBP ≥95; *, interaction
term; FOXO3 G, rs2802292 (TG/GG).

Fig. 1. HRs and 95% CI of late-life hypertension on incidence of AD by FOXO3 longevity genotype (L) and common genotype (C). The
p value (top right) shows statistical significance for interaction of HTN2 with FOXO3 genotype. The analysis compared the hazard ratios
(HR) of HTN2 versus NT with incident AD between subjects with FOXO3-C and FOXO3-L. HR and 95% CI were computed using the least
square means estimated from the multivariate full Cox model, i.e., including late-life HTN2, FOXO3 genotype, and the interaction term of
HTN2 with FOXO3 genotype, adjusting for baseline variables: age, education (years), APOE �4, CASI score, BMI, smoking (pack-year),
alcohol drinking (ounces/month), physical activity index, plasma glucose, and prevalent diabetes, CHD, stroke, and depressive symptoms.
HTN2 refers to data for subjects with SBP/DBP ≥160/95 mmHg or the self-reported use of anti-hypertensive medications.

ranging from 0.66 to 0.70. Risk reduction was great-
est for the FOXO3 longevity haplotype (HR 0.58;
95% CI 0.38–0.89; p = 0.013). No statistically signif-
icant effect was seen for homozygotes of the common
allele (C).

Table 5 shows the effects of late-life BP variables
on incident all-cause dementia and AD, stratified by

FOXO3 genotypes. This analysis involved estimat-
ing HRs using multivariate Cox models adjusting for
age, education, APOE �4 genotype and other cardio-
vascular risk factors within FOXO3 genotype TT and
G-allele carriers separately. For the effects of late-
life BP variables on all-cause dementia, only SBP
≥160 mmHg and DBP ≥95 mmHg had a borderline-
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Table 5
The effect of late-life BP variables on incident all-cause dementia and Alzheimer’s disease from stratified analyses by FOXO3 rs2802292

genotypes

All cause dementia Alzheimer’s disease
Genotype BP variable HR (95% CI) 1 p HR (95% CI) p

TG/GG (n = 1259) HTN1 0.86 (0.66–1.13) 0.29 0.73 (0.53–1.00) 0.048
HTN2 0.85 (0.67–1.08) 0.18 0.72 (0.55–0.95) 0.021

SBP ≥140 0.84 (0.66–1.08) 0.18 0.71 (0.53–0.95) 0.019
SBP ≥160 0.78 (0.61–1.00) 0.051 0.61 (0.45–0.83) 0.0017
DBP ≥90 0.78 (0.58–1.04) 0.085 0.59 (0.41–0.85) 0.0042
DBP ≥95 0.67 (0.45–1.00) 0.050 0.55 (0.34–0.90) 0.017

TT (n = 1429) HTN1 1.15 (0.89–1.48) 0.28 1.09 (0.81–1.46) 0.56
HTN2 1.09 (0.88–1.36) 0.44 1.16 (0.90–1.51) 0.25

SBP ≥140 1.05 (0.84–1.31) 0.68 1.00 (0.77–1.30) 0.99
SBP ≥160 1.12 (0.88–1.42) 0.37 1.08 (0.81–1.44) 0.62
DBP ≥90 1.16 (0.88–1.52) 0.29 1.26 (0.92–1.72) 0.15
DBP ≥95 0.72 (0.46–1.13) 0.15 0.68 (0.39–1.18) 0.17

1HR and 95% CI for effect of late-life BP variables on all–cause dementia and Alzheimer’s disease, estimated within each FOXO3 genotype
separately from the multivariate Cox models adjusted for baseline variables: age, education (years), APOE �4, CASI score, BMI, plasma
glucose, smoking (pack–year), alcohol drinking (ounces/month), physical activity index, and prevalent diabetes, CHD, stroke, and depressive
symptoms. HTN1, SBP/DBP ≥140/90 mmHg or the self-reported use of anti-hypertensive medications; HTN2, SBP/DBP ≥160/95 mmHg
or the self-reported use of anti-hypertensive medications.

Table 6
Comparisons of effect of untreated hypertension, treatment with anti-hypertensive medication (An), late-life hypertensive (HTN2), and

normotensive (NT) status with Alzheimer’s disease incidence, for different FOXO3 rs2802292 genotypes

Genotype HTN2 group Reference group HR1 (95% CI) p

TG/GG HTN2 (n = 219) NT (n = 570) 0.59 (0.39–0.88) 0.0099
HTN2 (An) (n = 470) NT (n = 570) 0.72 (0.54–0.97) 0.030
HTN2 (An) (n = 470) HTN2 (n = 219) 1.22 (0.80–1.86) 0.34

TT HTN2 (n = 204) NT (n = 667) 1.11 (0.75–1.63) 0.60
HTN2 (An) (n = 558) NT (n = 667) 1.15 (0.87–1.51) 0.33
HTN2 (An) (n = 558) HTN2 (n = 204) 1.04 (0.70–1.54) 0.86

1HR and (95% CI) was computed using the least square means estimated from the multivariate full Cox models for the HTN2 group and
FOXO3 rs2802292 genotype. HRs were compared between HTN2 groups within each genotype (TT, and TG/GG). NT, SBP/DBP <160/95
mmHg; HTN2, untreated hypertension, SBP/DBP ≥160/95 mmHg and not taking anti-hypertensive medication; HTN2 (An), hypertensive
subjects who reported taking anti-hypertensive medication.

protective effect in FOXO3 G-allele carriers (HR:
0.78, 95% CI 0.61–1.00; p = 0.051, and HR: 0.67,
95% CI 0.45–1.00; p = 0.050, respectively). In con-
trast, all BP variables showed statistically significant
protective effects against AD in subjects who were
FOXO3 G-allele carriers. However, in subjects with
the FOXO3 TT genotype all BP variables showed no
association with risk of all-cause dementia and AD.

We asked whether the BP measured in mid-life
affected this association. Since midlife and late-life
BPs were measured approximately 20 years apart,
we adjusted for midlife hypertension status as a con-
founder in the models. Supplementary Table 1 shows
that, adjusted for midlife hypertension status, the pro-
tective effect of late-life HTN on AD risk still holds
for FOXO3 G-allele carriage.

As shown in Supplementary Table 2, after
adjustment for major confounding factors (age,
education [years], CASI score, prevalent stroke,

and APOE �4 genotype), in men with FOXO3
longevity genotype TG/GG, subjects whose hyper-
tension was diagnosed in late life (T-HTN-LL) had
significantly reduced risk of developing all-cause
dementia (HR = 0.75; p = 0.017), and developing AD
(HR = 0.72; p = 0.025), compared to those whose
hypertension was diagnosed in midlife (T-HTN-ML).

Since the protective effect of late-life hypertension
on risk of dementia may be due to an effect of preclin-
ical dementia that decreased subjects’ blood pressure
(a recursive effect) [21], we excluded 53 incident all-
cause dementia cases (including 28 AD cases) seen
within 1.5 years of follow-up. As shown in Supple-
mentary Table 3, the protective effect of HTN on AD
in FOXO3 G-allele carriers remained.

Lowering midlife SBP has been reported to reduce
the risk of late-life dementia in the Kuakini HHP-
HAAS cohort [45]. To investigate the possible effect
of anti-hypertensive medication in late life on AD, we
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classified the subjects into three late-life BP groups at
baseline, namely, normotensive (SBP/DBP <160/95
mmHg), untreated hypertension (SBP/DBP ≥160/95
mmHg, and not taking anti-hypertensive medication),
and hypertensive subjects who reported taking anti-
hypertensive medication at baseline. Comparisons
between the effects of different BP groups on AD by
FOXO3 rs2802292 genotype are presented in Table 6.
Among subjects who were homozygous for the major
allele of FOXO3 rs2802292 (i.e., TT) there were no
significant differences among the late-life BP groups
and AD incidence (all p > 0.3). In contrast, among
subjects having a FOXO3 rs2802292 longevity geno-
type (TG/GG), there were significant associations
in untreated hypertensive and treated hypertensive
subjects with protection against AD compared to
normotensive subjects (p = 0.0099 and 0.03, respec-
tively). However, the effect of FOXO3 rs2802292
longevity genotype on AD risk reduction showed no
significant difference for untreated hypertensive sub-
jects compared with those taking anti-hypertensive
medication (p = 0.34).

DISCUSSION

Our study was based on the premise that if the
effect of late-life hypertension on AD incidence dif-
fered according to FOXO3 genotype, then the overall
effect, namely, a weighted average effect of late-
life hypertension on AD across different FOXO3
genotypes, would be moving towards the null (i.e.,
HR = 1). Therefore, the protective effect of late-life
hypertension on AD at the population level would be
affected by the proportion of FOXO3 G-allele carriers
in a population. For the whole Kuakini HHP-HAAS
cohort, the HR of the association of late-life hyperten-
sion (HTN2) with AD was 0.88 (95% CI: 0.73–1.06;
p = 0.19), but in subjects who were carriers of the
longevity-associated G-allele, HR was 0.72 (95% CI
0.55–0.95; p = 0.021), and in subjects with the TT
genotype, HR was 1.16 (95% CI 0.90–1.51; p = 0.25).
Therefore, the protective effect of late-life hyperten-
sion on AD in the whole cohort was neutralized by
the FOXO3 TT genotype.

We were unable to determine whether the effect of
FOXO3 longevity genotype on late-life hypertension-
associated AD risk was the result of a single FOXO3
SNP or the combination of genotypes (i.e., the haplo-
type comprising 7 FOXO3 SNPs). Nevertheless, the
association of late-life hypertension-associated AD

incidence by FOXO3 longevity haplotype was simi-
lar to that from carriage of the representative FOXO3
SNP rs2802292 longevity genotype (TG/GG). It can
be expected that at the population level, the protective
effect of the FOXO3 longevity haplotype for devel-
oping AD will be neutralized (HR = 0.85; p = 0.19)
by other FOXO3 haplotypes. Our FOXO3 genotype
findings would therefore appear to resolve the con-
flicting observations concerning the relationship of
late-life hypertension with development of incident
AD. An implication from our findings is that it is cru-
cial to stratify data by FOXO3 longevity genotype(s)
in future research when assessing the association of
late-life hypertension with AD risk and in hyperten-
sion targeted prevention programs.

What then may be the mechanisms responsible?
In non-diabetic patients with uncomplicated hyper-
tension, aortic stiffness is a major determinant of
SBP and its variability [46]. Structural and func-
tional changes of the cerebral circulation in patients
with hypertension may be caused by an excessive
turnover of cerebrovascular fluid, induced by exces-
sive pressure pulsatility, which was termed pulse
wave encephalopathy [47]. Although a blood flow
regulatory mechanism termed cerebral autoregula-
tion helps to maintain steady cerebral blood flow
in response to changes in BP [48], the cerebral cir-
culation is nonetheless torrential and has minimal
vascular resistance, making small cerebral arteries
particularly susceptible to pressure pulsatility [49],
which is amplified by the incompressibility of the
skull. Periventricular white matter lesions result,
but not deep subcortical lesions. Furthermore, pul-
satile cerebrospinal fluid movements may damage the
ependymal lining of blood vessels [47], so also con-
tributing to the burden of white matter lesions [50]. A
meta-analysis found no overall relationship between
pulse pressure and AD [9]. This was explained as
stemming from its U-shaped relationship, with both
higher and lower tertiles of pulse pressure being asso-
ciated with increased AD risk [9]. Chronic cerebral
hypoperfusion would result in lower BP and appear-
ance of being normotensive.

Increased intraluminal pressure of arterioles in
hypertension results in disruption of the blood-brain
barrier, increases in reactive oxygen species, weak-
ening of vessel walls, and influx of inflammatory
cytokines and neurotoxic blood-derived debris, cells,
and microbial pathogens into the central nervous
system, resulting in neurodegeneration (see review
[51]). Neuroinflammation and activation of microglia
play an important role in AD [2, 52]. A circular
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form of FOXO3 (circFOXO3) has been shown to
reduce disruption of the blood-brain barrier follow-
ing ischemia/reperfusion in the mouse [53]. SNP
rs12196996, included in the FOXO3 longevity haplo-
type, was found to be involved in mRNA processing,
including that of circFOXO3, which has been asso-
ciated with risk of CHD [54]. Changes in white
matter (in particular of myelin), oligodendrocytes
affected by ischemia, oxidative stress, excitotoxic-
ity, iron overload, amyloid-� toxicity and tauopathy,
underlie AD pathology [55].

Although the use of anti-hypertensive medica-
tion in midlife has been found to be beneficial
for lowering AD risk [56], we found little impact
of anti-hypertensive medication use in late life for
AD risk reduction compared with subjects whose
hypertension was untreated. This may be because
in the US only 24% of patients have their hyper-
tension under control [57]. In the SPRINT trial,
intensive BP control (to SBP <120 mmHg) had no
greater effect on dementia outcome than treatment to
SBP <140 mmHg [58]. A meta-analysis of random-
ized, double-blind, placebo-controlled trials found
anti-hypertensive treatment in late-mid and late-life
reduced the risk of dementia [59]. Another meta-
analysis found a moderate reduction in dementia
risk in late-life hypertension patients who used anti-
hypertensive medications, irrespective of medication
type, and risk reduction increased to 43% for 5 years
of use [9]. It has been found that treated hyperten-
sives have an increased amyloid-� burden compared
to untreated hypertensives [60]. Hypertension accel-
erates the deposition of microvascular amyloid-�,
leading to neurotoxicity and neuronal death [61]. An
earlier study of our cohort found that a similarly high
SBP/DBP as in our study (SBP ≥160 mmHg; SBP
≥95 mmHg) was associated with neocortical and hip-
pocampal neurofibrillary tangles, neuritic plaques,
and brain atrophy [6]. Other promising therapeutics
for AD target mitochondria to reduce reactive oxy-
gen species and stimulate energy production [62, 63].
One is melatonin [64], whose release from glia con-
trols mitochondrial function, reduces inflammation
and suppresses hyperphosphorylated tau [65, 66].
Senolytics have shown promise in animal models
[67].

Although our previous data has shown that FOXO3
longevity genotype mitigates the increased mortal-
ity risk posed by having either late-life hypertension,
CHD, stroke, diabetes, or a combination of these at
examination 4 [34], the present study found no such
genotypic effect. Instead, having a FOXO3 longevity

genotype may lower risk of late-life hypertension-
associated AD incidence.

In the SPRINT trial, intensive BP control (to SBP
<120 mmHg) had no greater effect on dementia out-
come than treatment to SBP <140 mmHg [58]. A
meta-analysis found a moderate reduction in demen-
tia risk in late-life hypertension patients who used
anti-hypertensive medications, irrespective of medi-
cation type, and risk reduction increased to 43% for
5 years of use [9]. It has been found that treated
hypertensives have an increased amyloid-� burden
compared to untreated hypertensives [60]. Hyper-
tension accelerates the deposition of microvascular
amyloid-�, leading to neurotoxicity and neuronal
death [61]. Our findings should not, however, discour-
age the use of anti-hypertensive medications, since
their use is beneficial for reducing other risks such
as from cardiovascular events, mostly myocardial
infarction and stroke, in late life.

The strengths of our study were its longitudinal
design, long follow-up period, large number of clin-
ical parameters collected at multiple examinations
over the course of the study from middle-age to
late-life, and the fact that we had data spanning mid-
life through late-life. There were also limitations.
Although 88% of participants were born in Hawaii,
there was a theoretical possibility of confounding of
FOXO3 genotype due to geographic origin. All sub-
jects were men, so that we recommend that others
perform similar studies in women. Since our subjects
were all of Japanese descent, studies in other races
should be performed.

Conclusions

The present study found, for the first time, that
FOXO3 longevity genotype can moderate the effect
of late-life hypertension on AD risk. Thus, without
knowing the FOXO3 genotype of patients, one should
be cautious about generalizing the effect that late-life
hypertension status has on AD incidence in a popula-
tion. In addition, our study confirmed the risk posed
by late-life hypertension on vascular dementia.
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