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Abstract

Background: To examine the association between regular use of proton pump inhibitors and the risk of incident
dementia, including dementia subtypes, and whether the association differs between APOE genotypes.

Methods: Based on a prospective analysis of data from the UK Biobank, 501,002 individuals (female, 54.4%) aged
between 40 and 70 years, who had no prevalent dementia at baseline, were enrolled between 2006 and 2010 and fol-
lowed up to 2018. We compared all-cause dementia, Alzheimer’s disease (AD), and vascular dementia (VaD) incidence
rates between proton pump inhibitor users and non-users by the Cox proportional hazard model.

Results: During 4,438,839 person-years of follow-up (median length of follow-up, 9.0 years), there were 2505 incident
cases of all-cause dementia, including 932 cases of AD and 524 cases of VaD. The incident rate of all-cause dementia
among proton pump inhibitor users was 1.06 events per 1000 person-years, compared with 0.51 events per 1000 per-
son-years among non-users. After adjustment for multiple confounders and indications, the hazard ratios (HRs) of the
proton pump inhibitor users were 1.20 (95% Cl, 1.07-1.35) for incident all-cause dementia, 1.23 (95% Cl, 1.02-1.49) for
incident AD, and 1.32 (95% Cl, 1.05-1.67) for incident VaD. In addition, the association between proton pump inhibitor
use and all-cause dementia differed by APOE genotype (P for interaction = 0.048). Among APOE €4 heterozygotes, the
fully adjusted HR of proton pump inhibitor use was 1.46 (95% Cl, 1.22-1.75) and 1.68 (95% Cl, 1.36-2.07), especially for
individuals aged 65 years and older.

Conclusions: The finding of this large population-based cohort study indicates that the use of proton pump inhibi-
tors is associated with an increased risk of incident dementia, particularly among APOE €4 heterozygotes.
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Background

Proton pump inhibitors (PPIs) are widely used in the

treatment of gastric acid-related disorders such as pep-
fPeidong Zhang, Zhihao Li, and Peiliang Chen contributed to the work tic ulcer d‘lsease’ géstroesophageal reflux disease (GERD?’
equally. non-steroidal anti-inflammatory drug (NSAID)-associ-
ated ulcers, and eradication of Helicobacter pylori [1]. In
1 — : . many countries, including the UK, some PPIs are avail-
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long-term use that does not meet guidelines [2, 3]. With
the increasing use of PPIs [4], more attention has been
paid to the research on its side effects [5]. A series of
studies have reported associations between PPI use and
cardiovascular disease [6, 7], fracture [8], kidney disease
[9], infections [10], and diabetes [11], but the association
with dementia is controversial [12].

Dementia is characterized by inexorably progressive
impairment in cognitive and independent living func-
tions. Alzheimer’s disease (AD), vascular dementia
(VaD), Lewy body, and frontotemporal dementia are the
most common pathologies. It is estimated that there were
35.6 million dementia patients worldwide in 2010, and
the number may reach 65.7 million in 2030 [13]. Mean-
while, the worldwide costs of dementia were estimated at
$818 billion in 2015 [14]. To prevent dementia, reducing
risk factor exposure is vital in the circumstance of lim-
ited treatment. Several cohort studies reported the asso-
ciation between PPI use and all-cause dementia or AD
among the elderly, and the hazard ratios (HRs) of PPI
users were 1.38 to 1.44 [15, 16]. However, other studies
showed conflicting conclusions, and most of these stud-
ies did not observe any associations [17-22]. Therefore,
the association between PPI use and dementia is still
uncertain.

PPIs are aimed to reduce the gastric acid secretion of
the parietal cell by inhibiting (H(+), K(+))-ATPase [23].
Similar enzymes are also found in microglia lysosomes
[24], and the lysosomal acidic environment is essential for
amyloid-P (Ap) clearance, the disorder of which may lead
to neurodegeneration and dementia [25]. A study reveals
that PPIs may increase Ap deposition in the mouse brain
by affecting the - and y-secretases [26]. However, pre-
cision measurement of AP metabolism in a large popu-
lation would be difficult. A measurable proxy for A is
required to infer whether the PPIs promote dementia via
affecting A metabolism.

Apolipoprotein E (Apo-E) is a primary cholesterol car-
rier involved in lipid transport, and APOE €4 alleles are
the main genetic risk factors for AD and dementia due
to their reduced capacity for AP transport [27]. APOE €4
may also promote AD by reducing the ability of astro-
cytes to remove toxic fatty acids from the extracellular
milieu [28]. Possible mechanisms for the potential asso-
ciation between PPIs and dementia and whether PPIs can
interact with APOE require evidence from population-
based studies.

To further explicitly whether regular PPI use is associ-
ated with incident all-cause dementia and pathological
specific dementia (AD and VaD), we conducted a large
prospective cohort study in the UK Biobank. Further-
more, we also tried to explore the differences in the asso-
ciations among different APOE €4 genotypes, a potential
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regulatory gene of AP metabolism, to suggest biological
mechanisms.

Results

Participant characteristics

Table 1 presents the baseline characteristics of eventually
included participants stratified by PPI users or non-users.
Of the 501,002 individuals (mean [SD] age, 56.5 [8.1]
years), 272,605 (54.4%) were female and 53,735 (10.7%)
were regular PPI users (Fig. 1). The regular users were
slightly older, had higher BMIs, more smoking exposure,
less alcohol consumption, and more comorbidity and
regular drug use.

Associations of PPl use with dementia outcomes

Over 4,438,839 person-years of follow-up (median [inter-
quartile range] length of follow-up, 9.0 [8.3-9.5] years),
there were 2505 incident cases of all-cause dementia,
including 932 cases of AD and 524 cases of VaD. The inci-
dent rate of all-cause dementia among PPI users was 1.06
events per 1000 person-years, compared with 0.51 events
per 1000 person-years among non-users. The basic mul-
tivariable models found significant associations between
PPI use and increased all-cause and cause-specific demen-
tia risks (Table 2). After additional adjustment for clini-
cal indications, the HRs of the PPI users were 1.20 (95%
confidence interval [CI], 1.07-1.35; P = 0.001) for incident
all-cause dementia, 1.23 (95% CI, 1.02—-1.49; P = 0.031) for
incident AD, and 1.32 (95% CI, 1.05-1.67; P = 0.017) for
incident VaD. Figure 2 shows the cumulative risk of inci-
dent all-cause and cause-specific dementia in each PPI use
status during follow-up (all P < 0.001).

Subgroup analyses

To verify whether the APOE gene played a role as an
effect modifier in the PPI use and dementia associa-
tions, we conducted subgroup analysis in different APOE
€4 genotypes by the fully adjusted model and tested the
interactions. The association between PPI use and inci-
dent all-cause dementia was observed particularly among
the APOE €4 heterozygous (4/—) population (HR, 1.46;
95% CI, 1.22—-1.75; P < 0.001), and the interaction was
statistically significant (P for interaction = 0.048; Fig. 3).
Additional file 1: Fig. S1 shows the cumulative risk of
incident dementia in each PPI use status among different
APOE €4 genotype groups, and Additional file 1: Fig. S2
shows the combined effects of PPI use and APOE €4 on
the risk of dementia.

Furthermore, we conducted subgroup analyses accord-
ing to other potential modifying factors. Regular PPI
use and all-cause dementia associations were stronger
among females, never smokers, and participants without
stroke (all P for interaction < 0.05; Fig. 4). The combined
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Table 1 Baseline characteristics Table 1 (continued)
Characteristics No. (%)® Characteristics No. (%)?
PPl non-users PPl users PPl non-users PPl users
Total 447267 53,735 Sleep apnea 1240 (0.3) 368(0.7)
Age (years), mean (SD) 56.2 (8.1) 594 (7.3) Cancer 33,592 (7.5) 5739 (10.7)
Sex GERD 5183(1.2) 15,758 (29.3)
Female 243253 (544) 29,352 (54.6) Barrett's esophagus 237(0.1) 1231(23)
Male 204,014 (45.6) 24,383 (45.4) Gastroduodenal ulcer 2765 (0.6) 2840 (5.3)
Ethnicity Regular use of supplement or drugs
White 422,581 (945)  51,240(954) Statin 68,147 (15.2) 18474 (34.4)
Others 24,686 (5.5) 2495 (4.6) Antihypertensive drugs 83,931 (18.8) 19,782 (36.8)
Education Anticholinergic drugs 38,032 (8.5) 11,747 (21.9)
Higher 220,614 (493) 20,767 (38.6) Benzodiazepines 2424 (0.5) 1013(1.9)
Upper secondary 39,176 (8.8) 3660 (6.8) z-Hypnotics 1458 (0.3) 611(1.1)
Lower secondary 92,519 (20.7) 11,203 (20.8) Aspirin 56,812 (12.7) 12,648 (23.5)
Vocational 22,670 (5.1) 3563 (6.6) Non-aspirin NSAIDs 128,374 (28.7) 20,366 (37.9)
Others 72,288 (16.2) 14,542 (27.1) Multivitamin 139,534 (31.2) 17,859 (33.2)
Household income (£) H2RAs 7533 (1.7) 1921 (3.6)
<18,000 99,929 (22.3) 18,700 (34.8) APOE genotype
18,000-30,999 114,099 (25.5) 14,956 (27.8) APOE €4 —/— 310,111 (71.5) 37,676 (72.3)
31,000-51,999 117,645 (26.3) 11,560 (21.5) APOE €4 +/— 113,253 (26.1) 13,280 (25.5)
52,000-100,000 91,382 (204) 6918 (12.9) APOE €4 +/+ 10,367 (24) 1169 (2.2)
>100,000 24,212 (54) 1601 (3.0) Abbreviations: PPl proton pump inhibitor, SD standard deviation, GERD
Townsend deprivation index, median  —2.2[—3.7,0.5] —1.8[—35,1.2] gastroesophageal reflux disease, NSAIDs non-steroidal anti-inflammatory drugs,
linterquartile range] H2RAs H2 receptor antagonists, APOE apolipoprotein E
Body mass index (kg/mz), mean (SD) 272 (47) 291 (5.1) 2 All variables globally significantly different between groups at P < 0.001, except

Regular physical activity
No
Yes

Smoking status
Never
Former
Current

Alcohol consumption (g/day)
0
0.01-13.99
14-27.99
>28

Occupational exposure
Rarely/never
Sometimes
Often

Health conditions
Hypertension
Coronary heart disease
Diabetes
High cholesterol
Stroke
Traumatic brain injury
Depression
Anxiety

185,029 (41.4)
262,238 (58.6)

249,076 (55.7)
150,929 (33.7)
47,262 (10.6)

107,342 (24.0)
167,958 (37.6)
96,157 (21.5)
75,810 (16.9)

355,224 (79.4)
57,614 (12.9)
34,429 (7.7)

110,673 (24.7)
16,831 (3.8)
20,061 (4.5)
49,626 (11.1)
5395(1.2)
1393 (0.3)
22,812(5.1)
5539(1.2)

25213 (46.9)
28,522 (53.1)

25,226 (46.9)
22,604 (42.1)
5905 (11.0)

17,191 (32.0)
18,331 (34.1)
9685 (18.0)
8528 (15.9)

43,967 (81.8)
5383 (10.0)
4385 (8.2)

22,237 (41.4)
7377 (13.7)
5362 (10.0)
11,814 (22.0)
1802 (3.4)
222 (04)
5294 (9.9)
1160 (2.2)

for sex (P =0.299)

effects of PPI use and significant modifying factors are
shown in Additional file 1: Fig. S3. In addition, the asso-
ciations of regular PPI use with cause-specific demen-
tia were strong among females for AD and participants
without stroke for VaD (all P for interaction < 0.05;
Additional file 1: Fig. S4, S5). When each PPI was ana-
lyzed separately (Additional file 1: Table S3), the associa-
tions with all-cause dementia persisted in lansoprazole
(HR, 1.26; 95% CI, 1.07-1.48; P = 0.007).

Sensitivity analyses

We excluded participants younger than 65 years at baseline
for sensitivity analysis to verify the effect modifier role of
APOE €4. The results showed that the interaction between
PPI use and APOE €4 genotype was still present for all-
cause dementia (P for interaction = 0.012; Additional file 1:
Fig. S6), and the HR of PPI users among APOE &4 heterozy-
gote was 1.68 (95% ClI, 1.36-2.07; P < 0.001). Also, in the
APOE ¢4 heterozygotes, the HRs of PPI users were 1.55
(95% CI, 1.12-2.15; P = 0.008) and 1.80 (95% CI, 1.21-2.68;
P = 0.004) for incident AD and VaD, respectively. However,
interaction tests did not reach the statistically significant
level (P for interaction > 0.05).
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502 524 Participants

1298 Excluded due to withdrawal
from the study

501 226 Participants

Main analyses 224 Excludgd due to prevalent
dementia
Test the association of regular PPl use

with incident dementia S0 (3 [PEdEpEiE

15146 Excluded due to missing
quality-controlled genotyping
data

Test the association of regular PPI use
with incident dementia according to
APOE genotype

485 856 Participants

Fig. 1 Flowchart of participant enrolment. Abbreviations: PPI, proton pump inhibitor; APOE, apolipoprotein E

Table 2 Associations of regular PPl use with incident dementia

Outcomes PPI non-users PPl users Model 12 Model 2° Model 3¢

(n = 447,267) (n =53,735)

No. of events (%) No. of events (%) HR (95% Cl) P-value HR (95% Cl) P-value HR (95% Cl) P-value
All-cause dementia 2008 (0.45) 497 (0.92) 149 (1.35-1.65) <0.001 1.17(1.05-1.29) 0.003 1.20 (1.07-1.35) 0.001
Alzheimer’s disease 752 (0.17) 180 (0.33) 141 (1.20-1.66) <0.001 1.19(1.00-1.41) 0.045 1.23(1.02-1.49) 0.031
Vascular dementia 392 (0.09) 132 (0.25) 1.99 (1.63-242) <0.001 1.32(1.07-162) 0.009 1.32(1.05-167) 0.017

Abbreviations: PPl proton pump inhibitor, HR hazard ratio, Cl confidence interval
@ Model 1: Cox proportional hazards regression adjusted for age and sex

b Model 2: Cox proportional hazards regression adjusted for model 1 and ethnicity, education, household income, Townsend deprivation index, smoking status,
alcohol consumption, physical activity, BMI, occupational exposure, hypertension, coronary heart disease, diabetes, high cholesterol, stroke, traumatic brain injury,
depression, anxiety, sleep apnea, cancer, and regular use of medications (statin, antihypertensive drugs, anticholinergic drugs, benzodiazepines, z-hypnotics, aspirin,
non-aspirin NSAIDs, and multivitamin)

€ Model 3: Cox proportional hazards regression adjusted for model 2 and GERD, Barrett’s esophagus, gastroduodenal ulcer, and regular H2RAs use

== PPl Non-users PPI Users == PP| Non-users PPI Users == PP| Non-users PPI Users
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Fig. 2 The cumulative risk of incident all-cause dementia (A), Alzheimer’s disease (B), and vascular dementia (C) according to regular PPl use.
Abbreviation: PPI, proton pump inhibitor

Results showed no significant change in PPI use and excluded participants with missing values for covari-
incident dementia associations when we excluded par- ates (Additional file 1: Table S5), and excluded partici-
ticipants who developed dementia outcomes within the  pants who developed outcomes that were recorded on
first 2 years of follow-up (Additional file 1: Table S4), the death register data only (Additional file 1: Table S6).
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Total Events in Events in Hazard Ratio P for
Subgroup Participants PPl Non-users (%) PPI Users (%) (95% ClI) P-value Interaction
All-cause dementia
APOE €4 -/- 347787 926 (0.30) 233 (0.62) 1.12(0.95to0 1.33) - 0.170 0.048
APOE €4 +/- 126533 760 (0.67) 201 (1.51) 1.46 (1.22to 1.75) —-— <0.001
APOE €4 +/+ 11536 224 (2.16) 38(3.25) 0.76 (0.51t0 1.15)  —=—— 0.194
Alzheimer’s disease
APOE €4 -/- 347787 257 (0.08) 69 (0.18) 1.20 (0.88 to 1.63) - 0.261 0.680
APOE €4 +/- 126533 338 (0.30) 77 (0.58) 1.40 (1.06 to 1.86) —— 0.019
APOE €4 +/+ 11536 117 (1.13) 24 (2.05) 0.92(0.53to 1.57) — 0.750
Vascular dementia
APOE €4 -/- 347787 180 (0.06) 60 (0.16) 1.14 (0.81 to 1.61) —— 0.444 0.176
APOE €4 +/- 126533 161 (0.14) 60 (0.45) 1.69 (1.20 to 2.39) —_— 0.003
APOE €4 +/+ 11536 36 (0.35) 6(0.51) 0.88(0.33102.36) =i 0.802
T T T
03 1 2 3

confidence interval

Hazard Ratio (95% CI)

Fig. 3 Association of regular PPl use with incident dementia stratified by APOE genotype. The vertical line indicates the reference value of 1.
Estimated effects were based on the fully adjusted model. Abbreviations: PPI, proton pump inhibitor; APOE, apolipoprotein E; HR, hazard ratio; Cl,

We included all covariates and used logistic regression
to construct propensity scores with a c-statistic of 0.815
(95% CI, 0.813-0.817). The propensity score matching
analysis results were consistent with the main model
(Table 3).

Discussion

In this population-based prospective cohort study of half
a million participants, we found that regular PPI use was
associated with an increased risk of incident all-cause
dementia, AD, and VaD. Meanwhile, we found an inter-
action between PPI use and APOE €4 genotype for all-
cause dementia, and the association was more significant
among APOE &4 heterozygotes.

Our results were consistent with the previous stud-
ies that reported the association between PPI use and
increased risk of dementia [15, 16, 29]. The study, which
followed 70,000 participants over 75 years of age for 7
years, showed that PPI users had 1.44 times the risk of
incident dementia as non-users [16]. Another study of
more than 15,000 participants over 40 years of age with-
out prevalent dementia followed for 8.44 years found that
the adjusted HR for PPI users was 1.22 [29]. However, a
separate series of observational studies reported that the
associations were absent [19-22]. For example, a pro-
spective study including over 70,000 participants showed
that PPI use was not associated with dementia [21]. A
systematic review and meta-analysis pooling 11 obser-
vational studies did not observe the association between

short-term PPI use and dementia [30]. After that, the
current study of more than 500,000 participants sug-
gests that significant associations with incident dementia
were still emerging with regular PPI use after adjusting
for a wide range of lifestyle, comorbidity, and clinical
indications. To our knowledge, this is the most exten-
sive prospective study of PPI-dementia associations in
the general population while providing some validation
of the possible biological mechanisms of the association.
Therefore, this study offers high-quality population-
based evidence to assess the side effects accompanying
regular PPI use.

AP aggregation to form plaques triggers neuronal
dysfunction and death in the brain, which is the critical
pathological feature of AD [31]. Studies of mouse mod-
els showed that PPIs might cross the blood-brain barrier
[32, 33] and exacerbate AP production [26] to promote
the development of dementia. Another mechanism was
that the PPIs increase the accumulation of fibrillar AP by
inhibiting the acidification of the degradation process in
microglia [34, 35]. AP clearance from the brain requires
the involvement of membrane cholesterol, and glial-
derived APOE is a critical cholesterol transporter in the
brain [31]. APOE €4 is a determining risk factor of AD
by promoting AP aggregation, associated with a 4-fold
increased risk for a single allele [36]. We unprecedent-
edly reported the interaction between PPI use and APOE
€4 genotype in dementia risk. Compared to the APOE &4
noncarrier, the risk of dementia among €4 heterozygotes
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Total Events in Events in Hazard Ratio P for
Subgroup Participants PPl Non-users (%) PPl Users (%) (95% ClI) P-value Interaction
Sex
Female 272605 866 (0.36) 251(0.86) 1.33(1.13to 1.57) — 0.001 0.006
Male 228397 1142 (0.56) 246 (1.01) 1.09 (0.93 to 1.28) e 0.286
Age
<65y 405243 855 (0.23) 180 (0.47) 1.11(0.92to 1.34) - 0.275 0.690
265y 95759 1153 (1.44) 317 (2.02) 1.26 (1.09 to 1.45) — 0.002
Obesity
No 378298 1517 (0.44) 313(0.92) 1.27 (1.10 to 1.46) — 0.001 0.931
Yes 122704 491 (0.48) 184 (0.93) 1.11(0.91 to 1.34) -+ 0.317
Ever smoking
No 274302 908 (0.36) 219(0.87) 1.35(1.14to0 1.61) — 0.001 0.006
Yes 226700 1100 (0.56) 278 (0.98) 1.10 (0.95 to 1.28) —a— 0.214
Ever drinking
No 124533 680 (0.63) 197 (1.15) 1.10(0.92 to 1.33) T 0.285 0.188
Yes 376469 1328 (0.39) 300 (0.82) 1.27 (1.10 to 1.47) —a— 0.001
Hypertension
No 368092 1188 (0.35) 227 (0.72) 1.20(1.02 to 1.42) —a— 0.030 0.756
Yes 132910 820 (0.74) 270 (1.21) 1.20(1.02 to 1.40) —a— 0.024
Stroke
No 493805 1883 (0.43) 462 (0.89) 1.28 (1.14 to 1.44) —-— <0.001 0.001
Yes 7197 125 (2.32) 35(1.94) 0.61(0.40t00.93) «=—— 0.021
Depression
No 472896 1835 (0.43) 429 (0.89) 1.24 (1.10 to 1.40) —-— <0.001 0.365
Yes 28106 173 (0.76) 68 (1.28) 0.96 (0.68 to 1.35) — 0.804
Statin use
No 414381 1378 (0.36) 233(0.66) 1.13(0.97 to 1.33) 1+ 0.123 0.754
Yes 86621 630 (0.92) 264 (1.43) 1.25(1.06 to 1.47) — 0.007
Aspirin use
No 431542 1486 (0.38) 303 (0.74) 1.17 (1.02 to 1.36) —a— 0.030 0.721
Yes 69460 522 (0.92) 194 (1.53) 1.23 (1.02 to 1.48) —— 0.030
T T T
0.5 1 1.5 2
Hazard Ratio (95% ClI)
Fig. 4 Association of regular PPl use with incident all-cause dementia stratified by potential risk factors. The vertical line indicates the reference
value of 1. Estimated effects were based on the fully adjusted model. Abbreviations: PP, proton pump inhibitor; HR, hazard ratio; Cl, confidence
interval

Table 3 Associations of regular PPl use with incident dementia in propensity score matching model

Outcomes PPI non-users (n = 107,470) PPl users (n = 53,735) PSM model 32

No. of events (%) No. of events (%) HR (95% Cl) P-value
All-cause dementia 907 (0.84) 497 (0.92) 1.22(1.08-1.37) 0.001
Alzheimer's disease 321(0.30) 180 (0.33) 1.25(1.02-152) 0.028
Vascular dementia 223(0.21) 132(0.25) 1.30(1.03-1.65) 0.028

Abbreviations: PPl proton pump inhibitor, PSM propensity score matching, HR hazard ratio, C/ confidence interval

2 Propensity scores were derived from logistic regression, which included age, sex, ethnicity, education, household income, Townsend deprivation index, smoking
status, alcohol consumption, physical activity, BMI, occupational exposure, hypertension, coronary heart disease, diabetes, high cholesterol, stroke, traumatic brain
injury, depression, anxiety, sleep apnea, cancer, GERD, Barrett’s esophagus, gastroduodenal ulcer, and regular use of medications (statin, antihypertensive drugs,

anticholinergic drugs, benzodiazepines, z-hypnotics, aspirin, non-aspirin NSAIDs, multivitamin, and H2RA use)
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may be further amplified with regular PPI use. We spec-
ulated that PPIs might affect Ap metabolism and syner-
gize with the APOE €4 to promote A accumulation and
increase dementia risk. PPIs may reduce lysosomal acidi-
fication by inhibiting V-ATPase activity, which is critical
for AP clearance [25, 37].

Notably, the association between PPI use and demen-
tia was not presented among APOE &4 homozygotes. The
APOE €4 homozygote is a validated risk factor with sig-
nificant effects, and its HRs of all-cause dementia and AD
were 6.93 (95% CI, 6.05-7.92; P < 0.001) and 12.91 (95%
CI, 10.59-15.75; P < 0.001) in this study. We hypothe-
sized that the e4 homozygotes are more likely with high
loading of AP level, which may mask the relatively mod-
est effects of PPI use by the mechanism like the epistasis
effect [38]. When we investigated the combined effect of
PPI use and APOE &4, the results showed a significantly
increased risk of dementia in €4 homozygotes, regardless
of whether they used PPI or not (Additional file 1: Fig.
S2). In addition, PPIs may promote dementia by inducing
vitamin B,, deficiency [39] or inhibiting choline acetyl-
transferase [40], but this has not been verified in this
study.

Sex factors play an unavoidable role in the development
of dementia. This study showed that the PPI-dementia
association was more pronounced in females. Previous
studies reported that females are more likely to develop
dementia due to carrying APOE €4 [41], which may be
explained by the increased sensitivity of females to A
[42]. Thus, based on the hypothesis that PPIs promote
dementia by increasing AB accumulation, we speculated
that PPIs would synergize with the high AP sensitivity to
increase the risk of dementia among females. In addition,
the results of the subgroup analysis also suggested that
the association between PPI use and dementia was more
substantial in the non-smokers and participants with-
out stroke. Smoking and stroke are often concomitant
with cerebral oxidative stress and vascular inflammation,
which are potential mechanisms for increased risk of AD
[43]. Meanwhile, functional studies on primary human
tissues and animal models showed PPIs had antioxidant
and anti-inflammatory properties [44]. Therefore, we
speculate that PPI use may neutralize the risk effect of
smoking and stroke.

Our results showed that the association between dif-
ferent types of PPIs and dementia might differ, with lan-
soprazole being associated with dementia with greater
strength than omeprazole at a relatively close statistical
power. Consistent with earlier studies, results based on
the AD cell model showed that the increase in A lev-
els after lansoprazole stimulation was more pronounced
than omeprazole [29]. Lansoprazole also profoundly lim-
its the retention of spatial information and the capacity
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to manipulate remembered memory to develop a strategy
and execute a complex task [45]. In addition, there were
more adverse effects of headaches after lansoprazole use
[46]. Therefore, we believe that attention should be paid
to the potential differences in PPIs in the nervous system.

Our study has several significant strengths, includ-
ing the prospective population-based study design, the
large sample size, and detailed information on related
covariates, which provided adequate confounding adjust-
ment and robust statistical power. In addition, individual
genotype data set the stage for investigating drug-gene
interactions. Thus, we demonstrated that PPI use and
dementia associations might vary across APOE &4 geno-
types for the first time.

Some limitations should also be considered. First, PPI
use was self-reported at baseline, and accurate dosage,
duration, and validation by other sources were lacking.
These may lead to recall bias and obscure within-group
heterogeneity. This issue obstructed us from perform-
ing further analyses on these important factors. The
primary exposure was based on data from a single base-
line assessment only, and it cannot be excluded that a
few participants only used the PPIs for a short period
around the survey. Second, PPI use was not randomly
assigned. Although we corrected for as many confound-
ing factors and clinical indications as available, there
may still be unmeasured confounding. Third, demen-
tia consists of a complex set of symptomatic, and there
may be diagnostic inaccuracies through ICD coding in
electronic health records, while information on severity
may be lost [47]. Due to the high under-diagnosis in the
natural population, defining dementia based on hospital
admissions and death registers may lead to missed diag-
noses, and recorded dementia in these systems is often
in an advanced stage. Besides, participants with comor-
bidities and prescription of PPI may have more contact
with the health system and thus have a greater chance of
being diagnosed with dementia. Fourth, considering the
interpretability of the biological mechanisms, only one
genetic risk factor, APOE &4, was included in this study.
In contrast, dementia and AD have complex genetic
susceptibility factors, and the AB metabolism has com-
plex regulatory mechanisms, and these may be the effect
modifiers on the role of PPIs. Fifth, the UK Biobank study
population may have intrinsic characteristics and limit
the generalization of the results to other populations or
nations.

Conclusions

In conclusion, this population-based cohort study
showed that regular PPI use was associated with an
increased risk of incident all-cause dementia, AD, and
VaD. Moreover, there was a significant interaction
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between PPI use and APOE €4 genotype for dementia,
and the association was most prominent in APOE €4 het-
erozygotes. This study reveals prospective evidence and a
potential mechanism for an association between PPI use
and dementia, which requires further controlled trials
and experimental studies to verify the causal relationship.

Methods

Study design

The UK Biobank study recruited more than 500,000 par-
ticipants aged 40 to 70 years from the general population
throughout the UK between 2006 and 2010 [48]. Par-
ticipants provided information on health-related aspects
through extensive baseline questionnaires, verbal inter-
views, and physical measurements. Participants were
excluded if they withdrew from the study (» = 1298) and
had prevalent dementia (n = 224). Then, we excluded
15,146 participants due to missing quality-controlled
genotype data for subsequent analysis (Fig. 1).

Ascertainment of exposure

The regular use of medications was collected through a
verbal interview by a trained nurse at the baseline. “Reg-
ular” was defined as most days of the week for the past
4 weeks [49]. Data on short-term medication use, such
as a 1-week course of antibiotics and medications they
have recently stopped taking, were not recorded. Dosage
and duration of medication use were not recorded in the
UK Biobank. However, a repeat assessment conducted
in 2012-2013 that included 20,346 participants showed
91.2% were consistent with their PPI use at baseline.
PPIs mainly included omeprazole, esomeprazole, pan-
toprazole, lansoprazole, and rabeprazole. We combined
the use of these drugs and defined regular PPI use as a
dichotomous variable (yes or no).

APOE genotyping

UK Biobank participants were genotyped using two
genotyping arrays: UK BiLEVE or UK Biobank Axiom
arrays. Following single nucleotide polymorphism
(SNP) and sample quality controls, directly genotyped
data were then imputed centrally by the UK Biobank
based on the 1000 Genomes Phase 3, UK 10K haplo-
type, and Haplotype Reference Consortium refer-
ence panels [50]. APOE genotype was defined by two
SNPs, rs429358 and rs7412. As APOE €4 is a recog-
nized genetic risk factor for dementia and AD mainly
by affecting AP metabolism [31], we divided the popu-
lation into APOE €4 noncarriers (—/—), heterozygotes
(+/-), and homozygotes (+/+) [51].
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Ascertainment of incident dementia

Data on defining dementia, including all-cause demen-
tia, AD, and VaD, were obtained from the UK Biobank
baseline assessment data, linked hospital admission data,
and death register data. Diagnoses were recorded using
the International Classification of Diseases (ICD) coding
system (Additional file 1: Table S1) [52]. Participants with
the incident disease were identified as having a primary
and secondary diagnosis in hospital admission records or
underlying and secondary causes of death from morbid-
ity records post the date of baseline assessment. We cal-
culated the follow-up time from the date of attendance
until the date of first diagnosis, date of death, or February
25, 2018, for Wales and England, and February 28, 2017,
for Scotland, whichever occurred first.

Covariates

To control for potential confounding factors, we included
the following covariates: sociodemographic characteris-
tics (age, sex, ethnicity, education, household income, and
Townsend deprivation index), lifestyle habits (smoking
status, alcohol consumption, physical activity, body mass
index [BMI], and occupational exposure), comorbidities
(hypertension, coronary heart disease, diabetes, high cho-
lesterol, stroke, traumatic brain injury, depression, anxi-
ety, sleep apnea, cancer, GERD, Barrett’s esophagus, and
gastroduodenal ulcer), and regular use of drugs or sup-
plements (statin, antihypertensive drugs, anticholinergic
drugs, benzodiazepines, z-hypnotics, aspirin, non-aspirin
non-steroidal anti-inflammatory drugs [NSAIDs], mul-
tivitamin, and H2 receptor antagonists [H2RAs]). The
Townsend deprivation index was used as an indicator of
socioeconomic status and is provided directly by the UK
Biobank [53]. Alcohol consumption was calculated based
on the US Dietary Guidelines for Americans 2015-2020
[54]. Regular physical activity was calculated based on the
validated International Physical Activity Questionnaire and
categorized into three groups: regular, some, or no regular
physical activity [55]. Information on medical history and
use of drugs was collected via verbal interview at baseline.
Anticholinergic drugs were defined by the Anticholinergic
Cognitive Burden (ACB) scale and previous reports [56].

Statistical analyses

Baseline characteristics of the participants were summa-
rized across regular PPI users as numbers (percentage [%])
for categorical variables, mean (standard deviation [SD])
for normally distributed variables, or median (interquar-
tile range) for skewed variables. The cumulative incident
dementia outcomes were measured by the Kaplan-Meier
method, and the differences between PPI users and PPI
non-users were compared with the log-rank test. The
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analyses were conducted among the whole population and
each APOE €4 genotype group. To maximize the statistical
power, we performed multiple imputations with chained
equations (MICE) to assign missing covariate values.
Detailed information on the number of missing covariates
is shown in Additional file 1: Table S2.

The associations between regular use of PPIs and all-
cause dementia, AD, and VaD outcomes were explored
using Cox proportional hazard models with hazard ratios
(HRs) and 95% confidence intervals (Cls). The assump-
tion for proportional hazards was evaluated by tests
based on Schoenfeld residuals [57], and violation of this
assumption was not observed in our analyses. Three sets
of models were performed. Model 1 was only adjusted
for age and sex. Model 2 was adjusted for additional vari-
ables, including ethnicity, education, household income,
Townsend deprivation index, smoking status, alcohol
consumption, physical activity, BMI, occupational expo-
sure, hypertension, coronary heart disease, diabetes, high
cholesterol, stroke, traumatic brain injury, depression,
anxiety, sleep apnea, cancer, and regular use of medica-
tions (statin, antihypertensive drugs, anticholinergic
drugs, benzodiazepines, z-hypnotics, aspirin, non-aspi-
rin NSAIDs, and multivitamin). To address the possible
confounding effect of PPI use clinical indications, we
additionally adjusted for GERD, Barrett’s esophagus, gas-
troduodenal ulcer, and regular H2RAs used in model 3.

To investigate potential effect modifiers, we conducted
subgroup analyses according to APOE genotype (e4 —/—,
€4 +/—, or €4 +/+), sex (female or male), age (<65or >65
years), obesity (BMI > 30 kg/m? yes or no), ever smok-
ing (yes or no), ever drinking (alcohol consumption > 0,
yes or no), hypertension (yes or no), stroke (yes or no),
depression (yes or no), statin use (yes or no), and aspirin
use (yes or no). The potential modifying effect was evalu-
ated using the cross-product term of the stratifying vari-
able with PPI use in the fully adjusted model.

We performed a series of sensitivity analyses. First, to
reduce the influence of early-onset dementia, we conducted
a sensitivity analysis of the associations among each APOE
genotype after excluding participants under 65 years old
at the baseline. Then, we performed sensitivity analyses by
excluding participants who developed outcomes within
2years to reduce potential reverse causations and exclud-
ing participants with missing values of covariates to validate
the robustness of the results. Finally, we conducted a pro-
pensity score matching analysis to adjust the confounding
factors with the matching ratio of 2:1. Propensity scores
were estimated based on the multivariable logistic regres-
sion model by including all the covariates. All statistical
analyses were performed using R v4.1.0 (R Center for Sta-
tistical Computing, Vienna, Austria), and statistical signifi-
cance was determined at P-value < 0.05 (two-sided).
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