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Objectives: To investigate the potential association between slow gut transit and AD using epidemiolog-
ical data and a murine model.

Methods: We conducted a bi-national cohort study in South Korea (discovery cohort, N=3,130,193) and
Japan (validation cohort, N=4,379,285) during the pre-observation period to determine the previous diag-
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Cohort slow gut transit using loperamide in 5XFAD transgenic mice. Changes in amyloid-beta (AB) and other
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Constipation
Epidemiological data
Mouse model
Gut-brain axis
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markers were examined using ELISA, qRT-PCR, RNA-seq, and behavioral tests.

Results: Constipation was associated with an increased risk of AD in the discovery cohort (hazard ratio,
2.04; 95% confidence interval [CI], 2.01-2.07) and the validation cohort (hazard ratio; 2.82; 95% ClI,
2.61-3.05). We found that loperamide induced slower gut transit in 5XFAD mice, increased AB and micro-

glia levels in the brain, increased transcription of genes related to norepinephrine secretion and immune

responses, and decreased the transcription of defense against bacteria in the colonic tissue.

Conclusion: Impaired gut transit may contribute to AD pathogenesis via the gut-brain axis, thus suggest-

ing a cyclical relationship between intestinal barrier disruption and AB accumulation in the brain. We

propose that gut transit or motility may be a modifiable lifestyle factor in the prevention of AD, and fur-

ther clinical investigations are warranted.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Constipation is a common gastrointestinal condition in elderly
individuals [1] with a global pooled prevalence of 10 to 15 % in
community-dwelling elderly people [2]. It is characterized by hard
or dry stools, incomplete bowel evacuation, and a reduced fre-
quency of defecation [2,3]. The incidence of constipation increases
with age [2]; the overall prevalence is 8.2 %, while it is 18.1-35.8 %
in individuals over 60 years of age [4]. Constipation is associated
with various neurological and neurodegenerative diseases, includ-
ing Parkinson’s disease (PD) and Lewy-body dementia [5,6], and it
is a common symptom in over half of the patients with PD [6]. Sim-
ilarly, patients with dementia and Alzheimer’s disease (AD) fre-
quently have constipation. However, constipation has rarely been
studied in AD, although it is identified in approximately 17.2 % of
patients with AD [7]. Despite these indications, previous investiga-
tions on the relationship between AD and constipation have used
limited sample sizes with limited and inconclusive results [6-8].
Our study aimed to bridge this research gap by using large-scale
bi-national cohorts from South Korea and Japan to comprehen-
sively investigate this association.

Gastrointestinal dysfunctions, including diarrhea and constipa-
tion, are frequently associated with peripheral nerve damage and
autonomic neuropathy [9,10]. In patients with dementia, constipa-
tion may also be a manifestation of autonomic nerve dysfunction
[11-13]. Therefore, constipation can be considered a neurological
symptom, with the sympathetic and parasympathetic nervous sys-
tems playing important roles in its development and progression
[14]. The etiologies of constipation and AD remain unknown; how-
ever, according to a comparative epidemiological investigation,
they share common risk factors such as sex, age, economic status,
and dietary habits [15]. Furthermore, several reports have sug-
gested that dysfunctions in the gut-brain axis and alternations in
the gut microbiota can contribute to the occurrence of both dis-
eases [16-19]. The gut-brain axis refers to the bidirectional com-
munication between the gut and the central nervous system
(CNS). This axis is believed to play a crucial role in the relationship
between CNS disorders and the onset and progression of constipa-
tion [20]. Constipation or slow gut transit can alter the gut micro-
biome, which can affect the gut-brain axis in turn, contribute to the
development of constipation through alterations in the gut transit
time [21]. Furthermore, constipation can result in gut dysbiosis,
thus further exacerbating imbalances in the gut-brain axis and
potentially contributing to other neurological conditions [22-24].
Although studies have investigated the changes in the gut micro-
biome in patients with AD or AD mouse models, evidence regard-
ing whether functional abnormalities in the gut can provoke the
pathology of AD in the brain remains lacking [24-28].

The limited sample sizes and observational designs of previous
studies have resulted in an incomplete picture of the relationship
between AD and constipation [4,6-8]. Our study fills this gap by
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utilizing large-scale bi-national cohorts from South Korea and
Japan to investigate this association. In addition, we investigated
these associations and underlying mechanisms in an animal model
as a proof-of-concept test. The large-scale bi-national cohorts pro-
vide insights into the epidemiology of the association between AD
and constipation, while the AD mouse model is a controlled inves-
tigation of the pathological mechanisms at play. A previous study
found that AD model mice showed parameters of constipation in
the stools as well as in the histological structure of the colon
[29]. However, they only used stool morphology as a marker of
constipation and did not evaluate gut transit. Furthermore, the
study was an observational one, and therefore, the causal relation-
ship between AD and constipation remains unknown. We hypoth-
esized that constipation is linked to an increased risk of AD and its
pathology in the brain via the gut-brain axis. Consequently, we
aimed to examine the potential association between constipation
and AD using a bi-national cohort (Japan and South Korea) and a
murine model of AD.

Methods
Epidemiological model

We used bi-national, general, population-based, large-scale
cohorts from South Korea (discovery cohort, N = 3,130,193) and
Japan (validation cohort, N = 4,379,285) to explore the relationship
between AD and constipation. This study was approved by the
Institutional Review Boards of the Kyung Hee University (approval
no. KHUH 2022-06-042). The requirement for informed consent
was waived because the study used anonymized data.

In both cohorts, the ‘exposure’ was constipation, the ‘primary
outcome’ was incident AD, and the ‘individual index date’ was
the date of the first constipation diagnosis or the matched date
within the control cohort to mitigate any potential bias related
to immortality. The pre-observation period to determine the diag-
nostic history was 2009-2010, and the follow-up period was
2011-2021. The follow-up ended on December 31, 2021, or with
the death of the participant, whichever was earlier. Detailed
methodologies are described in the Supplementary Materials.

Animals

Transgenic hemizygous 5XFAD mice that overexpressed Swed-
ish, Florida, and London mutants of human APP and M146L and
L286V mutants of human PS1 under the control of the Thy1 pro-
moter were used in the experiments (Jackson Laboratory, Bar Har-
bor, ME, USA). These mice demonstrated an extracellular Amyloid-
beta (AB) accumulation and impaired memory functions at
6 months of age [30]. The animal procedures were approved by
the ethics committee of a Gwangju Institute of Science and Tech-
nology (approval no. GIST-2020-031) following the Institutional
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Animal Care and Use Committee. The mice received a standard
chow diet (RodFeed, DBL, Eumseong, Republic of Korea) based on
the NIH-41 Open Formula ad libitum under a 12-h light/dark cycle
(lights on 7 pm) with a constant temperature and humidity of
20 £ 2 °C and 55 + 5%.

Seven-month-old 5XFAD transgenic (n = 6, male) and wild-type
(n = 5, male) mice were assigned to TG and WT groups, respec-
tively. We established an AD mouse model with loperamide-
induced constipation by modifying a method reported previously
(Table S1). To examine the effects of loperamide-induced constipa-
tion on AD, five-month-old 5XFAD transgenic mice and wild-type
mice were randomly assigned to four groups: i) TG-loperamide
(Lop) group mice (n = 4) were administered oral loperamide each
week dissolved in saline at a dose of 5 mg/kg body weight for
4 weeks; ii) TG-control (Con) group mice (n = 5) were administered
oral saline for 4 weeks; iii) WT-lop group mice (n = 4) were orally
injected each week with loperamide doses of 5 mg/kg body weight
for 4 weeks, and iv) WT-con group mice (n = 3) were orally admin-
istrated saline only for 4 weeks.

Behavioral test

The open field test (OFT) and novel place recognition (NPR) tests
were conducted consecutively over 3 days during the dark period
(between 7 pm and 11 pm) in a separate sound-attenuated room.
On the first day, the OFT was used to assess the locomotor activity
and anxiety levels of the mice in a novel testing arena
(40 x 40 x 40 cm square testing arena under dim red light of
approximately 50 Ix). The mice were gently placed in the center
of the empty test chamber and allowed to move freely for 10 min.

The NPR test, which examines visuospatial memory, was con-
ducted over the next 2 days. The second day (acquisition trial for
the NPR test) involved the placement of two identical objects in
the same position relative to the visual cue on the test box wall
and the mice were allowed to explore for 10 min. On the third
day (test trial of the NPR test), an object was moved to a new loca-
tion, and the mice were allowed to explore the familiar and new
locations for 10 min. In order to calculate the discrimination index,
which reflects the relative preference for the new location, the fol-
lowing formula was used: discrimination index = (time spent in
novel location - time spent in familiar location)/(time spent in
novel location + time spent in familiar location) [31]. A video track-
ing system, Smart 3 (Panlab, Harvard Apparatus, Barcelona, Spain),
was used to record and analyze the data.

Measurement of gut transit

Six groups, including male 7-month-old TG and WT groups and
6-month-old TG-Lop, TG-Con, WT-Lop, and WT-Con groups, were
fasted for 12-16 h. Then, 100 pL of 5 mg/mL 70-kDa FITC dextran
(46945, Sigma Aldrich, Burlington, MA, USA) in saline was admin-
istered orally in a single dose. In each mouse, the entire gastroin-
testinal tract was harvested after 30 min and divided into the
following segments: stomach (#1), 10 equal segments of the small
intestine (#2-11), cecum (#12), and three equal of the colon (#13-
15). After fractionation of the gastrointestinal tract, the luminal
contents were collected in 1 mL of phosphate-buffered saline
(PBS). The stomach and cecum were chopped in 1 mL PBS. The
luminal contents were centrifuged for 10 min at 12,000 rpm, and
the fluorescence intensity of the resulting supernatant was mea-
sured at 485 nm (absorption) and 528 nm (emission). As a measure
of gastrointestinal motility, the geometric center (GC) of the distri-
bution was calculated using the following formula: GC = X(% of
total fluorescent signal per segment x segment number)/100.
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Tissue collection

The mice were anesthetized with isoflurane, and the abdominal
aorta was clamped to ensure that the brain was completely exsan-
guinated. Next, they were transcardially perfused with 1X PBS. The
brain is divided into two hemispheres. The right hemispheres were
dissected to separate the frontal cortex, hippocampus, and brain-
stem and stored at —80 °C until analysis. The colon was harvested
and stored in RNAlater™ Stabilization Solution (AM7020, Thermo
Fisher Scientific, Waltham, MA, USA) at —80 C until analysis.

Enzyme-linked immunosorbent assay (ELISA)

The cortex, hippocampus, and brainstem were individually
homogenized using a disposable polypropylene pellet pestle in
800 mL of a buffer solution containing 5 mM EDTA, 20 mM Tris-
HCI (pH 7.8), and a protease inhibitor cocktail (P3100, GenDEPOT,
Katy, TX, USA). The Micro BCA™ Protein Assay kit (23225, Thermo
Fisher Scientific, Waltham, MA, USA) was used to determine the
total protein content of the homogenates. Using a Beckman TLA
100.3 centrifuge rotor (Beckman Coulter, Inc., Fullerton, CA, USA),
the homogenates were centrifuged for 20 min at 4 °C and
430,000 rcf. A pestle was used to homogenize the remaining insol-
uble pellets in 800 mL of buffer solution containing 5 mM guani-
dine hydrochloride (GHCl) and 50 mM Tris-HCI (pH 8.0), and the
solution was agitated for 4 h. A Beckman TLA 100.3 centrifuge rotor
was used to centrifuge the mixture at 4 °C and 430,000 rcf for
20 min, and the supernatant was collected as insoluble Ap42. ELISA
was performed to quantify the soluble and insoluble Ap42 as per
the manufacturer’s protocol (KHB3441, Thermo Fisher Scientific,
Waltham, MA, USA).

RNA preparation and quantitative reverse transcriptase PCR (qRT-
PCR)

RNA was extracted from the colon samples utilizing the TRI
reagent (TR118, Molecular Research Center, Ohio, USA) according
to the manufacturer’s protocol. The extracted RNA (2.5 ng) was
reverse transcribed into cDNA through the use of oligo(dT)18 pri-
mers (RT200, TOPscript™ RT DryMIX [dT18 plus], Enzynomics,
Daejeon, Korea) following a 60-minute incubation window at
50 °C and a subsequent 5-minute inactivation step at 95 °C. Gene
expression was determined through qRT-PCR, using 1 pL of cDNA
as a template, and amplified with TOPreal qPCR 2x PreMIX
(RT5015, Enzynomics, Daejeon, Korea). The relevant primers were
synthesized by Macrogen (Seoul, Korea) and are listed in Table S2.
The expression data were processed using StepOne Plus™ soft-
ware (Applied Biosystems, Waltham, MA, USA) through 40 cycles,
with each cycle consisting of 15 s of annealing at 60 °C and 30 s
of elongation at 72 °C. The fold change in gene expression was cal-
culated using the 2722 method to determine the differentially
expressed genes in each group.

Whole transcriptome analysis

Colon RNA samples were sequenced using the TruSeq Stranded
Total RNA Sample Preparation Kit with Ribo-Zero H/M/R (Illumina,
San Diego, CA, USA). On a NovaSeq 6000 system (Illumina, San
Diego, CA, USA), 150 bp paired-end sequencing was conducted
with 50 million reads per sample. The pipelines used to analyze
the RNA-seq data are shown in Fig. S1. Quality checks and adaptor
trimming were performed using FASTQC v0.11.9 and Trimmomatic
v0.38. The fastq data file was aligned with the mouse database
(GRCm38) using HISAT2. HISAT2 provides two separate files—the
mapped bam file and the unmapped FASTQ files.
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Quantification of the transcript amount of the mapped BAM -
files was conducted using FeatureCounts. The list of differentially
expressed genes (DEGs) was normalized and extracted using the
DESeq?2 packages in R. A volcano plot was created to compare the
DEG analysis results with a p-value cutoff of 0.05 and an absolute
value of the log2 fold-change of 2. For pathway enrichment analy-
sis, Gene Set Enrichment Analysis (GSEA) v4.3.2. was used with the
Gene Ontology (GO) biological process database, and the input data
included significant values from the DESeq2 results with a p-value
cutoff of 0.05 and |log2FC| cutoff of 1. KEGG 2021 Human Pathway
Analysis and Elsevier Pathway Collection in Enrichr (version.
2023.02) were used in this study.

To assign taxonomic labels to the metagenomic sequences,
unmapped fastq files were processed using Kraken2 v2.1.1 at use-
galaxy.org. A vegan package v2.6-4 in R was used to analyze and
visualize the data as boxplots and Non-metric multi-dimensional
scaling (NMDS) plots.

Immunohistochemistry

The left hemisphere of the murine brain was fixed in a 4%
paraformaldehyde solution at pH 7.2 in PBS and placed in a 30%
sucrose solution in PBS at 4 °C until it had sunk. A cryotome (Leica
Biosystems, Buffalo Grove, IL, USA) was used to section the brain
into 40-pum thick coronal sections. Subsequently, three rounds of
washing with PBS containing 1% Triton X-100 (PBST) were per-
formed for 10 min with shaking at 100 rpm at room temperature.
Following this, the sections were blocked in a solution containing
3% normal donkey serum (D9633; Sigma Aldrich, St. Louis, MO,
USA) in 0.5% PBST for 2 h at room temperature. To visualize the
microglia, the primary antibody rabbit anti-Ibal (1:1000, 019-
19741, Wako, Japan) was used in combination with the secondary
donkey anti-rabbit IgG antibody (1:500, A31572, Invitrogen, Wal-
tham, MA). Similarly, to stain the astrocytes, a primary rabbit
anti-GFAP antibody (1:1000, 019-19741, Wako, Japan) was used
in combination with a secondary donkey anti-rabbit IgG antibody
(1:500, A31572, Invitrogen, Waltham, MA). AR plaques were
stained using 1 mM Thioflavin S (T1892, Sigma Aldrich, St Louis,
MO, USA). As a next step, the section was mounted on slide glass
coated with saline (5116-20F, Muto Pure Chemicals, Tokyo, Japan).

Quantification of Ap plaques, microglia, and astrocyte

Histological images of four serial coronal sections from the cor-
tex (at AP + 1.3 mm from the bregma), hippocampus (at AP-1.6 mm
from the bregma), and brainstem (at AP-6.3 mm from the bregma)
were collected with a research slide scanner (VS200, Olympus,
Tokyo, Japan). To quantify the Ap plaques, microglia, and astro-
cytes, the Image] software and an unbiased stereological dissector
method were utilized. Representative images from the primary
motor cortex, primary sensory cortex, and nucleus tractus solitar-
ius were obtained using confocal microscopy (FV3000RS, Olympus,
Tokyo, Japan) with a 40x objective lens and 38-um thick sections
and a 10-pm optical dissector height with 1 um between images.

Quantification and statistical analysis

All data were analyzed with usegalaxy.org, R Studio (R Studio,
Boston, MA, USA), and GraphPad Prism v9 (GraphPad Software,
Inc., La Jolla, CA, USA) and presented as the means + standard error
of the mean (SEM).
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Results

Association between AD and constipation in the discovery cohort
(South Korea) and validation cohort (Japan)

A comprehensive analysis was performed on 7,509,478 partici-
pants, including 3,130,193 participants in the discovery cohort
(mean follow-up: 6.48 years) and 4,379,285 participants in the val-
idation cohort (mean follow-up: 6.10 years) (Fig. S2-4). The demo-
graphic and baseline characteristics of the cohorts after matching
are shown in Table S3.

Overall, patients with constipation had 2.06 times (adjusted
hazard ratio[aHR], 2.06; 95% confidence interval [CI], 2.03-2.09)
greater likelihood in the discovery cohort and 2.82 times (aHR,
2.82; 95% (I, 2.61-3.05) greater likelihood in the validation cohort
of developing AD after adjustments for confounders (Table 1). Fur-
thermore, we found that patients with constipation for 1-3 years
were more susceptible to AD (discovery cohort: aHR, 2.37; 95%
Cl, 2.29-2.45; and validation cohort: aHR, 3.14; 95% CI, 2.75-
3.59) and this risk remained and persisted over 3 years (discovery
cohort: aHR, 2.01; 95% CI, 1.98-2.05; validation cohort: aHR, 2.82;
95% CI, 2.57-3.10). Subgroup analyses according to sex, age, and
disease duration demonstrated consistent results regarding the
association between incident AD and constipation (Table S4).

Slower gastrointestinal transit in AD mice

We measured the lengths of the small intestine and colon to
determine the general condition of the gastrointestinal system in
5XFAD transgenic mice. The lengths of the small intestine and
colon were not significantly different between the TG and WT
groups (Fig. 1A, B). However, the TG group demonstrated a lower
stool weight normalized to body weight (Fig. S5A), a morphologi-
cally disorganized gut, and more adipose tissue surrounding the
intestine compared with the WT group (Fig. S5B, C).

To investigate whether the pathological phenotypes of AD affect
gut motility in TG mice, we measured the gut transit time by ana-
lyzing the distribution profiles of 70 kDa FITC-dextran using rela-
tive fluorescence units (RFU) and the distribution of FITC-
dextran. The results revealed that the overall gut transit was
slower in the TG group, with delayed peaks observed in the FITC-
distribution plot (Fig. 1C, D). The cumulative distribution of FITC-
dextran in the TG group was also delayed compared to that in
the WT group (Fig. 1E). Additionally, the TG group showed lower
geometric center (GC) values, thus indicating a slower gut transit
time than that in the WT group (Fig. 1F).

Establishing a ‘slow gut model’ using loperamide

To induce slow gut transit in 5XFAD transgenic mice, we cre-
ated a slow gut transit model in which loperamide, an anti-
diarrheal medication that slows gut motility, was administered.
Loperamide did not affect the length of the small intestine
(Fig. 2A) or the colon (Fig. 2B). However, a delayed gut transit time
was observed in the form of delayed peaks of RFU and the distribu-
tion of FITC-dextran in the loperamide-treated TG group compared
to the TG-Con group (Fig. 2C, D). The cumulative distribution of
FITC-dextran in the TG-Lop group was also significantly delayed
compared with that in the control group (Fig. 2E), and the TG-
Lop group demonstrated a decreased geometric center (Fig. 2F).
In the WT group, loperamide did not alter the length of the gas-
trointestinal tract or the gut transit time (Fig. S6A-F).
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Table 1
Hazard ratios for the risk of incident AD following constipation diagnosis of subjects in the discovery and validation cohort after propensity score-matching.

HR (95% CI)

Discovery cohort Validation cohort
Parameter (constipation) Crude Minimally adjusted’ Fully adjusted® Crude Minimally adjusted’ Fully adjusted®
Overall
None 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference)
Patients with constipation 2.04 2.07 2.06 3.29 3.19 2.82

(2.01 to 2.07) (2.03 to 2.10) (2.03 to 2.09) (3.05 to 3.55) (2.96 to 3.44) (2.61 to 3.05)
Constipation duration, years
None 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference)
<1 1.59 1.90 1.97 3.09 294 2.55

(1.53 to 1.65) (1.83 to 1.97) (1.90 to 2.04) (2.70 to 3.54) (2.57 to 3.37) (2.22 to 2.92)
1-3 2.26 235 237 3.74 3.52 3.14

(2.18 to 2.34) (2.27 to 2.43) (2.29 to 2.45) (3.28 to 4.28) (3.08 to 4.02) (2.75 to 3.59)
>3 211 2.04 2.01 3.22 3.18 2.82

(2.07 to 2.15) (2.01 to 2.08) (1.98 to 2.05) (2.94 to 3.53) (2.90 to 3.49) (2.57 to 3.10)
Stratication analysis
Male
None 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference)
Patients with constipation 242 2.37 2.32 3.65 3.59 3.18

(2.36 to 2.48) (2.31 to 2.43) (2.27 to 2.38) (3.30 to 4.04) (3.24 to 3.97) (2.87 to 3.53)
Female
None 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference)
Patients with constipation 1.82 1.89 1.90 2.87 2.73 241

(1.79 to 1.86) (1.86 to 1.93) (1.86 to 1.94) (2.56 to 3.22) (2.43 to 3.07) (2.14 to 2.71)
50-70 years old
None 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference)
Patients with constipation 2.66 2.66 2.68 3.24 3.23 2.87

(2.58 to 2.74) (2.58 to 2.74) (2.60 to 2.76) (2.94 to 3.57) (2.94 to 3.56) (2.61 to 3.17)
Over 70 years old
None 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference)
Patients with constipation 1.86 1.88 1.87 3.11 3.11 2.74

(1.82 to 1.89) (1.85 to 1.92) (1.84 to 1.91) (2.75 to 3.52) (2.74 to 3.51) (2.41 to 3.11)

AD, Alzheimer disease; CI, Confidence interval; HR, Hazard ratio.

T Minimally adjusted: adjustment for age (50-70 and over 70 years) and sex.

2 Additionally adjusted: adjusted for age, sex, region of residence (urban and rural), Charlson comorbidity index, body mass index, systolic blood pressure, diastolic blood
pressure, fasting blood glucose, serum total cholesterol, household income, smoking status, alcoholic drinks frequency, sufficient aerobic physical activity. Numbers in
boldface correspond to significant differences (P < 0.05).
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Worsened Ap pathology in the TG-Lop group ing the AB load using ELISA. Overall AB42 is composed of both sol-
uble and insoluble AB42 (Fig. S7). There were no significant

We determined whether loperamide-induced slow gut transit differences in the soluble AB42 levels between the TG-Con and
could result in changes in amyloidopathy in the brain by quantify- TG-Lop groups in the cortex, hippocampus, and brain stem
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(Fig. 3A, D, and G, respectively). However, the loperamide-treated
TG group demonstrated significantly increased insoluble and total
Ap42 levels in the cortex (Fig. 3B, C). We observed no significant
differences in the Ap levels between the TG-Con and TG-Lop groups
in the hippocampus (Fig. 3D-F). However, the TG-Lop group had
significantly higher insoluble and total AB levels in the brainstem
compared to the TG-Con group (Fig. 3H, I). Our results suggest that
the slow gut transit model of 5XFAD TG mice resulted in an
increased AB load in the brain, especially in the cortex and
brainstem.

Histological validation of Ap plaques and microglia

To investigate the effects of the loperamide-induced slow gut
transit on AD pathology, we measured the number of AB plaques
and glial cells in the brain. Immunofluorescence staining with thio-
flavin S for AB plaques and Iba1 for microglia revealed that the TG-
Lop group had a significant increase in the number of AB plaques
and microglia in the primary motor cortex, primary sensory cortex,
and nucleus tractus solitarius (NTS) compared to the TG-Con group
(Fig. 4A, B). In contrast, loperamide did not alter the number of
microglia in the cortex or the NTS of WT mice (Fig. 4C and
Fig. S8). The number of AB plaques was significantly higher in
the cortex and brainstem of the TG-Lop group than in the TG-
Con group (Fig. 4C). Staining of the brain sections revealed that lop-
eramide led to a significantly higher number of microglia (Iba1*) in
the cortex, hippocampus, and brain stem (Fig. 4D). However, we
observed no differences in the number of astrocytes (GFAP®)
between the TG-Con and TG-Lop groups (Fig. 4C and Fig. S9).

Impaired visuospatial memory in slow gut model

We performed an OFT and NPR tests to assess locomotor activ-
ity and visuospatial memory, respectively. Neither loperamide nor
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the genotype affected locomotor activity (Fig. S10). In NPR tests,
two objects were placed symmetrically at two points away from
a visual cue (Location A and A’) in the NPR test box. The mice were
then placed in the center of the test box to explore the objects
(Acquisition phase, Fig. 5A). After 24 h, one object was moved to a
novel location (Location N), while the other remained in a familiar
location (Location F), and the test trial was conducted for 10 min
(Test phase in Fig. 5A). In the test phase, the WT-Lop group showed
similar interaction times in both locations N and F, whereas the
Con group spent more time in location N (32.09% vs. 67.91%,
respectively; p < 0.05; Fig. 5B). The discrimination index revealed
that the WT-Lop group had no values significantly different from
zero, whereas the WT-Con group had a significantly different value
from zero (Fig. 5C). Representative trajectories and two-
dimensional (2D) heatmap plots revealed that the WT-Con group
preferred the novel location over the familiar location, whereas
the WT-Lop group presented an exploration pattern that was sim-
ilarly distributed across both locations (Fig. 5D). Both TG-Con and
TG-Lop groups showed similar interaction times at both locations
(Fig. 5E). There were no significant differences in the discrimina-
tion index between the TG-Con and TG-Lop groups (Fig. 5F). Addi-
tionally, both TG-Con and TG-Lop groups presented an exploration
pattern that was similarly distributed at both locations in the tra-
jectories and 2D heatmap plots (Fig. 5G).

Transcriptome analysis of colon tissue

To investigate the effects of a slow gut transit and genotype, we
performed RNA-seq on the colon tissues from the TG-Con, TG-Lop,
WT-Con, and WT-Lop groups. In addition, we quantified the
selected genes related to AD pathology and gut functions using
qRT-PCR. The loperamide-treated group showed decreased mRNA
levels of zonula occludens-1 (ZO-1), a tight junction protein, com-
pared with the non-treated group (Fig. S111I).
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Fig. 3. Increased Ap load by loperamide in 5XFAD transgenic AD mice. (A-C) ELISA quantification of AB42 in the cortex. (A) Soluble, (B) insoluble, and (C) total levels of
AB42 in TG-Con (n = 5) and TG-Lop (n = 4) groups. (D-F) ELISA quantification of AB42 in the hippocampus. (D) Soluble, (E) insoluble, and (F) total levels of AB42 in TG-Con and
TG-Lop groups. G to I ELISA quantification of AB42 in the cortex. (G) Soluble, (H) insoluble, and (I) total levels of AB42 in TG-Con and TG-Lop groups. Data are presented as
mean + SEM. * P< 0.05 and " P < 0.01 by two-tailed Student’s t-test and Mann-Whitney test. Con, vehicle-treated control group; ELISA, enzyme-linked immunosorbent assay;

Lop, loperamide-treated group; TG, 5XFAD transgenic mice.

Principal components analysis (PCA) was performed to identify
the major effectors of the colon transcriptome between the geno-
type and loperamide (Fig. 6A). Gut transcriptome is affected by
both the genotype and loperamide. In a DEG analysis, 58 genes
were upregulated, and 193 genes were downregulated in the TG-
Con group compared with those in the WT-Con group
(Fig. S12A). In the TG-Lop group, 39 differentially expressed genes
(DEGs) were upregulated, and 100 genes were downregulated
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DEGs in comparison to the TG-Con group (Fig. S12B). After lop-
eramide treatment in the WT group, 43 genes were upregulated,
and 155 genes were downregulated compared with those in the
WT-Con group (Fig. S12C).

RNA-seq analysis of the TG-Lop, TG-Con, and WT-Lop groups
revealed 21 common DEGs that demonstrated more than a 2-fold
increase compared to the WT-Con groups (Fig. 6B) and 66 DEGs
with above a 2-fold decrease compared to the WT-Con group
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Fig. 4. Increased Ap plaques and microglia by loperamide in 5XFAD transgenic AD mice. (A) Representative images of Ap plaques (Thioflavin S; Green) and microglia
(Ibal; Red) in the primary motor cortex and primary sensory cortex (Scale bar, 200 um). (B) Representative images of AR plaques and microglia in the nucleus tractus
solitarius (Scale bar, 200 pm). (C) Quantification of the number of AB plaques per unit area in the cortex, hippocampus, and brainstem. (D) Quantification of the number of
microglia (Ibal + cells) per unit area in the cortex, hippocampus, and brainstem. (E) Quantification of the number of astrocytes (GFAP + cells) per unit area in the cortex,
hippocampus, and brainstem by unbiased stereology. Data are presented as mean = SEM. * P < 0.05 by Student’s t-test. Con, vehicle-treated control group; GFAP, glial fibrillary
acidic protein; Ibal, ionized calcium-binding adaptor molecule 1; Lop, loperamide-treated group; TG, 5XFAD transgenic mice; WT, wild-type mice. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 6C). KEGG enrichment analysis in the Enrichr database indi-
cated that commonly upregulated DEGs between the three groups
compared to the WT-Con groups were enriched in the mTOR sig-
naling pathway (Fig. 6D). The 66 common down-regulated DEGs
among the three groups were enriched in several pathways of
the Elsevier pathway collection in the Enrichr database, including
neurotropic factor deprivation in retinal ganglion cell death,
ERK5/MAPK-7 signaling, apoptosis, mitochondrial fusion and fis-
sion, mitochondrial enlargement, and apoptosis in AD (Fig. 6D).
In addition, the 15 downregulated DEGs among the TG-Con, TG-
Lop, and WT-Con groups are indicated as gene lists with cutoff con-
ditions of p < 0.05 and |log2(fold change)| >2 compared to WT-Con
group (Fig. S13).

Enriched genes in norepinephrine secretion and immune response in
TG

Gene set enrichment analysis (GSEA) was performed to deter-
mine the differentially enriched gene set between the TG-Con
and WT-Con groups. The top 20 pathways based on the normalized
enrichment score (NES) values in both groups were identified
(Fig. 6E). Among the highly ranked pathways, the TG-Con group
had enriched genes in pathways including norepinephrine secre-
tion (NES = 1.435, nominal p-value or NOM-p < 0.001; Fig. 6F)
and regulation of natural killer cell activation (NES 1.354,
NOM-p < 0.001; Fig. 6G). The loperamide-treated WT group also
showed enriched genes involved in pathways, such as nore-
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pinephrine secretion, regulation of B cell proliferation, and synapse
maturation (Fig. S14A, B). The WT-Con group showed increased
gene sets suppressing interleukin-17 (IL-17) production (NES = —
1.435, NOM-p < 0.001; Fig. 6H) and B cell proliferation (NES = —
1.457, NOM-p < 0.001; Fig. 6I).

Reduced regulation of defense response to microbes in the TG-Lop
group

To investigate the effects of slow gut transit in the AD mouse
model, we performed GSEA between the TG-Lop and TG-Con
groups (Fig. S15A). Stress granule assembly (NES = 1.460, NOM-
p < 0.001; Fig. S15B) was ranked among the top 20 most relevant
pathways between the TG-Lop and TG-Con groups. In addition,
the GSEA plot revealed that the TG-Lop group had lower expression
in the pathways that included mature B cell differentiation (NES =
-1.481, NOM-p < 0.001; Fig. S15C) and regulation of defense
response to the bacterium (NES = — 1.440, NOM-p < 0.001;
Fig. S15D) than the TG-Con group.

No changes in mucosal microbiomes by genotype and gut transit

We performed taxonomic profiling of the mucosa-attached
microbiome using a whole transcriptome analysis of the colon.
To calculate the beta-diversity, we calculated the Bray-Curtis dis-
similarity and unweighted and weighted UniFrac. Beta-diversity-
based principal coordinate analysis (Fig. S15A) revealed no
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Fig. 5. Impaired visuospatial memory by loperamide in wild-type mice. (A) Schematic diagram of the novel place recognition (NPR) task. Circles with A and A’ denote two
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in the WT-Con and WT-Lop groups. (D) The representative trajectories and 2D heatmap plots of the WT-Con and WT-Lop mice in the test phase. Light grey circles indicate the
location F and N in the test phase. (E) The interaction time in the novel and familiar locations of the TG-Con (n = 4) and TG-Lop (n = 4) mice. (F) The discrimination index of
mice in the TG-Con and TG-Lop groups. (G) The representative trajectories and 2D heatmap plots of the TG-Con and TG-Lop mice in the test phase. The interaction times for
each location are expressed as a percentage of the total exploration time and as the statistical difference against a 50 % theoretical mean. The discrimination index is tested
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treated group; N, novel location; ns, not statistically significant; TG, 5XFAD transgenic mice; WT, wild-type mice. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

significantly different results among the four groups, including TG-
Con, TG-Lop, WT-Con, and WT-Lop groups (Fig. S16B, C). Alpha
diversity analyzed using the Shannon index also showed no differ-
ence among the four groups (Fig. S16D). At the phylum level, the
relative abundance of Proteobacteria was lower in the TG-Con
group than that in the WT group (Fig. S16E, F).

Discussion

We performed a comprehensive analysis of the relationship
between slow gut transit and AD using bi-national epidemiological
studies and mouse models. Epidemiological data from South Korea
and Japan, involving more than 7.5 million participants, estab-
lished a significant association between constipation and an
increased risk of AD. In addition, we found a slower gastrointesti-
nal transit in 5XFAD AD model mice than in WT mice. More inter-
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estingly, loperamide led to accelerated AB accumulation, increased
microglia in the brain of the AD mice, and decreased transcription
of tight junctions and memory, even in WT mice. Based on the
transcriptomic analysis of the colon, AD mice showed the upregu-
lation of norepinephrine secretion and immune response pathways
more than the WT mice, and loperamide activated stress granule
assembly and attenuated the defense response to microbes in TG
mice. To the best of our knowledge, this is the first report to
demonstrate a causal relationship between slow gut transit and
AD pathology, thus indicating the potential of targeting gut motil-
ity as a novel therapeutic approach for AD.

Constipation has been regarded as a modifiable lifestyle factor
or an aggravating factor in AD; however, only a few epidemiologi-
cal studies have evaluated the link between constipation and AD
[32]. Despite these associations, clinical studies have faced chal-
lenges in determining the direct effects of constipation on AD
owing to the vagueness of its definition, high prevalence, various
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causes, and high comorbidities in the elderly [33]. However, our
findings suggest a significant association between AD and consti-
pation based on large cohorts from two countries, which included
a total of 7,509,478 participants.

5XFAD AD mice exhibited slower gastrointestinal transit than
WT mice, possibly due to enteric nervous system (ENS) dysfunc-
tion. TG mice also displayed higher norepinephrine secretion and
immune response pathways, thus suggesting a mechanistic link
between slow gut transit and AD progression. In AD mice,
reduced neural density in the myenteric networks, which is an
indicator of ENS impairment, has preceded the accumulation of
AB in the brain [34]. In addition, the loss of nitrergic and cholin-
ergic neurons in the ileum of AD model mice has been associated
with increased inflammation and the number of macrophages in
the intestine, thus suggesting a connection between ENS impair-
ment and intestinal inflammation in AD [35]. Regarding the
specific findings of the study, it was observed that TG mice
showed slower gut transit compared to WT mice, potentially
due to ENS dysfunction. The TG group also had increased gene
sets involved in the norepinephrine secretion in the colon com-
pared to the WT group. Norepinephrine, a neurotransmitter from
the sympathetic nerves in the gut, regulates gut contractions,
leading to the reduction in gut motility [36]. The possibility of
gut transit slowing down due to ENS impairment or brainstem
amyloidopathy in vagal efferents has been investigated as a con-
tributing factor to AD [37].
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Slow intestinal motility may result in the deterioration of
intestinal health [38]. Subsequent bacterial overgrowth in the gut
may lead to an imbalance in the gut microbiota, which is known
to play a role in brain health [39]. Bacterial overgrowth can also
disrupt the intestinal barrier, thus allowing harmful substances,
such as bacterial toxins and byproducts, to enter the bloodstream
[40]. The WT group showed suppressed IL-17 secretion pathways
in the colon compared to the TG group. IL-17 is a cytokine secreted
by Th17 cells and is a marker of increased gastrointestinal inflam-
mation, which is observed in patients with colorectal cancer or
inflammatory bowel diseases [41]. Increased gastrointestinal
inflammation in the TG group can contribute to systemic inflam-
mation through the gut-brain axis [42], thus resulting in neuroin-
flammation and induction of a leaky gut through the gut-brain axis
[43]. Our results also revealed that the TG-Con group had activated
regulation of natural killer cell activation and suppressed gene sets
involved in the negative regulation of B cell proliferation compared
to the WT group. The interplay between the gut and the brain
forms a vicious cycle that accelerates disease progression. There-
fore, understanding the gut-brain axis and its role in neurodegen-
erative diseases is essential for identifying potential therapeutic
targets [44]. Treatments targeting the ENS or vagus nerve could
potentially alleviate some of the symptoms or even slow the pro-
gression of AD [45].

To understand whether slow gut transit accelerates the disease
process in AD, we used loperamide as an experimental agent for
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slowing gut transit. Loperamide, a drug that cannot cross the
blood-brain barrier [46], is a widely used over-the-counter anti-
diarrheal medication that acts on the p-opioid receptors in the
ENS to slow down gut motility. Its mechanism involves the inhibi-
tion of calcium channels in the neuromuscular junctions, thus
leading to decreased neurotransmitter release, such as acetyl-
choline, and subsequent relaxation of the smooth muscles in the
gut [47]. Mice treated with loperamide showed slower gut transit
time than the control mice.

Consistent with our hypothesis that slowing gut transit would
accelerate AD pathology, AB load in the brain was increased in
the loperamide-treated AD mouse model. In association with
robust amyloidopathy, the TG-Lop group showed an increased
number of microglia in the brain. Notably, changes in the intestine
caused by loperamide accelerated the worsening of AD pathology
in the brain. Previous studies have suggested that the
loperamide-induced constipation model revealed alterations in
the microbiome compositions and gut dysbiosis [48]. Furthermore,
slow gut transit is associated with increased gut dysbiosis and per-
meability, which can result in a leaky gut [49]. Lower mRNA levels
of ZO-1, a tight junction protein, in the loperamide-treated groups
also suggest an impairment of the gut barrier function and
increased intestinal permeability, thus resulting in the transloca-
tion of bacteria and toxins into the bloodstream [50].

Compared with the TG-Con group, the TG-Lop group showed
decreased transcription of genes that regulate the defense
responses to the bacteria. In addition, stress granule assembly
and cellular responses to various stressors, such as viral infection
[51], were activated in the TG-Lop group. Given that constipation
increases intestinal reactive oxygen species and cellular stress
[52], it is plausible that loperamide-induced constipation imposes
a similar stress on the intestinal tissues, which was evident in our
data. Furthermore, our colonic transcriptome data are consistent
with the leaky gut states. AD has been linked with the gut-brain
axis and dysbiosis in clinical studies [53]. As a damaged gut barrier
with lipopolysaccharides resulted in microglial activation, neu-
roinflammation, and cognitive decline [54], we postulated that
the slow gut transit induces gut dysbiosis and overgrowth of bac-
teria, which, in turn, disrupts the intestinal barrier and triggers sys-
temic inflammation and neuroinflammation. We believe the
change in intestinal tissue into a leaky gut might have been the ini-
tial step in accelerating the pathogenesis of AD via the gut-brain
axis.

We believe that the gut-brain axis plays a role in this process.
Constipation can influence the gut microbiome, and conversely,
microbiome dysbiosis can cause constipation [55]. Nevertheless,
several studies have reported that the composition of the gut
microbiome in patients with AD is altered [56,57], and that this
altered microbiome can provoke an inflammatory response sys-
temically and transfer intestinal toxic metabolites to the brain
using the vagus nerve as a conduit [45]. In addition, an altered
gut microbiome can affect neuroinflammation and neuronal activ-
ity by secreting cytokines and metabolites that interact with
intestinal mucosal cells [58,59]. Neuroinflammation causes cogni-
tive impairment [60,61]; therefore, changes in the gut-brain axis
could lead to memory impairment in groups treated with lop-
eramide [62]. We examined the gut microbiome using whole
RNA-sequencing of colon tissue, which represents the mucosal
microbiome. However, we did not find any significant alterations
in the mucosal microbiome from our colon samples. Our findings
cannot exclude the possibility of gut dysbiosis because the mucosal
microbiome is distinct from the luminal microbiome and is more
stable under environmental challenges, such as abnormalities in
gut motility [63].

We found more retroperitoneal adipose tissue surrounding the
gastrointestinal tract in the TG group compared to the WT group,
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which is consistent with previous studies that suggested a poten-
tial link between adipose tissue distribution and AD [64]. Adipose
tissue, particularly retroperitoneal adipose tissue, can have sys-
temic effects, including modulation of inflammatory processes
and metabolic functions [64]. In addition, retroperitoneal adipose
tissue influences the gut, and its microbiome is significantly asso-
ciated with the pathological process of AD [65].

Our findings suggested a causal relationship between slow gut
and AD using binational epidemiological data and AD mouse mod-
els. Using discovery and validation cohorts, we suggested that con-
stipation was significantly associated with the risk of AD;
furthermore, the AD mouse model showed a significant slowing
of gut transit compared to their wild-type counterparts. Lop-
eramide worsened the deposition of AB plaques and microglial
responses in the brain, thus suggesting that a slow gut transit
may be a critical contributor to the pathogenesis of AD. Based on
the results of this study, we propose that gut transit or motility
may be a disease-modifying lifestyle factor in AD.

Strengths and limitations

This binational, population-based, large-scale cohort study ben-
efited from a large diverse sample size. This approach minimizes
selection bias and improves the potential for generalization. We
provided epidemiological evidence from human cohorts and
insights into the underlying mechanisms through animal experi-
mental studies to explore the association between constipation
and AD (Table S5). In addition, we pioneered the use of a
loperamide-induced constipation model in AD mice (Table S1).
Furthermore, we aimed to observe the effects of slow gut transit
on AD pathology from various perspectives, including transcrip-
tomic, metagenomic, molecular, and behavioral analyses.

However, our study has several limitations. First, this dataset
was not generated for research purposes but rather for insurance
claims. Therefore, the information provided included only enrolled
individuals, which introduces a potential selection bias. However,
in South Korea, where the entire population is covered by insur-
ance, the dataset utilized can be considered representative of the
entire population [66], thus mitigating the risk of selection bias.
In contrast, the J]MDC data do not cover claims information for
the entire population, which results in a relatively higher risk of
selection bias [67]. To address this limitation, we conducted a bina-
tional cohort study and performed analyses stratified by age and
sex. In addition, we conducted analyses based on the duration of
constipation morbidity to enhance the robustness of the findings.
Second, this retrospective cohort study lacked a complete control
for confounding variables, including the dietary habits of the par-
ticipants, which could have been collected through surveys or per-
sonal investigations (Table S6). To address this issue, we attempted
to control for confounding variables using propensity score match-
ing. Additionally, we derived more robust results by calculating the
adjusted hazard ratios. Third, we defined the diseases using ICD-10
codes. However, previous validation studies showed high positive
predictive values between 0.80 and 0.91, and this method is com-
monly used in previous studies [67-72]. Fourth, we observed that
the slow gut transit model in TG mice resulted in significant
increases in Ap load in the cortex and brainstem. Therefore, further
experiments focusing on the functional and behavioral parameters
associated with these regions are warranted. Such an investigation
could provide valuable insights into the broader understanding of
Alzheimer’s disease pathology. Fifth, the scope of our study was
primarily limited to transcriptomic changes, Ap load, alterations
in glial cells, and working memory functions relevant to AD pathol-
ogy. The study could have benefited from the inclusion of an eval-
uation of reactive oxygen species levels, tau pathology,
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proinflammatory cytokines levels, and markers of apoptosis,
autophagy, and mitochondrial dysfunction. However, owing to
methodological constraints, our study did not include these
aspects. Further studies are needed to explore these aspects and
provide a more comprehensive view of the pathophysiology of
the disease.
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