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Intestinal changes in permeability, tight junction and mucin
synthesis in a mouse model of Alzheimer's disease
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Abstract. Alzheimer's disease (AD) is a neurodegenerative
disorder characterized by the accumulation of amyloid-p
(AP) in the brain. The gut/brain axis may serve a role in AD
pathogenesis. The present study investigated deposition of AP
in the intestinal epithelium and its potential effects on intes-
tinal barrier function in a transgenic mouse model of AD. To
investigate alterations in the structure and functionality of the
intestinal mucosal barrier in AD model mice, hematoxylin
and eosin staining for Paneth cell count, Alcian blue-periodic
acid Schiff staining for goblet cells, immunohistochemistry
and immunofluorescence for mucin (MUC)2 and wheat germ
agglutin expression, transmission electron microscopy for
mucosal ultrastructure, FITC-labeled dextran assay for intes-
tinal permeability, quantitative PCR for goblet cell precursor
expression and western blot analysis for tight junction proteins,
MUC?2 and inflammatory cytokine detection were performed.
The results showed that AD model mice exhibited excessive AP
deposition in the intestinal epithelium, which was accompanied
by increased intestinal permeability, inflammatory changes and
decreased expression of tight junction proteins. These alterations
in the intestinal barrier led to an increased proliferation of goblet
and Paneth cells and increased mucus synthesis. Dysfunction
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of gut barrier occurs in AD and may contribute to its etiology.
Future therapeutic strategies to reverse AD pathology may
involve early manipulation of gut physiology and its microbiota.

Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
disease characterized by gradual cognitive loss, which is caused
by the accumulation of amyloid-f3 (Ap) plaques and hyper-phos-
phorylated T tangles across the brain (1-3). Despite advances in
AD research (4-6), the precise pathogenesis of remains obscure.

Recent studies have indicated that AD is not confined solely
to the brain but extends to the gut (7,8). Patients with AD often
exhibit symptoms of gastrointestinal dysfunction, inflammation
and immune dysregulation (9-11). The gut/brain axis is consid-
ered to play a key role in the pathogenesis of AD (7). As the
‘second brain’ of the body, the gut exhibits intricate interactions
with other organs, tissues and systems within the body (12). It
communicates with the brain via multiple neural, endocrine and
immune system pathways and can modulate behavior, mood
and cognitive function by influencing neurons and synapses
in the brain (13-15). Consequently, the gut is increasingly
acknowledged as a vital topic of research for understanding the
pathogenesis of AD (7,16).

The gutbarrier comprises the epithelial layer and underlying
lamina propria and serves as the first line of defense against
external threats such as pathogenic bacteria and toxins (17).
The epithelial layer is composed of a monolayer of polarized
epithelial cells held together by tight junctions (TJs) (18). The
maintenance of gut barrier integrity is regulated by various
factors, including TJs, mucin (MUC) synthesis, antimicrobial
peptides and immune cells (19). Recent findings suggest that
disruption of the gut barrier, commonly known as ‘leaky gut’,
is associated with various central nervous system diseases,
including AD (20). A leaky gut allows gut bacteria and their
products to enter the bloodstream, which activates the immune
system and triggers inflammation (21); chronic inflammation
is associated with the development and progression of AD (22).

Previous studies have shown that gut tissue in patients
with AD undergoes changes similar to those observed in the
brain tissue, such as Af deposition and neuronal loss (23,24).
However, understanding of gut tissue alterations in patients
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with AD remains limited. The present study aimed to inves-
tigate pathological changes in the gut tissue of an AD mouse
model and to explore the potential involvement of the gut
barrier in AD pathology. The results may offer novel insight
into the pathogenesis of AD and provide promising prospects
for the treatment of this condition.

Materials and methods

Animals. The double transgene (dTg) AP precursor protein
(APP)/presenilin 1 (PSI) mice rely on an ectopic promoter to
express Swedish (swe) mutations in the APP695cDNA and dE9
mutations in the PS1 gene, leading to supraphysiological levels
of APP and secretion of human AP (25). APPswe/PS1dE9
(APP/PS1) dTg mice and non-transgenic [C57BL/6, wild-type
(WT)] homologues were purchased from Institute of
Biomedical Sciences, Nanjing University, Nanjing, China. The
mice were housed in a room with a 12/12-h light/dark cycle,
temperature controlled at 22-24°C and humidity maintained
at 50-60%. The mice had ad libitum access to water and food
until they were 6 or 12 months old, respectively. A total of
32 male APP/PS1 mice (6- and 12-month-old; 30-38 g) and
WT mice (age- and sex-matched) were used (n=8/group;
Fig. 1). All experimental procedures were approved by the
Ethics Committee of Chongqing Medical University (approval
no. 116/2021) and followed the National Institutes of Health
Guidelines for the Care and Use of Experimental Animals (26).

Intestinal permeability analysis. As previously described (27),
intestinal permeability was assessed using fluorescein isothio-
cyanate (FITC)-dextran (4 kDa) test (Sigma-Aldrich; Merck
KGaA). Briefly, mice were fasted for 4 h before receiving
a 60 mg/100 g body weight oral gavage of FITC-Dextran (28).
After 4 h, 200 ul of whole blood was collected from the
retro-orbital venous plexus of mice deeply anesthetized with 5%
isoflurane, centrifuged (4°C) at 5,000 x g for 5 min and plasma
was transferred into fresh tubes. The fluorescence intensity
of FITC-dextran in separated plasma was determined using a
multimode plate reader (EnSpire Plate Reader; PerkinElmer,
Inc.; excitation, 485 nm; emission, 525 nm). FITC-dextran dilu-
tions in PBS were used to obtain standard curves to calculate
FITC concentration. The mice were returned to their cage after
awakening from anesthesia and raised until they were sacri-
ficed for harvesting tissue 1 week later.

Preparation of tissue. As described by Stacchiotti et al (29),
mice were sacrificed by cervical dislocation under 5% isoflu-
rane anesthesia. Sterile physiological saline solution (0.9%
sodium chloride) was injected in the left ventricle of the heart
until liver blanching. Perfused organs, including brain, ileum
and proximal colon, were carefully removed.

The brain and intestinal tissue samples were rinsed with
sterile saline for 1 min. The brain was divided into two
halves: One half was stored at -80°C for western blotting,
while the other half was post-fixed with freshly prepared 4%
paraformaldehyde (PFA) for 24 h. The ileum and proximal
colon were divided equally into three segments: The first
segment was fixed with 4% PFA or Carnoy's fixative (60%
methanol, 30% chloroform and 10% acetic acid) for 24 h
before paraffin embedding, the second segment was fixed in

WT-6 months dTg-6 months WT-12 momhs dTg- 12 months

v 19 ¢

WT Imerma\e control Pre- symptomatlc WTlmermate control Symptomatlc

|

Samples collected for analysis

Figure 1. Timeline of pre-symptomatic animals at 6 months and symp-
tomatic animals at 12 months. WT, wild-type; dTg, double transgene.

2.5% glutaraldehyde for 4 h for ultrastructural investigation
and the third segment was stored at -80°C for western blotting
and reverse transcription-quantitative PCR (RT-qPCR). All
procedures were performed on ice.

Hematoxylin and eosin (H&E) staining. Serial sections of
paraffin-embedded ileum samples (4-ym thickness) were
cut using a microtome. The paraffin sections were then
deparaffinized by heating at 60°C, washed with xylene as the
deparaffinization reagent, and rehydrated through a graded
series of ethanol before being stained with H&E (Beijing
Solarbio Science & Technology Co., Ltd.) at room temperature
for 10 min. The stained sections were observed under a light
microscope (Olympus Corporation) at a magnification of x30
and images of the intestinal mucosa, villi and small intestinal
epithelial cells were captured.

Alcian blue-periodic acid Schiff (AB-PAS) staining. Specimens
from the ileum and proximal colon were collected and stained
with AB-PAS for histochemical analysis of GCs as previously
described (30). Firstly, 3-4 sections were prepared from each
specimen. The sections (4-um thick) were deparaffinized in
xylene at 60°C for 10 min and dehydrated in ethanol solution for
5 min. Oxidation of tissues was performed in 0.5% PA solution
at room temperature for 5 min, followed by rinsing in distilled
water. Next, sections were stained with Schiff reagent (Beijing
Solarbio Science & Technology Co., Ltd.) at room temperature
for 10 min and rinsed in tap water for 5 min. Subsequently,
the sections were stained with 1% AB in an aqueous solution
of 3% acetic acid (Ph 2.5) at room temperature for 15 min.
Finally, they were counterstained with hematoxylin at room
temperature for 2 min. All samples were observed under a
light microscope at a magnification of x20.

Immunohistochemistry (IHC) staining. Paraffin-embedded
specimens were sliced (4-pum thickness), deparaffinized in
xylene at 60°C for 10 min and hydrated in graded alcohol
for 5 min each. Antigen retrieval was performed in boiling
water with citric acid (pH 6.0) at 95°C for 30 min. Endogenous
peroxidase was blocked for 10 min with 3% hydrogen peroxide
at 25°C. PBS (pH 7.4) containing 5% fetal bovine serum
(HyClone; Cytiva) was used to block the specimens in 0.3%
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Triton X-100 for 30 min at 37°C. Samples were incubated
overnight with primary antibodies at 4°C and then with perox-
idase-conjugated anti-rabbit IgG (1:200; cat. no. MP-7451
Vector Laboratories, Inc.) at 25°C for 30 min. Following
incubation at room temperature for 30 sec with diaminoben-
zidine (Vector Laboratories, Inc.), the sections were rinsed
with distilled water and counterstained with Mayer's hema-
toxylin (Vector Laboratories, Inc.) at room temperature for
2 min. The primary antibodies were mouse anti-Ap (1:200;
cat. no. NBP2-13075; Novus Biologicals, LLC) and rabbit
anti-MUC?2 (1: 50; cat. no. #DF8390; Affinity Biosciences).

Immunopositivity was quantitatively evaluated using a light
microscope (Olympus Corporation) at a magnification of x20.
Images were analyzed using ImagelJ software (version 2.1.0;
National Institutes of Health) by researchers blinded to the
health status of the mice and were calculated as the number of
positive cells and percentage of positive area.

Immunofluorescence (IF) staining. Intestinal tissue was fixed
in methanol-Carnoy and immunostained, as aforementioned.
Sections were immunostained with a rabbit anti-MUC?2 anti-
body (1:100; red; cat. no. #DF8390; Affinity Biosciences) and
incubated at 4°C overnight. Goat anti-rabbit IgG conjugated to
Alexa Fluor 488 (1:1,000; cat. no. #A-11094; Thermo Fisher
Scientific, Inc.) was used as the secondary antibody and
applied for 1 h at room temperature. N-acetylglucosamine
residues were stained with Alexa Fluor 633-labeled wheat
germ agglutinin (WGA; 1:50; Novus Biologicals, LLC; green)
at 37 °C for 30 min. Finally, sections were counterstained
with DAPI (1:1,000; Sigma-Aldrich; Merck KGaA) at room
temperature for 10 min.

Immunopositivity was evaluated quantitatively using
a fluorescence microscope (Olympus Corporation) at x20
magnification. Images were evaluated using ImageJ software
(version 2.1.0; National Institutes of Health) by researchers
who were blinded to the health status of the mice and were
measured as the percentage of positive area.

Transmission electron microscopy (TEM). As previously
described (31), fresh intestinal tissue was removed and cut into
1.5 mm? pieces, which were fixed in a 2.5% glutaraldehyde
solution at 4°C for 2 h, followed by fixation in 1% osmium
tetroxide at room temperature for 1 h, before being embedded
in epoxy resin. Thin sections (~80 nm) were transferred onto
100 mesh copper grids and then stained with uranyl acetate at
room temperature for 10 min and lead citrate for 5 min. The
sections were visualized by TEM using an HT7700 device, as
previously described (32).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR).RT-qPCR was conducted for specific differentially
expressed genes (DEGs). The primer sequences (Table I) were
designed using the online Primer3 tool (primer3.ut.ee/) for the
complete coding sequences of Notchl, Hairy and enhancer of
split-1 (Hesl), Mouse atonal homolog 1 (Mathl), Growth factor
independence 1 (Gfil), SAM pointed domain-containing ETS
transcription factor (spdef), Kinesin family member 4 (Kif4),
and P-actin. These sequences were obtained from the NCBI
Genbank (ncbi.nlm.nih.gov) database. Primer specificity
was confirmed using the Primer-BLAST tool (blast.ncbi.

nlm.nih.gov/Blast.cgi), and the primers were synthesized
by Beijing Tsingke Biotech Co., Ltd. For RT-qPCR, total
RNA was extracted from proximal colonic tissue using
TRIzol® (cat. no. #9108; Takara Biotechnology Co., Ltd.).
RT was carried out using the PrimeScript™ RT Master Mix
according to the manufacturer's protocol (cat. no. #RR037A;
Takara Biotechnology Co., Ltd.) to synthesize cDNA.
Subsequently, SYBR Premix Ex Taq™ (cat. no. #RR820A;
Takara Biotechnology Co., Ltd.) was used to perform qPCR to
assess changes in gene expression. The qPCR thermal cycling
conditions were as follows: an initial denaturation step at 95°C
for 30 sec, followed by 40 cycles of denaturation at 95°C for
5 sec and annealing/extension at 60°C for 30 sec. Each sample
was subjected to PCR amplification in triplicate. The 2-44¢4
method (33) was employed to normalize the RNA expression
levels of genes against [3-actin.

Western blot analysis. Proteins were extracted using RIPA
lysis buffer and protease inhibitor (both Beijing Solarbio
Science & Technology Co., Ltd.). Protein concentration was
measured with a BCA Protein Detection kit (Beijing Solarbio
Science & Technology Co., Ltd.). Equal quantities of protein
(20 ug/lane) were separated by 10% SDS-PAGE and transferred
to PVDF membranes. The membranes were blocked with 5%
skimmed milk at room temperature for 2 h and incubated with
primary antibodies (Table II) at 4°C overnight, followed by
incubation with horseradish peroxidase-conjugated secondary
antibodies (goat anti-mouse, cat. no. S0002, or anti-rabbit
IgG, cat. no. S0001, both Affinity Biosciences) for 1 h at 25°C.
The membranes were finally visualized using immobilon
forte western HRP substrate (MilliporeSigma). The intensity
of the signal was evaluated by densitometry using ImagelJ
(version 2.1.0; National Institutes of Health), and the value was
normalized to the loading control (a-tubulin).

Statistical analysis. Data are presented as the mean + SEM
from three or more independent experiments. GraphPad
Prism 6 software (GraphPad Software, Inc.; Dotmatics) was
used for all analyses. Data were compared using unpaired
Student's t test or two-way ANOVA followed by Bonferroni's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Increased AP immunoreactivity in brain and intestine of dTg
mice. The present study first examined A immunoreactivity
and expression of its substrate APP and limiting enzyme
B-secretase 1 (BACE]) in the brain of dTg mice and their WT
counterparts. Senile plaques (SP) in the cortex and hippo-
campus were detected by immunohistochemical staining with
anti-Ap antibodies. IHC showed that Af-positive plaques were
only observed in dTg mice. More plaques were observed in
the cortex and hippocampus in 12-month than in 6-month
dTg mice. No plaques were observed in the brain of WT mice
(Fig. 2A and B). Western blotting showed that APP protein
was overexpressed in the brain of both 6 and 12-month dTg
compared with WT mice. Accordingly, the expression of
BACETI protein was significantly increased in the brain of both
groups of dTg mice (Fig. 2C-E).
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Figure 2. SP deposition in cortex and hippocampus and Af aggregation in intestinal mucosa. Immunohistochemistry showed SP in (Aa-h) cortex and
hippocampus of WT and dTg mice at 6 and 12 months, respectively. (B) The number of SP were determined by immunohistochemistry in the cortex and
hippocampus (scale bar, 200 ym; n=6/group). (C) Protein levels of APP and BACEI in extracts of cortex and hippocampus tissue were detected by western
blotting. Western blot quantification of (D) APP and (E) BACEI (n=4/group). Immunohistochemistry showed Af aggregation in (Fa-h) intestinal mucosa of
WT and dTg mice at 6 and 12 months, respectively. (G) AP expression area were determined by immunohistochemistry in ileum and proximal colon (scale
bar, 50 pm; n=6/group). (H) Protein levels of APP and BACEI in extracts of intestinal tissue were detected by western blotting. Western blot quantification
of (I) APP and (J) BACEI (n=4/group). 'P<0.05, “P<0.01. SP, senile plaque; A, amyloid-f3; dTg, double transgene; WT, wild-type; APP, amyloid precursor
protein; BACEI,  site APP cleaving enzyme 1.
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Table I. Primer sequences.

Gene Forward, (5'-3") Reverse (5'-3") Accession no.
[B-actin GGCTCCTAGCACCATGAAGA AAAACGCAGCTCAGTAACAGT NM_007393.5
Notchl CCCGCTGTGAGATTGATGTTAAT ACACCTTCATAACCTGGCATACA NM_008714.3
Hesl GGCAGACATTCTGGAAATGA TTGATCTGGGTCATGCAGTT NM_001416728.1
Mathl GAGTGGGCTGAGGTAAAAGAGT GGTCGGTGCTATCCAGGAG NM_061763.5
Gfil ATCAAATGCAGCAAGGTGTTCTC GTGTCCGAGTGAATGAGCAGATG NM_010278.2
Spdef CTGGGAGCACGTTGGATGAG CGGTACTGGTGTTCTGTCCA NM_001414277.1
Kif4 CTCGAAGCCAAATGTGCCATAAA TCCACTTTGACCAGCTCTTCTTT NM_008446.3

Hesl, Hairy and enhancer of split-1; Mathl, Mouse atonal homolog 1; Gfil, Growth factor independence 1; Spdef, SAM pointed
domain-containing ETS transcription factor; Kif4, Kinesin family member 4.

Table II. Monoclonal primary antibodies in western blotting.

Antibody Source Cat. no. Manufacturer Dilution
APP Rabbit #29765 CST 1:1,000
BACEI1 Rabbit #5606 CST 1:1,000
MUC2 Rabbit #DF8390 Affinity Biosciences 1:1,000
Z0O-1 Rabbit ab276131 Abcam 1:1,000
Occludin Rabbit ab216327 Abcam 1:1,000
Claudinl Rabbit ab180158 Abcam 1:2,000
LBP Rabbit ab254559 Abcam 1:1,000
IL1B Rabbit ab254360 Abcam 1:1,000
TNFa Rabbit ab183218 Abcam 1:1,000
a-tubulin Mouse ab7291 Abcam 1:10,000

APP, amyloid precursor protein; BACE1, beta-site APP cleaving enzyme 1; MUC2, mucin 2; ZO-1, zonula occludens-1; LBP, lipopolysac-

charide binding-protein; CST, Cell Signaling Technology, Inc.

AP immunoreactivity was examined in the ileum and
proximal colon. The results showed higher AP levels in
dTg compared with WT mice, and AP-positive expression
was more pronounced in the 12- than in the 6-month group,
which was consistent with observations in the cortex and
hippocampus. AP expression was significantly increased in
dTg compared with WT mice of the same age (Fig. 2F and G).
Western blotting revealed overexpression of APP in the 6- and
12-month dTg groups compared with WT mice, while BACE1
expression was significantly higher only in the 12-month
dTg group (Fig. 2H-J). These results indicated pathological
changes in the gut of AD model mice, similar to those in AD
brain.

Increased intestinal permeability in dTg mice. To investigate
whether increased intestinal AP exerted an effect on the intes-
tinal barrier, an intestinal permeability assay was performed.
The variation in epithelial permeability was measured by
FITC-dextran assay. Compared with WT, dTg mice showed
a significant increase in intestinal mucosal permeability in
6- and 12-month groups, respectively. Furthermore, intestinal
permeability of 12-month dTg mice was significantly higher
than that of 6-month dTg mice (Fig. 3).
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Figure 3. Variation in intestinal permeability. Intestinal permeability
assays were conducted with FITC-dextran (n=4/group). “P<0.05, “P<0.01,
“"P<0.001. WT, wild-type; dTg, double transgene.

Elevated lipopolysaccharide-binding protein (LBP)
and cytokine protein expression in dTg mice. Increased
intestinal permeability can lead to susceptibility to inflam-
mation (34). To evaluate intestinal inflammation, the present
study measured LBP, IL1f and TNFa protein expression
in intestinal tissue, which play crucial roles in mediating
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Figure 4. Variation in inflammatory indicators of the intestine. (A) Protein levels of LBP, IL-1f and TNFa in extracts of intestine tissue were detected by
western blotting. Western blot quantification of (B) LBP, (C) IL-1p and (D) TNF-a (n=4/group). "P<0.05, “P<0.01. LBP, lipopolysaccharide binding-protein;

WT, wild-type; dTg, double transgene.

inflammatory and anti-inflammatory responses (35-37).
Notably, dTg mice exhibited significantly higher LBP protein
expression at 6 and 12 months compared with their WT
counterparts. Additionally, dTg mice displayed increased
production of proinflammatory cytokines (IL-1 and TNFa)
in the 6- and 12-month groups compared with WT mice.
Furthermore, expression levels of LBP, IL1f and TNFa were
significantly elevated in the 12-month dTg mice compared
with the 6-month group (Fig. 4A-D).

Damaged intestinal epithelial TJ in dTg mice. The disruption
of TJs in intestinal epithelium, which is associated with intes-
tinal inflammation (38), was examined using TEM images
to show the ultrastructure of the ileum and proximal colon
mucosa (Fig. 5A). WT mice had normal intestinal epithelial
morphology with uniform distribution of microvilli, tight cell
junctions and normal organelle morphology (Fig. 5Aa-d).
However, intestinal epithelial integrity was disrupted in all
dTg mice, which was evidenced by microvilli breakage or
absence, TJ damage and bacterial invasion (Fig. SAe-h).

The protein expression of zonula occludens-1 (ZO-1),
occludin, and claudin 1 in proximal colon was analyzed using
western blotting. The expression of these proteins was signifi-
cantly decreased in both 6- and 12-month dTg mice compared
with their WT counterparts. Additionally, expression of ZO-1,
occludin and claudin 1 was lower in the 12-month group of
dTg mice compared with the 6-month group (Fig. 5B-E).

Increased number of goblet cells (GCs) and elevated expression
and glycosylation of MUC?2 in dTg mouse intestine. Mucus,
which is synthesized by GCs, is an essential component of the
intestinal barrier (39). To investigate the impact of Ap on GCs,
AB-PAS staining was conducted to evaluate the quantity and
morphology of GCs. The results showed a significant increase

in number of GCs in the ileum and proximal colon of dTg mice
at 6 and 12 months compared with WT mice. Notably, GCs in
the 12-month group of dTg mice were significantly decreased
compared with the 6-month group of dTg mice in the proximal
colon (Fig. 6A and C). Similar results were observed in the
analysis of Paneth cells (PCs; Fig. S1A and B). Compared
with WT mice, dTg mice had significantly increased PCs in
the ileum at 6 and 12 months. PCs in the ileum of 12-month
group of dTg mice were significantly reduced compared with
6-month group of dTg mice.

The present study assessed whether changes in GCs
affected MUC synthesis by immunostaining GCs with specific
markers such as MUC2. In both the ileum and proximal
colon, the area of MUC2-positive cells in the crypts of dTg
mice were significantly increased compared with those in WT
mice at 6 and 12 months. Notably, expression of MUC2 was
significantly reduced in 12- compared with 6-month dTg mice
(Fig. 6B and D). Consistent with the IHC staining, compared
with WT mice, protein expression of MUC2 was elevated in
the 6- and 12-month groups of dTg mice, while the 12-month
dTg mice had significantly lower expression than the 6-month
group in the proximal colon (Fig. 6E and F).

To evaluate the function of mucus as a barrier, the present
study assessed MUC glycosylation using IF staining with
anti-MUC2 antibody and WGA lectin in the ileum and prox-
imal colon. MUC2 was glycosylated and confined to GCs in
intestinal mucosa. IF staining revealed a significant increase in
MUC2 in dTg compared with WT mice in both the ileum and
proximal colon at 6 and 12 months, while 12-month dTg mice
had lower expression than 6-month dTg mice. WGA staining
also showed similar results. WGA expression in ileum and
proximal colon of 6- and 12-month dTg mice was significantly
increased compared with WT mice, while WGA expression in
12-month dTg mice was significantly lower than in 6-month
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Figure 5. Variation in ultrastructure of intestinal mucosa. Electron micrograph images of ileum and proximal colonic segments harvested from WT and
dTg mice at 6 and 12 months. (Ae-h) Abnormal intestinal microvilli, tight junctions and flora invasion in dTg mice (white arrows). (B) Levels of (C) ZO-1,
(D) occludin, (E) claudin-1 and GAPDH in extracts of intestinal tissue were detected by western blotting (n=4/group). "P<0.05. dTg, double transgene;

WT, wild-type; ZO-1, zona occludens-1.

dTg mice. In addition, O-glycosylation was most abundant
in GCs at the bottom of intestinal crypts and on the mucosal
surface of the intestine (Fig. 7A-F).

Disrupted Notch signaling and GC differentiation markers
in intestine of dTg mice. GCs were increased in dTg mice.
Notch signaling is known to regulate stem cell fate determina-
tion in crypts via Notchl. Upon activation, Notchl promotes
the expression of Hes-1, which in turn suppresses Mathl
downstream, leading to increased enterocytes and decreased
differentiation into GCs and expression of MUC2 (40).
Therefore, the present study examined the status of Notch
signaling. RT-qPCR analysis (Fig. 8) revealed that the mRNA
levels of Notchl and Hes-1 were significantly decreased in
proximal colon of 6- and 12-month dTg mice compared with
WT mice, while levels of downstream Mathl1, Gfil, Spdef and
KIf4 were increased in 6- and 12-month dTg compared with
WT mice.

Discussion

Transgenic mouse models of AD provide a useful tool for
studying pathogenesis of AD, as well as novel therapeutic

interventions. The first mouse models of AD were based on
transgenic expression of human APP and exhibited robust
amyloid pathology and memory deficits, but most of these
models need at least 10 months to develop SP or exhibit
learning and memory deficits. Singly transgenic human prese-
nilin 1 (PS1) or PS2 mutant mice do not develop AD pathology
or cognitive deficit, although they increase AB42 levels with no
effect on AB40. The most widely used APP/PS1 mouse model
was developed through co-injecting the APP and PSI trans-
genes. APP/PS1 created by David Borchelt combines human
APP containing the swe mutation and PS1 containing e dE9
mutation (41). Amyloid plaques begin to appear in the mouse
cortex ~4 months and in the hippocampus ~6 months, and
they increase in size and number with age. Deficits in learning
and memory arise between 6 and 10 months and worsen with
age (42.43).

The intestinal barrier consists of cellular and extracel-
lular elements (44). Intestinal epithelial cells constitute the
primary cellular element of the intestinal barrier and are
interconnected by junctional complexes. The barrier permits
uptake of nutrients, electrolytes and water, while constituting
a defense against intraluminal toxins, antigens and enteric
flora (45,46). TJs are a fundamental junctional complex
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Figure 6. Variation in number of GCs and MUC2 expression in intestinal mucosa. (Aa-h) Alcian blue-Periodic acid Schiff staining showed GCs and
(Ba-h) immunohistochemistry showed MUC?2 in the ileum and proximal colon of WT and dTg mice at 6 and 12 months. (C) Number of GCs, as determined
by histochemical staining of the ileum and proximal colon. (D) MUC?2 expression area in the ileum and proximal colon was determined by immunohisto-
chemistry (n=6/group). Scale bar, 50 ym. (E) Protein levels of MUC?2 in extracts of intestinal tissue were detected by western blotting. (F) Quantification of
the western blot results (n=4/group). ‘P<0.05, “P<0.01. GC, goblet cell; WT, wild-type; dTg, double transgene; MUC2, mucin 2; WGA, wheat germ agglutin.
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mice at 6 and 12 months. (E) MUC2- and (F) WGA-positive area was determined by IF in proximal colon (n=6/group). ‘P<0.05, “P<0.01. WGA, wheat germ
agglutinin; IF, immunofluorescence; MUC2, mucin 2; WT, wild-type; dTg, double transgene.

consisting of TJ proteins, including transmembrane proteins  the integrity of the intestinal barrier and regulating intestinal
such as claudin-1 and occludin, and the peripheral membrane  permeability (47). The loss of TJ proteins increases intestinal
adaptor protein ZO-1, which serves a vital role in preserving  permeability (48). In the present study, intestinal concentrations
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Figure 9. Schematic representation of brain and intestinal variation between wild-type and dTg mice. Alzheimer's disease model dTg mice exhibited aggrega-
tion of amyloid plaques in both the brain and intestinal epithelium, increased intestinal permeability, elevated levels of lipopolysaccharide-binding protein,
IL-1B and TNFa, decreased tight junction proteins, bacterial infiltration into the intestinal epithelium and increased goblet cell count and mucus synthesis.
dTg, double transgene; LBP, lipopolysaccharide-binding-protein; Mathl, Mouse atonal homolog 1; Gfil, Growth factor independence 1; Spdef, SAM pointed

domain-containing ETS transcription factor; Kif4, Kinesin family member 4.

of ZO-1, occludin, and claudin-1 were significantly decreased
in dTg mice. Ultrastructural alterations, including microvilli
breakage and absence, TJ damage and bacterial invasion, were
demonstrated by TEM. Overall, these observations suggested
disruption of barrier integrity in dTg mice, which exhibited
greater intestinal permeability. This increase in intestinal

permeability was confirmed by FITC-dextran assay in both
the ileum and proximal colon mucosa of dTg mice.
Inflammatory-induced intestinal barrier dysfunction is
a key factor in regulating intestinal permeability. Chronic
low-grade enteric inflammation causes alterations and/or
disassembly of intercellular junctions, which contribute to
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severe pathological alterations of the intestinal wall and
intestinal barrier dysfunction (49). Significantly elevated LBP,
IL-1p and TNFa in intestinal tissue of 6-month-old dTg mice
suggested the presence of an inflammatory response in the
early stages of AD and the inflammatory response increased
with the progression of AD. The inflammatory response inter-
feres with TJs and increases intestinal permeability due to
dysregulation of TJ protein expression (50). Furthermore, the
present data showed positive immunoreactivity for Af in the
intestinal epithelium, suggesting immune and inflammatory
responses. However, AP is an inflammatory stimulator as well
as a peptide at the center of AD that triggers inflammatory
alterations and releases strong neurotoxic products such as
oxygen-free radicals, chemokines, cytokines and other inflam-
matory proteins (51-53). Additionally, a significant increase in
PC count was also observed in dTg mice. PCs are critical for
regulating immune responses and resisting microbial invasion
by releasing antimicrobial peptides (54).

The extracellular environment of the intestine comprises
mucus serving as a protective barrier, enzymes involved
in digestion, immune cells and cytokines participating in
immune responses, as well as nutrients, waste products,
and microorganisms, among others. (55-57) These extracel-
lular components contribute to the complex and dynamic
environment of the intestinal tract. Among the extracellular
components, MUC2, which is a typical secretory gel-forming
MUC produced by GCs, is highly expressed in the colon
with lower levels in the small intestine (58). Before secretion,
glycosylated MUC?2 is densely packed and stored in secretory
GC vesicles. MUC2 contains several O-linked saccharidic
chains and MUC-type O-glycans are key factors in protecting
the intestinal mucus barrier from damage (59). Lectins linked
to fluorescein were used as carbohydrate probes to detect
the primary residuals in the oligosaccharidic chains of the
GC MUC (60). FITC-WGA recognizes the residues both of
N-Acetylglucosamine and sialic acid (61). The present results
showed increased amounts of glycosylated residues in the dTg
mice, which was consistent with the upregulation of MUC2
synthesis observed in the dTg mice. However, the amount and
glycosylation pattern of MUC2 reduced in 12-compared with
6-month dTg mice, potentially indicating mucosal barrier
impairment after prolonged stimulation. This may be due to
prolonged mucosal glycosylation burden, leading to gradual
fatigue of the glycosylation system and decline in MUC2 glyco-
sylation. Furthermore, there were differences in morphology
of MUC2 and WGA between GCs of ileum and those of
proximal colon. However, further investigations are needed.
The present study showed mucous metaplasia in the proximal
colonic epithelium of dTg mice, with an increased number of
GCs filled with acid and heterochromatic MUC. MUC and
mucinous metaplasia were increased presence in response to
the rapid turnover of epithelial cells within proximal colonic
crypts. The Notch signaling pathway is associated with GC
proliferation (40). Notch1 and Hes-1 are expressed in intestinal
crypts, and further analysis of Hes-1 and Mathl [which are
Notch targets and downstream effectors (62,63)], indicated
a role of Notch signaling in regulating the development and
homeostasis of intestinal epithelia. In secretory lineages, such
as GCs, Hes-1 directly binds to the Mathl transcription factor,
leading to decreased Mathl expression and downstream Gfil,

Spdef and KIf4 (64-67). The present data suggested that GCs
were upregulated in dTg mice by suppressing Notch signaling
and increasing differentiation of Intestinal Stem Cells to form
goblets, enhancing mucus and MUC formation. Here, protein
levels of MUC2 were significantly increased in proximal
colonic tissue. In light of the single effect of Notch signaling
on mucus and GCs, Notch signaling was aberrantly inhibited
in dTg mice. The present results suggested that dTg mouse
mucosa may compensate for MUC2 and GC proliferation by
inhibiting the Notch signaling pathway, thereby strengthening
the mucus barrier. In addition, claudin-1 is a key component
of the TJ complex; however, research has suggested other
potential functions of claudin-1 (68). Claudin-1 modifies
intestinal epithelial homeostasis via Notch-signaling regula-
tion. Upregulated expression of claudin-1 induces MMP-9 and
phosphorylated-ERK signaling to activate Notch signaling,
which inhibits the differentiation of GCs, thus decreasing the
number of GCs and MUC?2 expression (69). However, down-
regulation of claudin-1 causes an increase in GC number (70),
which remains to be confirmed in dTg mouse intestines. Mucus
secretion increased with GC number in the present study,
which may result from the inflammatory response in the intes-
tine. This suggested that the increased proliferative activity of
GCs may be a protective mechanism to strengthen the intes-
tinal barrier. However, over time, this protective mechanism
weakened. The present study further confirmed that in AD
model mice, there was an overabundance of Af accumulation
within the intestinal epithelium. This was accompanied by
heightened permeability, inflammation-related alterations, and
a reduction in tight junction (TJ) proteins. These changes led
to heightened reactive proliferation of goblet cells (GCs), along
with an increase in the production of mucus (Fig. 9).

In summary, the present study demonstrated that intestinal
changes in permeability, TJ and mucin synthesis in a mouse
model of AD. The present findings may provide novel insight
into the pathogenesis of AD and potential options for the treat-
ment of this disease. Furthermore, the present findings warrant
further investigation to elucidate the mechanisms responsible
for the interaction between intestinal AP} deposition and gut
barrier disruption in AD.
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