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Intestinal homeostasis disrupted 2
by Periodontitis exacerbates Alzheimer’s
Disease in APP/PS1 mice
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Xiongcheng Xu'?" and Kai Luo'?"

Abstract

Periodontitis exacerbates Alzheimer’s disease (AD) through multiple pathways. Both periodontitis and AD are
intricately correlated to intestinal homeostasis, yet there is still a lack of direct evidence regarding whether
periodontitis can regulate the progression of AD by modulating intestinal homeostasis. The current study induced
experimental periodontitis in AD mice by bilaterally ligating the maxillary second molars with silk and administering
Pg-LPS injections in APP“¢/PS145 (APP/PS1) mice. Behavioral tests and histological analyses of brain tissue were
conducted after 8 weeks. Gut microbiota was analyzed and colon tissue were also evaluated. Then, fecal microbiota
from mice with periodontitis was transplanted into antibiotic-treated mice to confirm the effects of periodontitis
on AD and the potential mechanism was explored. The results indicated periodontitis exacerbated cognitive
impairment and anxious behaviour in APP/PS1 mice, with increased AR deposition, microglial overactivation and
neuroinflammation in brain. Moreover, the intestinal homeostasis of AD mice was altered by periodontitis, including
affecting gut microbiota composition, causing colon inflammation and destroyed intestinal epithelial barrier.
Furthermore, AD mice that underwent fecal transplantation from mice with periodontitis exhibited worsened AD
progression and disrupted intestinal homeostasis. It also impaired intestinal barrier function, elevated peripheral
inflammation, damaged blood-brain barrier (BBB) and caused neuroinflammation and synapses impairment. Taken
together, the current study demonstrated that periodontitis could disrupt intestinal homeostasis to exacerbate AD
progression potential via causing gut microbial dysbiosis, intestinal inflammation and intestinal barrier impairment
to induce peripheral inflammation and damage BBB, ultimately leading to neuroinflammation and synapse
impairment. It underscores the importance of maintaining both periodontal health and intestinal homeostasis to
reduce the risk of AD.
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Introduction
Periodontitis is an inflammatory disease in the support-
ing tissues of the teeth caused by bacterial plaque biofilm
[1]. It can adversely impact several systemic disorders,
such as metabolic syndrome [2], cardiovascular diseases
[3], diabetes mellitus [4], and cognitive impairment [5, 6].
Alzheimer’s disease (AD) is a progressive degenerative
disease of the central nervous system. Mounting evi-
dence shows that periodontitis is closely related to the
occurrence and progression of AD [7, 8]. Patients with
periodontitis have a 1.7-fold risk of developing AD com-
pared to healthy people [9]. Porphyromonas gingivalis
(Pg) is a primary pathogenic bacterium in periodonti-
tis [10]. Infection with Pg and its toxic component lipo-
polysaccharide (LPS) has been recognized as an essential
risk factor for AD development [11-14]. We previously
found that experimental periodontitis could exacerbate
AD progression in double-transgenic amyloid precursor
protein/presenilin 1 (APP**¢/PS1%F%; APP/PS1) mice, a
model of AD [15]. In a recent study, the administration of
Pg, Pg-LPS and gingipains to the tail veins disrupted the
permeability of the blood-brain barrier (BBB) and exac-
erbated cognitive functions in mice [16]. Furthermore,
the systemic administration of Pg-LPS was reported to
trigger AD-like pathology in mice [17, 18]. These findings
indicate that periodontal pathogens and their toxic prod-
ucts can enter the brain and affect AD progression. How-
ever, the exact mechanism by which periodontitis affects
AD as a local oral inflammation remains unclear.
Intestinal homeostasis is maintained by the dynamic
balance between the internal microenvironment and the
gut microbiota, along with other components. The gut
microbiota consists of trillions of microorganisms that
play an important role in dietary energy harvesting. An
imbalance in the gut microbiota might worsen colitis and
disrupt intestinal homeostasis [19]. Accumulating evi-
dence suggests that disruptions of intestinal homeostasis,
including alterations in gut microbiota and its metabo-
lites, exacerbated AD progression, particularly through
the “microbiota-gut-brain” axis [20]. Periodontitis could
change the composition of the gut microbiota [21]. Pre-
vious study has demonstrated intragastric administra-
tion of salivary microbiota from periodontitis patients to
mice would worsen pathogenesis of AD or anxiety-like
behavior [22, 23]. However, the issues of species specific-
ity and the differences in gut microbiota between humans
and mice in this study still require further refinement to
enhance its persuasiveness. Although an animal study
revealed the causal relationship among periodontitis,
cognitive decline, and gut microbiota dysbiosis [24], yet
there is still a lack of direct evidence regarding whether
periodontitis can regulate the progression of AD by mod-
ulating intestinal homeostasis.
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It is reasonable to hypothesize that periodontitis play
a crucial role in the exacerbation of AD via orchestrat-
ing intestinal homeostasis. The present study tested this
hypothesis by a series of experiments. An experimental
periodontitis model in AD mice was established to con-
firm the effects of periodontitis on AD exacerbation.
Then fecal microbiota from mice with periodontitis was
transplanted into antibiotic-treated AD mice to evaluate
whether periodontitis-induced gut microbiota altera-
tions would affect AD progression. Moreover, the poten-
tial mechanisms by which periodontitis worsen AD was
explored. We believe that this study will reveal a new per-
spective by which periodontitis affects AD and provide a
novel strategy for the prevention and treatment of AD.

Materials and methods

Experimental design

Three-month-old male APP/PS1 mice were purchased
from Aniphe Biolaboratory Inc., Jiangsu, China, and
raised in a specific pathogen-free environment. After one
week of adaptive feeding, all animal operations were per-
formed following the protocol approved by the Animal
Ethics Committee of Fujian Medical University (IACUC
FIMU 2023-0035). Every effort was made to minimize
animal use and suffering. The Animal Welfare and Labo-
ratory protocols were followed according to the ARRIVE
Guidelines (Animal Research: Reporting of In Vivo
Experiments).

Based on a random sequence generated by a computer,
16 mice were randomly divided into two groups (n=8
each): a control group (H-AD) and an periodontitis group
(P-AD). Periodontitis was induced by bilateral maxillary
second molar silk ligation combined with Pg-LPS injec-
tion (InvivoGen, San Diego, CA, USA), as described
previously [15]. Control animals of the same age were
injected with the same dose of phosphate-buffered saline
(PBS) at the exact location. The experimental timeline is
shown in Fig. 1a.

Next, 16 mice were randomly allocated into two groups
(n=8 per group) as follows: control mice that underwent
fecal microbiota transplantation (FMT-H-AD) and mice
with periodontitis that underwent fecal microbiota trans-
plantation (FMT-P-AD). A mouse model of microbiota
depletion was obtained using a large amount of broad-
spectrum antibiotics for 2 weeks, as described previously
[25]. Subsequently, the fecal microbiota transplantation
(FMT) was initiated with normal water consumption.
The experimental timeline is shown in Fig. 3a.

Sample collection and preservation

After behavioral testing, the mice were euthanized, and
the periodontal tissues (alveolar bone and gingival tis-
sues), blood, colon, cecal contents, and brain (hippocam-
pus and cortex) tissues were collected. The cecal contents
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(See figure on previous page.)

Fig. 1 Periodontitis exacerbated behavioral disorders and AD-like pathological lesions in the APP/PS1 mice. (a) Design of the experiment. (b) Mesial-
distal micro-CT slices of maxillary molars. (c) HE staining of the alveolar bone. (d-g) Quantitative analysis of micro-CT data. (h) The mRNA levels of TNF-a,
IL-18 and IL-6 in gingiva. (i) Diagrams showing the swimming paths during the spatial probe period. (j) Mice exploring new objects and familiar object
path maps. (k) The open-field tests included representative tracking images of movement. (I) Escape latency of mice to reach the hidden platform. (m)
Percentage of time utilized by the mice for swimming in the target quadrant. (n) New object RI. (0) Total time spent exploring new objects. (p) Distance of
the mice in central area. (q) Frequency of the mice of the cross to center. (r) Representative images of Niss| staining. (s) Representative images of AR immu-
nostaining. (t) Representative images of Ibal immunostaining. (u) Quantitative analysis of the number of surviving neurons in cortex and hippocampus.
(v) Area fractions of relative AR-positive in hippocampus. (w) Ibal-positive area fractions in cortex and hippocampus. (x) The relative mRNA expression

levels of TNF-a, Il-18 and IL-6 in Cortex. # p <0.05, s p<0.01; ARC: alveolar ridge crest; CEJ: cementoenamel junction

were collected using a sterile instrument, and 16s ribo-
somal RNA (16 S rRNA) was sequenced. The proximal
colon (about 5 mm) was resected, and the left hemi-
sphere of the brain and alveolar bone were fixed in 4%
paraformaldehyde (G1101, Serivicebio, Wuhan, China).
The remaining gingival tissues, colon, brain and cortex
tissues were immediately frozen in liquid nitrogen and
stored at -80°C.

Behavioral assays

Novel object recognition test

A novel object recognition test was performed using a
new object recognition device consisting of two detec-
tion areas of the same size (40x40x40 cm). For the first
two days, two similar objects were placed in the corner of
the detection area, and the mice were allowed to explore
freely for 5 min. On the third day, one of the objects was
replaced with a new one of the same size but a differ-
ent shape, and the time the mice spent exploring the old
and new objects were measured. The recognition index
(RI) for each mouse was calculated as follows: time spent
exploring new objects/time spent exploring new and old
objects together x100%.

Open-field test

The open-field test device comprised a 40x40x40 cm
plastic partition. Mice were placed in the device along the
wall segment with their back against the central region
in the same position. Cameras were used to record their
movement for 5 min. A tracking software (Tracking Mas-
ter, Zhongshidichuang, Beijing, China) was used to ana-
lyze the activity distance in the central region and the
number of times they crossed the central region, and the
more time spent in the marginal area, the less time spent
in the central area, indicating an increase in anxiety-like
behaviors.

Morris water maze test

The water maze device consisted of a white plastic circu-
lar pool (radius, 60 cm; height, 50 cm) divided into four
quadrants, with a movable platform (10 cm in diameter,
1 cm below the horizontal level) placed in the first quad-
rant. Directional navigation experiments were conducted
during the first 4 days, wherein the time spent searching
for an underwater platform after being randomly placed

in one of the four quadrants within 60 s was recorded. If
the mice did not successfully find the platform within the
specified time, they would be guided onto the platform
and allowed to stand there for 20 s, following which the
experiment would be ended. The platform exploration
experiment was conducted on the fifth day. The platform
hidden in the first quadrant of the water was removed,
and the number of times the mice crossed the position
of the platform and the time they stayed in the target
quadrant within 60 s were recorded. These activities were
automatically recorded using a behavior analysis system
(Tracking Master) for subsequent measurement and
analysis.

Micro-computed tomography (CT) and transmission
electron microscopy (TEM)

The maxillary tissue was wrapped in plastic and placed
in soft foam to prevent it from drying out or displacing
during the scan. Micro-CT (uCT100; SCANCO Medical,
Switzerland) was used to scan the sample, and data mea-
surement using Skyscan software.

Fresh hippocampal tissue was cut into 1 mm? sections
and fixed in 2.5% glutaraldehyde for 24 h. The sample was
fixed in 1% osmic acid for 2 h, dehydrated in gradient
acetone, and then embedded in epoxy resin. Semi-thin
sections were located, stained with uranium acetate and
lead citrate, observed under a TEM (FEI, Tecnai G2 F30,
USA), and photographed.

16 S rRNA gene sequencing

The intestinal contents were extracted using the Pow-
erLyzer PowerSoil DNA separation kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. The
extracted DNA was quantified with NanoDrop (Thermo
Fisher Scientific, Wilmington, DE, USA) and diluted to
10 ng/pL with DNase and RNase-free water. Universal
primers (F: 5-GTGCCAGCMGCCGCGGTAA-3" and
R: 5-GGACTACHVGGGTWTCTAAT-3’) were used to
amplify the V3-V4 regions in the bacterial 16 S rRNA.
The original sequence was qualitatively filtered using the
DADA?2 software package. The Greengenes 16 S rRNA
reference database (published 13_8) was classified using
the q2-feature-classifier. The Wilcoxon rank sum test was
performed to determine the significance of a-diversity.
The P diversity was analyzed by ANOSIM and visualized
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by principal coordinate analysis (PCoA). The sequence
data was processed and analyzed using the QIIME 2 soft-
ware package.

Enzyme-linked immunosorbent assay and Western blot
Colonic tissue, brain tissue and serum were assayed using
interleukin (IL)-1p (ED-20174, LunChangShuoBiotech,
Xiamen, China), TNF-a (ED-20852, LunChangShuo-
Biotech) and LPS (MM-0634M2, MEIMIAN) mouse
enzyme-linked immunosorbent assay kits, according to
the manufacturers’ instructions.

The protein concentration of each sample was deter-
mined using the BCA kit (P0009; Beyotime, Shanghai,
China). The same amount of protein was denatured at
100 °C for 5 min, separated via sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and transferred onto
0.22-um-thick polyvinylidene difluoride membranes
(Millipore Corporation, Billerica, MA, USA). The cor-
responding primary antibodies against ZO-1 (AF5145,
Affinity Biosciences), Occludin (DF7504, Affinity Biosci-
ences) and GAPDH (AF7021, Affinity Bioscience) were
incubated at 4 °C overnight for detection. Then, the
horseradish peroxidase conjugate antibody of the related
species was incubated at 37 °C for 1 h. The protein bands
were analyzed using the ECL Reagent (M A0186, Meilun-
bio, Dalian, China) and the Image Lab (Bio-Rad, Hercu-
les, CA, USA) software.

Real-time quantitative polymerase chain reaction
(RT-qPCR)

According to the manufacturer’s instructions, RNAiso
Plus (Takara, Shiga, Japan) was used to extract total
mRNA from gum, colon and brain tissue. An ultraviolet
spectrophotometer (Q5000; DINGGUOCHANGSHENG
Bio Co, Beijing, China) was used to determine the quality
and quantity of the RNA, followed by ¢cDNA synthesis.
All primers used are listed in the Appendix Table S1.

Hematoxylin and eosin (HE), alcian blue-periodic acid-
Schiff (AB-PAS) and nissl staining

The remaining alveolar bone tissue was soaked in 10%
ethylene diamine tetraacetic acid (EDTA; 10009618;
Sinopharm, Beijing, China) decalcifier (replaced with a
new liquid the next day). After 8 weeks, it was gradiently
dehydrated and embedded in wax blocks. Fresh brain
and colon tissue were fixed in 4% paraformaldehyde 48 h
later and embedded in the wax block tissue after gradient
dehydration. The 5 um section stained with HE (G1005,
Servicebio, Wuhan, China) was prepared for the obser-
vation of periodontal and colon tissue. The colon tissue
was histologically scored as previously described [23,
26]. AB-PAS staining was performed according to the
manufacturer’s instructions (G1049; Servicebio, Wuhan,
China) to observe the mucus layer and goblet cells; the
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goblet cells were statistically quantified and normalized
using the Image ] 6.0 software. As described previously
[15], serial sections of the left cerebral hemisphere (thick-
ness, 5 um) were made. The morphology and quantity of
the Nishi bodies in the hippocampus and cerebral cortex
were observed by staining with toluidine blue solution
(G1436; Solarbio, Beijing, China) at 37 °C for 1 h. Three
visual fields were selected to count the neurons in the
hippocampus and cortical regions and imaged using a
microscope (Eclipse Ci-E, Nikon, Japan).

Immunohistochemistry and immunofluorescence

The brain and intestinal sections (thickness, 5 microns)
were soaked in fresh xylene solution twice (10 min each)
and diluted with gradient alcohol. The sections were
then repaired with citrate antigen at high temperature
in a microwave oven for 8 min and incubated with 3%
hydrogen peroxide for 30 min to eliminate endogenous
peroxidase activity. Sealing was performed with 10% goat
serum (MP20008; Yuanye, Shanghai, China) for 30 min,
followed by incubation with primary antibodies against
AB;_4, (ab201061; Abcam), Ibal (DF6442; Affinity Bio-
sciences), ZO-1 (AF5145; Affinity Biosciences), Occludin
(DF7504; Affinity Biosciences) at 4 °C overnight. After
three washes with PBS on the second day, the sections
were incubated with the corresponding secondary anti-
body at 37 °C for 1 h. The immunohistochemical sec-
tions were colored with DAB (DAB-0031; MXB, Fuzhou,
China) under a microscope and imaged using a micro-
scope (Eclipse Ci-E, Nikon, Japan). Immunofluorescence
was observed under a fluorescence microscope (IX71;
Olympus, Japan) after incubation with DAPI solution
(28718-90-3; Solarbio, Beijing, China) for 10 min in the
dark. The Image ] system was used to record the average
optical density and fluorescence intensity.

Statistical analyses

All experimental data were analyzed using SPSS 26.0 sta-
tistical software and are expressed as meanzstandard
deviation. Analysis of variance (ANOVA) of repeated
measurement data was used to analyze the Morris water
maze experimental data, and the Kolmogorov-Smirnov
test was used to determine whether the data followed
a normal distribution. A one-way ANOVA was per-
formed if normal distribution was observed, followed
by a post-hoc test. The Kruskal-Wallis or Mann-Whit-
ney U tests were used if the distribution was abnormal.
p<0.05 was considered statistically significant. GraphPad
Prism 9 software was used to plot the experimental data
statistically.
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Results
Periodontitis exacerbated behavioral disorders and AD-like
pathological lesions in the APP/PS1 mice
Significant alveolar bone loss was detected by micro-CT
in the P-AD group (Fig. 1b), which was characterized
by considerable bone loss in the maxillary second molar
region. Obvious reduction in trabecular bone volume
fraction, trabecular separation, trabecular thickness, and
relative bone mass density was observed compared to
the H-AD group (Fig. 1d-g). Additionally, alveolar bone
resorption, breakdown of collagen fibers and infiltration
of inflammatory cells were observed in the P-AD group
(Fig. 1c). Furthermore, the mRNA expression levels of
TNF-a, IL-1B and IL-6 were notably enhanced in the gin-
gival tissues (Fig. 1h). These results showed that the peri-
odontitis model in AD mice was established successfully.
Behavioral tests were performed after 8 weeks of the
establishment of periodontitis. In the Morris water maze
test, the mice’s escape latency was gradually shortened
after 4 days of directional navigation training. On the
4th day, the escape latency was significantly decreased
in the H-AD group compared to that in the P-AD group
(Fig. 11). After the platform was removed on the 5th day,
the mice in the P-AD group spent significantly less time
in the target quadrant (Fig. 1m); their search pattern indi-
cated that they could not recall the platform’s location
even after training (Fig. 1i). During the target recogni-
tion test, the P-AD mice exhibited a lower RI and total
exploration time than the H-AD mice (Fig. 1j, n and o),
indicating that the P-AD mice had a lower level of curios-
ity and willingness to explore new objects and impaired
spatial memory. In the open-field experiment, the P-AD
mice significantly reduced the distance and frequency
across the central region compared to the H-AD mice,
indicating increased stress and anxiety (Fig. 1k, p and q).
We explored the morphology and number of neurons
in the hippocampus and cortical regions to observe the
AD-like pathological changes in the brains of APP/PS1
mice induced by periodontitis. Nissl staining showed
that the number of neurons was significantly reduced in
the P-AD group, and the morphological structure was
severely damaged (Fig. 1r and u). AB,_,, (Fig. 1s and v)
immunohistochemical staining demonstrated that the
brains of mice in the P-AD group had more A deposi-
tion, thus indicating that early infection with periodon-
titis could worsen the development of AD-like lesions
in APP/PS1 mice. The expression levels of TNF-a, IL-1
and IL-6 were sharply increased in cortex of the mice
(Fig. 1x). Similarly, the overactivated microglia were
stained with ionized calcium-binding adaptor molecule
1 (Ibal) in the brains of the P-AD mice (Fig. 1t and w).
Overall, these results revealed that periodontitis aggra-
vated behavioral disorders and the pathological changes
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of AD in APP/PS1 mice, like neuronal loss, AP deposition
and neuroinflammation.

Periodontitis led to disruptions of intestinal homeostasis in
the APP/PS1 mice
The histological analyses of colon tissue were con-
ducted to assess the effect of periodontitis on the intes-
tinal homeostasis. HE staining showed colonic mucosal
inflammation in P-AD group (including inflamma-
tory cell infiltration, tissue hydrolysis and crypt struc-
ture damage) was significantly higher than in the H-AD
group (Fig. 2a and e). AB-PAS staining showed a signifi-
cant reduction in colonic goblet cells in the P-AD group,
indicating damage to the mucous layer of the intestine
(Fig. 2b and f). ZO-1 and Occludin are tight junction
proteins that are essential in maintaining the intestine
barrier [27]. The expression levels of ZO-1 and Occlu-
din were significantly down-regulated in the colons of
mice in the P-AD group compared to those in the H-AD
group (Fig. 2c-d and g-h). The expression of inflamma-
tion-related genes (such as TNF-a, IL-1f, IL-6 and IL-10)
between H-AD and P-AD groups were similar (Fig. 2i).
The compositions of gut microbiota between the
P-AD and H-AD groups were analyzed to evaluate the
effect of periodontal infection during AD progression.
Although o diversity analyses of 16 S rRNA sequenc-
ing results indicated there was no significant differ-
ence in the P-AD group with the H-AD group (Fig. 2k),
the Venn diagram of bacteria and p diversity conducted
using the PCoA based on Bray Curtis dissimilarity met-
rics revealed significant differences in the microbial com-
position and structures between the two groups (Fig. 2j
and i). Specifically, at the phylum level, the relative abun-
dance of Firmicutes decreased while that of Bacteroidetes
increased (Fig. 2m). It is worth mentioning that the rela-
tive abundance of Proteobacteria in the P-AD group was
increased. Previous research indicated that an increase in
Proteobacteria is a sign of more pronounced gut micro-
biota disruption [28]. Notably, significant changes in the
genus level were observed after periodontal infection.
Harmful intestinal bacteria, such as Ruminococcus and
Sutterella were increased in the P-AD group, whereas
beneficial bacteria, including Lactobacillus and Allobac-
ulum were decreased, compared to those in the H-AD
group (Fig. 2n). Conduct a Spearman correlation analysis
between gut microbiota and parameters related to peri-
odontitis to identify specific gut microbial communities
that may be altered under the influence of periodontitis.
Lachnospiraceae clostridium and Sutterella were posi-
tively correlated with most periodontitis phenotypes,
while Anaerostipes were negatively correlated with the
periodontitis-related parameters (Fig. 20). The above
results suggested that periodontitis led to disruptions of
intestinal homeostasis in the APP/PS1 mice.
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Fig. 2 Periodontitis led to disruptions of intestinal homeostasis in the APP/PS1 mice. (a) HE staining of colon. (b) AB-PAS staining. (c) Representative
images of ZO-1 immunostaining. (d) Representative images of Occludin immunostaining. (e) Histological score of the colon. (f) Quantitative analysis of
Goblet cells. (g-h) Quantitative analysis of ZO-1 and Occludin expression. (i) The relative mRNA expression levels of TNF-a, IL-6, IL-15, IL-10, ZO-1 and Occlu-
din in the colon. (j) Venn diagram showing the difference in ASV between the H-AD and P-AD groups. (k) The a diversity of Chao1 index, Shannon index
and Simpson index. (I) PCoA analysis. (m-n) Periodontitis changes the overall composition of the gut microbiota in phylum (m) and genus levels (n). (o)
Spearman correlation analysis between gut microbiota and parameters related to periodontitis.  p <0.05, %% p<0.01, ns: not significant



Qian et al. Journal of Neuroinflammation (2024) 21:263

Transplantation of periodontitis-altered gut microbiota
worsened behavioral disorders and AD-like pathology in
AD mice

The effect of gut microbiota disturbances by periodontal
infection on AD-like changes was verified by transplant-
ing fecal microbiota from the H-AD and P-AD groups
into antibiotic-treat APP/PS1 mice (FMT) via gavage
(Fig. 3a). No obvious periodontal destruction could be
observed in both FMT-H-AD and FMT-P-AD groups
(Fig. S1). The Morris water maze test results demon-
strated that the escape latency of the FMT-P-AD mice
was significantly higher than that of the FMT-H-AD mice
(Fig. 3b, e). Additionally, the percentage of stay time in
the target quadrant was significantly reduced in the FMT-
P-AD group (Fig. 3f). Behavior results indicated that the
transplantation of fecal bacteria aggravated the memory
impairment of the FMT-P-AD mice. Furthermore, the
FMT-P-AD mice showed a lower desire to explore and
decreased curiosity in the new object recognition test,
suggesting impaired spatial memory ability (Fig. 3¢, g and
h). Finally, in the open-field test, the FMT-P-AD mice
showed more stress and depression than the FMT-H-AD
group (Fig. 3d, I and j). These behavioral results revealed
that FMT-P-AD mice exerted an exacerbating behavioral
disorders similar to that in the P-AD group after fecal
transplantation.

Regarding the AD-like pathological changes, a greater
degree of neuronal structure disorganization was
observed in the hippocampal DG region and the cortical
areas in FMT-P-AD mice, accompanied by evident cel-
lular damage and a significant reduction in the number
of surviving neurons (Fig. 3k and n). Similarly, more A
deposition was observed in the brain of FMT-P-AD mice
after immunohistochemical staining (Fig. 31 and o). Fur-
thermore, FMT intensified the activation of the microglia
in the hippocampus and cortical regions of the FMT-P-
AD mice (Fig. 3m and p). Consistent with the results in
the P-AD group, after FMT, brain inflammation genes
in the FMT-P-AD group were significantly increased
(Fig. 3q). These findings showed that transplantation of
the gut microbiota from mice with periodontitis to anti-
biotic-treated mice could partially alter the AD-like path-
ological changes in the brain.

Transplantation of periodontitis-altered gut microbiota
into AD mice caused disruptions of intestinal homeostasis
The intestinal epithelial barrier of antibiotic-treated mice
after fecal transplantation was evaluated in this study.
Histological results showed that the colons of mice in the
FMT-P-AD group had significant lymphocyte infiltration
and a reduced number of goblet cells (Fig. 4a, b, e and f).
The expression levels of Occludin and ZO-1 were signifi-
cantly decreased in the FMT-P-AD group (Fig. 4c, d, g,
h). In addition, the relative mRNA expression of TNF-a,
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IL-1B, IL-6, IL-10, ZO-1 and Occludin in FMT-P-AD
group showed similar results with P-AD group (Fig. 4i).

The gut microbiota compositions of FMT-H-AD and
EMT-P-AD groups were analyzed. The Venn diagram
was constructed to describe the similarities in bacterial
populations among different samples. The lowest and
highest numbers of unique sequences were detected in
the FMT-P-AD (1515) and FMT-H-AD (1730) groups,
respectively (Fig. 4j); only 565 consensus sequences were
detected between the two groups. The o diversity anal-
ysis results indicated the gut microbiota in the FMT-P-
AD and FMT-H-AD group were similar (Fig. 4k). PCoA
based on the Bray Curtis distance metrics with p diver-
sity showed significant differences in microbiota compo-
sition in the FMT-P-AD group compared to that in the
EMT-H-AD group (Fig. 4j and 1). At the phylum level, the
relative abundance of Bacteroidetes in the FMT-P-AD
group decreased. But the ratio of Bacteroidetes to Fir-
micutes and the abundance of Proteobacteria increased
in the FMT-P-AD group (Fig. 4m). In the current study,
we observed a decrease in beneficial bacteria, like Lac-
tobacillus and Anaerostipes. While the harmful bacteria,
such as Oscillospira, Erysipelotrichaceae clostridium and
Lachnospiraceae clostridium, were increased at the genus
level (Fig. 4n). These data suggested that transplantation
of periodontitis-altered gut microbiota induced intestinal
homeostasis disruption in AD mice.

The potential mechanisms of disruptions of intestinal
homeostasis on exacerbation of AD by periodontitis

A series experiments were conducted to explore the
potential mechanism of intestinal homeostasis disrupted
by periodontitis on AD. Significant increased levels of
LPS, TNF-a and IL-6 could be observed in the colon of
EMT-P-AD group (Fig. 5¢c, d). In addition, colon macro-
phages were activated in FMT-P-AD group (Fig. 5a-b).
Blood levels of LPS, TNF-a and IL-6 were also signifi-
cantly increased in FMT-P-AD group (Fig. 5e, f). The
breakdown of the BBB is reported to be crucial in the
development of AD [29, 30]. Under normal circum-
stances, the paracellular space is tightly connected and
sealed to maintain the integrity and function of the bar-
rier [30, 31]. In the current study, we evaluated the integ-
rity of the BBB to determine whether neuroinflammation
and increased amyloid levels in the brain were related
to BBB leakage. Western blot analysis showed that the
expression levels of ZO-1 and Occludin in Cortex in the
EMT-P-AD group were significantly decreased compared
to those in the FMT-H-AD group (Fig. 5h-i). As shown in
Fig. 5g, the ultrastructure of the BBB could be observed
under TEM, which indicated astrocytic end-feet embrac-
ing the capillaries were swollen in the FMT-P-AD mice.
In contrast, the surfaces of the vascular endothelial cells
and basement membranes in the FMT-H-AD mice were
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smooth and complete; the layer was transparent, and no
edema was observed in the foot processes of the astro-
cytes. ELISA showed that LPS, TNF-a and IL-1f levels
were significantly increased in the hippocampal tissues of
the FMT-P-AD group (Fig. 5j-k). In addition, the num-
ber of presynaptic vesicles was decreased, with some

synaptic clefts appearing blurred, and a reduction in the
dense structures of the postsynaptic membrane (Fig. 51).
Immunofluorescent staining demonstrated that FMT-P-
AD mice exhibited a greater accumulation of microglia
surrounding A deposits in both the hippocampus and
cortex, with a notable increase in the size of these glial
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Fig. 5 The potential mechanisms of disruptions of intestinal homeostasis on exacerbation of AD by periodontitis. (a) Representative images of F4/80
immunostaining. (b) Quantification of F4/80-positive area fractions in the colon. (c-d) The levels of LPS, TNF-a and IL-18 in colon. (e-f) The levels of LPS,
TNF-a and IL-1(3 in peripheral blood. (g) Representative images of TEM with BBB. The arrow shows the astrocytic end-feet swelling. (h-i) Western blot
and quantitative analysis of ZO-1 and Occludin in Cortex. (j-k) The levels of LPS, TNF-a and IL-1(3 in hippocampus. (I) Representative images of TEM with
synapses. The arrow shows blurring of synaptic cleft structure. (m-n) Immunofluorescence localization and quantification of Ibal (green) and AB (ma-
genta) in cortex and hippocampus. (0) Spearman correlation analysis with intestinal lesions, brain AD-like lesions, peripheral blood inflammation and gut

microbiota. % p<0.05, #% p<0.01

cells, compared to FMT-H-AD mice. This may hint that
the increase of AP promoted the activation and phagocy-
tosis of microglia (Fig. 5m-n).

Spearman’s correlation analysis was performed on
the correlation parameters between the gut microbiota
and brain AD-like lesions, pathological manifestations
of peripheral blood inflammation and intestinal lesions
(Fig. 5m). Erysipelotrichaceae_Clostridium in the cecum
of FMT-P-AD mice was significantly positively correlated
with pathological manifestations of colon, peripheral
inflammation and AD-like lesions in the brain. However,
Lactobacillus and Anaerostipes in the cecum were nega-
tively correlated. These data suggested that the increase
of harmful bacteria after FMT might exacerbate intesti-
nal pathological injury, peripheral inflammation and AD-
like changes in the brain. Taken together, we speculated
that periodontitis exacerbated AD progression potential
via causing gut microbial dysbiosis, intestinal inflamma-
tion and intestinal barrier impairment to induce periph-
eral inflammation and damage BBB, ultimately leading to
neuroinflammation and synapse impairment.

Discussion

Growing evidence indicates periodontitis is a risk fac-
tor for AD [7, 18, 32, 33]. Previous studies suggest both
periodontitis and AD are intricately linked to intestinal
homeostasis [34—36], yet there is still a lack of direct evi-
dence regarding whether periodontitis could regulate AD
progression by modulating intestinal homeostasis. The
current study demonstrated that periodontitis could dis-
rupt intestinal homeostasis to exacerbate AD progression
potential via causing gut microbial dysbiosis, intestinal
inflammation and intestinal barrier impairment to induce
peripheral inflammation and damage BBB, ultimately
leading to neuroinflammation and synapse impairment.
As far as we know, this is the only direct evidence cur-
rently available show that periodontitis might influence
AD lesions by its local inflammatory effects to disrupt
intestinal homeostasis.

Animal models, primarily transgenic mice engi-
neered to express human genes, have been used as pre-
dominant AD experimental models [37]. The APP/PS1
mouse, a classic AD mouse model, showed no differ-
ence in response from wild-type mice at 3 months of age;
additionally, they develop spatial learning and memory
impairments at 6 months old and amyloid plaque depos-
its, a pathology that is exacerbated with advancing age, at

9 months old [38—40]. In the current study, 3-month-old
APP/PS1 mice were selected to simulate the early stages
of human AD [38, 39]. Periodontitis is a chronic inflam-
matory disease affecting the periodontal supporting tis-
sues, caused by dental plaque. In our previous study, we
successfully established an experimental periodontitis
model in mice by ligating the maxillary second molar
with silk combined with Pg-LPS injection [15]. This study
established a periodontitis model in AD mice using the
same method, and found that AD mice with periodonti-
tis exhibited worsened cognitive impairment and AD-like
pathological changes. It indicated silk ligation combined
with local Pg-LPS injection can further simulate the oral
microenvironment of teeth affected by periodontitis and
the inflammatory microenvironment within periodontal
supporting tissues, thus exacerbating AD-like lesion.

The progression of AD has been reported to be exac-
erbated by periodontitis, either by inducing periph-
eral inflammation or allowing periodontal pathogens
and their toxic products to reach the brain through the
bloodstream [41, 42]. Recent studies have demonstrated
that dysregulation of intestinal homeostasis is closely
related to the progression of AD [20, 43]. An imbalance
in the gut microbiota may destroy the integrity of the
intestinal barrier and increase its permeability, leading to
intestinal leakage [44], which further affect neural health,
thereby influencing the onset and progression of AD [45].
Previous studies have shown that the intestinal barrier
integrity was compromised in mice following the intra-
gastric administration of saliva from individuals with
periodontitis [23, 46], intragastric delivery of periodontal
pathogens [47—-49], systemic exposure to Pg-LPS [50] and
induction of periodontitis via silk ligature [51, 52]. The
present study also found that AD mice with periodonti-
tis exhibited significant inflammatory infiltration in the
colon tissue, disruption of the intestinal mucus layer and
marked alterations in the gut microbiota.

Previous studies have found that the composition and
abundance of gut microbiota in patients with AD or peri-
odontitis differ from those in healthy individuals [53-56].
The present study indicated a decrease in Firmicutes and
an increase in Bacteroidetes at the phylum level in AD
mice with periodontitis, consistent with observations in
AD patients [57]. Specifically, periodontitis increased the
relative abundance of Ruminococcus and decreased Lac-
tobacillus and Allobaculum in the gut microbiota at the
genus level. Dysregulation of Ruminococcus could act as
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a predictive marker for rapidly progressive mild cognitive
impairment [58, 59]. Both Lactobacillus and Allobacu-
lum play vital roles in intestinal immunity. Lactobacillus
can stimulate the maturation and activation of dendritic
cells and affect the function and activity of immune cells
[60]. Allobaculum is physiologically capable of using
carbohydrates to produce butyric acid. It up-regulates
the abundance of tight-linking proteins to maintain the
intestinal barrier and can prevent dendritic cell activation
and T cell expansion, readjusting the immune environ-
ment of mesenteric lymph nodes [61, 62]. The results of
the current study are consistent with those of previous
studies, which have demonstrated that periodontitis can
induce alterations in the composition of the gut micro-
biota [51, 63]. Furthermore, Lachnospiraceae clostridium
and Sutterella were positively correlated with parameters
related to periodontitis (Fig. 2). However, beneficial bac-
teria such as Amnaerostipes were negatively correlated.
Combined with the cognitive behavior and AD-like
pathological changes in AD mice with periodontitis, we
speculate that intestinal homeostasis disruption may be
one of the factors contributing to the exacerbation of AD
by periodontitis.

To further clarify the role of intestinal homeostasis in
the exacerbation of periodontitis during AD progression,
microorganisms from the fecal of AD mice with peri-
odontitis were transplanted to antibiotic-treated mice, as
described previously [64, 65]. The transplantation of fecal
from mice with periodontitis didn't affect the periodontal
health, but altered the gut microbiota, disrupted intesti-
nal homeostasis and exacerbated the progression of AD.
Spearman’s correlation analysis showed that probiotics,
such as Lactobacillus and Anaerostipes, were negatively
correlated, whereas Erysipelotrichaceae clostridium was
positively correlated with AD-like pathological changes
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in the brains of AD mice following fecal transplanta-
tion from mice with periodontitis. Notably, probiotics
like Lactobacillus and Anaerostipes were declined in AD
mice with periodontitis or following fecal transplanta-
tion from mice with periodontitis, suggesting that these
bacteria might play a key role in the impact of periodon-
titis on AD progression. Multiple reports have shown
the neuroprotective effects of Lactobacillus against AD
[66, 67]. Anaerostips was used as a probiotic to main-
tain body health because they can ferment xylitol and
produce butyrate which were associated with mild cog-
nitive impairment [68-70]. These findings suggested
that the increase of harmful bacteria after fecal bacteria
transplantation might exacerbate AD-like pathological
changes in APP/PS1 mice, Lactobacillus and Anaerostips
have the potential to be used as probiotics to slow the
progression of AD (See Scheme 1).

The gut-brain crosstalk plays a principal role in the
occurrence and progression of AD [71]. Disruptions of
intestinal homeostasis, including imbalance of the gut
microbiota, affects the pathogenesis and progression of
AD via the gut-brain axis [72]. In the present study, our
results showed that the colon tissue existed damaged
intestinal epithelial barrier, the aggregation of macro-
phages and higher levels of LPS and pro-inflammatory
cytokines in the colon tissues of AD mice following
transplantation of periodontitis-altered gut microbiota.
In particular, the concentrations of LPS and pro-inflam-
matory cytokines in the serum were also significantly
increased in the AD mice following transplantation of
periodontitis-altered gut microbiota. These findings
implied that intestinal homeostasis was disrupted by
periodontitis, and the breakdown of the intestinal epi-
thelial barrier might promote the translocation of enter-
ogenic endotoxin LPS and inflammatory factors, thus
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Scheme 1 A schematic illustrates how periodontitis exacerbated AD progression potential via causing gut microbial dysbiosis, intestinal inflammation
and intestinal barrier impairment to induce peripheral inflammation and damage BBB, ultimately causing neuroinflammation and synapse impairment
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inducing peripheral inflammation. Based on current
researches [73-75], we speculated that periodontitis in
this study may change the gut microbiota composition
through different pathways, including oral and hema-
togenous routes. Oral pathogens and their metabolites
caused by periodontitis can enter the gut during swal-
lowing and feeding, subsequently leading to changes in
gut microbiota composition. Inflammatory factors and
toxic products generated during the inflammatory pro-
cess of periodontitis can enter the bloodstream, induc-
ing a systemic inflammatory response that disrupts
intestinal homeostasis and further alters gut microbiota
composition.

The decrease in the expression of the tight junc-
tional proteins and the edema of the astrocytic end-feet
observed in the brain tissue ultrastructure indicated
that the BBB was damaged to a certain extent in the AD
mice following transplantation of periodontitis-altered
gut microbiota. The pro-inflammatory factors and LPS
in the bloodstream may cross the BBB and reach the
brain, then worsen neuroinflammation, overactivation
of the microglia and AP deposition and impair synapses.
Interestingly, we also found that FMT-P-AD mice exhib-
ited a higher density of activated microglia surrounding
AP plaques. Considering the exacerbation of AD-like
pathology in FMT-P-AD mice, this suggested that exces-
sive phagocytosis of pathological proteins may impair
the phagocytic capacity of microglia, triggering neuro-
inflammation and leading to neurodegeneration [76].
Taken together, we speculated that periodontitis exacer-
bated AD progression potential via causing gut microbial
dysbiosis, intestinal inflammation and intestinal barrier
impairment to induce peripheral inflammation and dam-
age BBB, ultimately leading to neuroinflammation and
synapse impairment.

However, certain limitations must be acknowledged.
First, given that the sex of mice has been found to influ-
ence the progression of AD, with female mice being
particularly susceptible due to variations in their physi-
ological cycles and hormone levels [77], only male APP/
PS1 mice was used to explore the influence of periodon-
titis on AD progression in the present study. A more in-
depth investigation is needed to elucidate the effects of
periodontitis on different AD models, taking into account
both strain and sex. Additionally, the exact mechanisms
by which periodontitis affects intestinal homeostasis, and
how impaired intestinal homeostasis contributes to AD
progression, remain to be fully elucidated.

Conclusions.

Within the limitations of this study, it was demon-
strated that the disruption of intestinal homeostasis
played a crucial role in the exacerbation of AD by peri-
odontitis in APP/PS1 mice. Periodontitis could cause
gut microbial dysbiosis, intestinal inflammation and
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intestinal barrier impairment to induce peripheral
inflammation and damage BBB, ultimately lead to neu-
roinflammation and synapse impairment. Remarkable
alterations in the gut microbiota, such as Lactobacillus
and Anaerostips, were also noted during AD aggravation,
suggesting their role as potential targets for preventing
and managing AD. The present study proposes a novel
perspective on the effect of periodontitis on AD and
underscore the significance of the gut microbiota in elu-
cidating the connection between periodontal infection
and AD.
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