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Abstract
Background

The relationship between poor oral health conditions and cognitive decline is unclear.

Objective

To examine the association between oral health and cognition in humans and rats.

Methods

In humans: a cross-sectional study was conducted. Cognitive levels were evaluated by the
Mini Mental State Examination (MMSE); oral conditions were reflected by the number of
missing index teeth, bleeding on probing, and probing pocket depth (PD). In rats: a ligature-
induced (Lig) periodontitis model and AB.s.35-induced model of Alzheimer’s disease (AD)
were established; tumor necrosis factor-a (TNF-a), interleukin 1 (IL-1), interleukin 6 (IL-6),
and C-reactive protein levels in the hippocampus and cerebral cortex were detected.

Results

MMSE scores for the number of missing index teeth > 7 group were significantly lower than
those in the < 6 group. A negative relationship (correlation coefficient p = -0.310, P=0.002)
was observed between MMSE scores and number of missing index teeth. More missing
index teeth and lower education levels were independent risk factors for cognitive decline. A
negative relationship (correlation coefficient p = -0.214, P=0.031) was observed between
MMSE scores and average PD. TNF-a and IL-6 levels in the hippocampus of the Lig+AD
group were significantly higher than those of the AD group. IL-1 and IL-6 levels in the cere-
bral cortex of the Lig+AD group were significantly higher than those of the AD group.

Conclusion

Poor oral health conditions including more missing index teeth and higher average PD may
be risk factors for cognitive decline. Periodontitis may increase inflammatory cytokines in rat
models of AD.
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Introduction

Alzheimer’s disease (AD) is an age-related chronic neurodegenerative disorder presenting
with progressive cognitive decline with dementia. AD is the most frequent cause of dementia
among the elderly [1, 2]. Cognitive decline and AD have a high morbidity and mortality rate,
and adversely affect the quality of life among elderly people. The health care costs for patients
with AD impinge upon not only their family, but society as a whole [3]. Therefore, the utility
of tools to mitigate the negative effects of AD cannot be overstated. In addition to the amyloid
hypothesis [4, 5] and tau protein hypothesis [6, 7], inflammation may also play an important
role in the pathogenesis of AD [8] and cognitive decline [9].

Periodontitis is a chronic inflammatory disease [10] and a major cause of tooth loss in
adults [11]. This disease adversely affects oral health and is associated with systematic inflam-
matory conditions. Indeed, periodontitis has been linked to more than 50 systemic conditions
and diseases [12, 13]. Nevertheless, a precise understanding of the complex relationship
between oral health such as periodontitis and cognitive decline is lacking.

Chronic inflammation may lead to neurotoxicity [14-16]. The oral cavity is a major source
of exogenous bacteria and peripheral inflammation. Numerous studies, especially those
including older adults, have linked tooth loss and oral diseases with decreased cognitive per-
formance, and the onset of dementia and AD [17-19]. However, cognitively impaired individ-
uals may have a reduced capacity to maintain oral health. The temporal sequence and
underlying causal associations between cognitive decline and poor oral hygiene need to be
clarified. Some studies suggest that poor oral hygiene may lead to cognitive decline [19-21].
However, these studies were limited to questionnaire data, examination of certain oral-related
indexes, and serum antibodies to periodontal pathogens. Few studies have assessed the tempo-
ral sequence of the process among rats, while also investigating the relationship between oral
health and cognition among humans.

Thus, we hypothesized that poor oral hygiene correlates with, and may even lead to, cogni-
tive decline. The aim of this study was to explore whether poor oral health conditions indeed
have a relationship with, or lead to cognitive decline in humans and rats.

Materials and methods
Study population

This cross-sectional study was conducted in Nanjing, Jiangsu, China. The individuals included
in the present study were recruited between 2016 and 2018. All medical records were collected
between 2016 and 2018, and the study was conducted in 2019. Authors had no access to infor-
mation that could identify individual participants during or after data collection. In total, 102
individuals aged 52 to 101 years were enrolled. The participants were asked to complete Mini-
Mental State Examination (MMSE) questionnaires and to undergo dental examinations per-
formed by specially trained professionals (the selection criteria and training course for those
professionals are outlined in S1 Fig). The participants were also asked to provide information
concerning their sexes, ages (in years), education levels, and any histories of hypertension, dia-
betes, cardiovascular diseases, hyperlipidemia, stroke events, cerebral trauma, or smoking. If
participants were unable to recall this information, the self-statement form was filled in by
their guardians. The sample sizes were 39 for the 7-10 teeth-lost group, and 63 for the 0-6
teeth-lost group. The sample size was calculated according to the method described by Chow
etal. [22]. A total sample size of 62 participants (31 participants with 0-6 missing index teeth
and 31 with 7-10 missing index teeth), at a two-tailed significance level of 0.05, could provide
statistical power of 80% to detect the differences between the cognitive scores of the two
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groups. The mean + standard deviation (SD) used in calculation was 27.143 + 2.632 and
24.111 + 5.302, respectively. We calculated the mean + SD from a preliminary experiment.

Dental examinations

All participants underwent three types of clinical dental examinations, which included count-
ing the number of missing index teeth, observing for bleeding on probing (BOP) with the
remaining index teeth, and measuring the value of probing pocket depth (PD) of the remain-
ing index teeth. The index teeth were teeth labelled 11, 16, 17, 26, 27, 31, 36, 37, 46, and 47 in
accordance with the index teeth of the community periodontal index (CPI) [23-25]. These are
the 10 teeth labelled in red in S2 Fig. The World Health Organization (WHO) has provided
evidence for the validity of using these index teeth [23, 24].

All trained professionals started the examination by performing a visual inspection. They
counted the number of missing index teeth with the help of sterile single-use dental instru-
ments (odontoscope, CPI probe and dental tweezer) (Nanjing Sealand Medical, Nanjing,
China). The index teeth that were not visible clinically were judged to be missing.

To assess BOP and PD of the participants’ remaining index teeth, CPI probes (Nanjing Sea-
land Medical, Nanjing, China) were used to examine the six conventional sites (mesio-buccal,
mid-buccal, disto-buccal, disto-lingual, mid-lingual, and mesio-lingual) of each tooth as per
previous recommendations [26-28]. CPI probes are recommended by the WHO to identify
BOP and measure PD for individuals over 35 years of age during epidemiological studies [29,
30]. The CPI probe has a small 0.5-mm ball tip that helps detect calculus and minimizes pene-
tration into the soft tissues, thereby reducing discomfort [24, 26]. Two black bands on the CPI
probe denote the lengths, 3.5 mm to 5.5 mm, and 8.5 mm to 11.5 mm, respectively [24, 26].
The evaluation of PD and BOP were performed in accordance with the recommendations of
the WHO (2013) and previous studies [31-34]. The CPI probe was gently placed on the sites
of the teeth to be examined, parallel to the long axis of the teeth and moved slowly up and
down following the tooth anatomy, with a force of approximately 20 g at the tip of the probe
[35]. PD was defined as the distance between the free gingival margin and the bottom of the
pocket/gingival sulcus and was recorded in millimeters [34]. The maximum value for all six
sites was identified as the representative PD of that tooth [24, 30]. The representative PD was
recorded as level 0, 1, and 2 for PD < 3 mm, 3 < PD < 6 mm, and PD > 6 mm, respectively.
The PD of missing teeth was recorded as level 3 to exclude its influence on the MMSE scores.
The average PD level was calculated for each individual. BOP was considered positive if bleed-
ing occurred within 30 s following the insertion and removal of the CPI probe, and was
recorded as BOP (+) [35]. BOP (-) denoted no bleeding on probing. If there was at least one
site among the six sites that showed positive bleeding on probing, we recorded the tooth as
BOP (+).

Cognitive testing

The MMSE questionnaire, which is recommended by the American Academy of Neurology
Guidelines, for the clinical assessment of the degree of cognitive impairment, with a score
ranging from 0 to 30 points, was used to evaluate the cognitive state of the participants (higher
scores indicated better cognitive function) [6, 36].

Animal models

We made every attempt to alleviate suffering in the following experiments with animal sub-
jects, including using as few rats as possible, providing anesthesia before procedures that may
cause pain, performing surgery or euthanasia after confirming the effectiveness of anesthesia,
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and completing the procedure or sacrifice before the anesthetic wore off. Male Sprague-Daw-
ley rats (n = 24, 12 weeks old, 220 + 30 g) were purchased from the Experimental Animal Cen-
ter of Third Military Medical University (clean-grade, Certificate NO. SCXK 2012-0005). Rats
were group-housed in a clean-grade animal room (room temperature, 23 + 1°C; relative
humidity maintained at 60%) on a 12/12-hour light/dark cycle.

After 1 week of adaptive feeding, the rats were randomly divided into four groups (n =6
per group): control, ligature-induced (Lig), AD, and Lig+AD. Control and AD groups were
provided with ad libitum access to normal food and water. For control and AD groups, oral
cleaning and maintenance were performed once a week. Rats in the Lig and Lig+AD groups
were subjected to ligation of maxillary bilateral second molars with silk thread and 0.02 mm
steel wires while under anesthesia. Rats were anesthetized with an intraperitoneal injection of
2% (w/v) sodium pentobarbital (0.3 mL/100 g body weight) (Lan Tai Chem, Beijing, China).
Rats in Lig and Lig+AD groups were provided water and food immersed for 8 hours in 10%
sucrose ad libitum.

After 6 weeks of ligation, AB-induced cognitive impairments were induced in rats as
described previously [37]. AB,s_35 (Sigma-Aldrich, St. Louis, USA) was dissolved in sterilized
normal saline to a final concentration of 2 ug/pL. The rats in AD and Lig+AD groups were
anesthetized using the above-mentioned method and fixed in a stereotaxic apparatus. After the
head was shaved and sterilized, a drilling procedure was applied at a point 4 mm behind the
anterior fontanel and 2.5 mm from the midline. After breaking through the skull, a microinjec-
tion needle was lowered to 3.5 mm below the skull. A sporadic AD animal model was imple-
mented by injecting 5 pL of prepared AB,s_35 per hemisphere into the bilateral hippocampus
over 5 minutes. The needle was slowly removed after 4 minutes. After injection, the wound
was sutured with 3-0 silk thread. Rats were maintained on respective diets for 13 days as
described above.

Morris Water Maze (MWM)

The MWM test was used to evaluate spatial memory and learning, consistent with previous
research [38-40]. Trials were conducted daily over 14-18 days following the injection of AB,s_
35. The test consisted of a black circular pool (160 cm in diameter and 50 cm in height) and a
black platform (12 cm in diameter and 2 cm below the water surface). The depth of water was
approximately 30 cm. The pool was divided into four quadrants. The platform was located in
the third quadrant. The experiment was conducted over 5 days. The experimental results were
recorded by TopScan (CleverSys, Reston, VA, USA) behavioral analysis system. All experi-
ments were conducted in the dark. The temperature of the water was controlled at 23 + 2°C.
The test was divided into two stages. First, rats were individually placed into the water from
the fixed entry points of quadrants 1, 2, and 4 facing the wall of the pool. The time taken to
find the platform within 120 s was recorded once a day. The average time recorded in the three
quadrants was taken as the average escape latency on the same day in this navigational experi-
ment. If the platform was not found within 120 s, 120 s was recorded as the escape latency, and
the rats were guided to and positioned on the platform for 15 s. The first stage lasted for 4 con-
secutive days and started at 19:00 every day. The second stage was started on the fifth day. In
this stage, the platform was removed, and rats were placed into the pool from the first quadrant
entry point. Swimming speed and number of times of crossing the target quadrant were
recorded.

Tissue preparation. After the MWM test, three rats were randomly selected from each
group. The selected rats were sacrificed using the following method. They were first anesthe-
tized using the method mentioned above. Subsequently, they were placed in the supine
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position, and fixed by 4% paraformaldehyde cardiopulmonary perfusion. The perfusion was
stopped after the whole body was stiff and the brain tissue was fully fixed. Whole brains were
removed and fixed in 4% paraformaldehyde for 1 week and then embedded in paraffin.

The remaining rats were sacrificed using excessive intraperitoneal injection of sodium pen-
tobarbital. The bilateral hippocampus and cerebral cortex were immediately separated;
extreme care was taken due to the brittle nature of these structures. The hippocampus and
cerebral cortex were stored at —80°C until enzyme-linked immunosorbent assay (ELISA) anal-
ysis. The maxillary alveolar bones of rats were collected and divided into two parts along the
midline of the palate and were used to observe the degree of alveolar bone absorption.

Gross observation of alveolar bone

The gingiva and surrounding soft tissues were removed from the maxillae of the rats. The
residual maxillae were soaked in 3% hydrogen peroxide solution for 12 hours, washed in phos-
phate-buffered saline (PBS) three times, dried, stained with 1% methylene blue dye, and
washed with PBS immediately. Photos were obtained using a digital camera (ILCE-5100L,
Sony, Japan).

Hematoxylin and eosin (H&E) staining

The fixed brain tissues were embedded in paraffin. After coronal sectioning (3 um sections)
with a slicer (RM2245, Leica, Germany), H&E staining was performed with an ST5020 auto-
matic H&E dyeing machine (Leica, Germany). Histopathological changes were observed with
optical microscopy (KS300, Zeiss-Kontron, Germany).

ELISA assay

In each group, 50 mg of hippocampal tissue was homogenized in 500 uL PBS (pH 7.4) with 5 pL
protease inhibitors and 70 mg of cerebral cortical tissue was treated in the same manner. The
homogenates were placed on ice for 10 minutes and then centrifuged (4°C, 12,000 revolutions
per minute, 10 minutes). The supernatant was collected, and protein concentration was deter-
mined using a bicinchoninic acid protein analysis kit (Beijing Solarbio Science & Technology,
Beijing, China). The concentrations of AB;_4, tumor necrosis factor-o. (TNF-a), interleukin 1
(IL-1), interleukin 6 (IL-6), and C-reactive protein (CRP) in the hippocampus and the cerebral
cortex were detected using ELISA kits (Shanghai Jianglai Biotechnology Co., Ltd., China).

Ethics statement

This study was conducted in accordance with all ethical standards including ethics committee
approval and consent procedures. The procedures of this study involving experiments on
human subjects were carried out in accord with the recommendations of the National Com-
mission for the Protection of Human Subjects of Biomedical and Behavioral Research and
with the Helsinki Declaration of 1975. The studies involving human participants were
reviewed and approved by China Oral Health Foundation. The participants and their guard-
ians provided their written informed consent prior to participation. The procedures of this
study involving experiments on animal subjects were done in accord with the National
Research Council’s guide for the care and use of laboratory animals. Animal experiments were
performed in accordance with the State Committee of Science and Technology of People’s
Republic of China Order No. 2 in November 1988 (revised in 2013). The animal study was
reviewed and approved by the Experimental Animal Ethics Committee of Zunyi Medical
University.
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Statistical analyses

All analyses were conducted in the IBM SPSS Statistics for Windows (Version 24.0). A two-
tailed probability of < 0.05 was considered significant for all tests. Descriptive statistics for cer-
tain characteristics were calculated and these data are shown as the number and percent of
cases, n (%), or the mean and 95% confidence interval (CI). Independent sample t-tests were
used to compare the significance of differences between continuous variable means when only
two groups were compared. Continuous variable means of more than two groups were com-
pared using a one-way analysis of variance (ANOVA) followed by the least significant differ-
ence (equal variance) or Dunnett’s T3 (unequal variance) post-hoc test. We used multiple
linear regression and stepwise method to analyze the relationship between MMSE scores and
potential factors. Based on past research [41, 42], we selected the following independent vari-
ables: sex, age (years), education level, hypertension, diabetes, cardiovascular diseases, hyper-
lipidemia, prior stroke events, cerebral trauma, smoking, number of missing index teeth, and
grouped number of missing index teeth (i.e., 0-6 and 7-10). The dependent variable was
MMSE score. Spearman rank correlation was used to analyze monotonic associations for ordi-
nal data [43].

Results
Human subjects

Descriptive characteristics, mean MMSE scores, and P-values for human participants. The
results for humans are based on 102 individuals (69 female) and 1,020 teeth (514 missing). The
age distribution in the different cohorts were as follows: 13 in the young old cohort (52-66
years), 22 in the old cohort (67-81 years), and 67 in the old-old cohort (82-101 years). The n
(%) of the population, mean MMSE scores, and P-values for age, sex, and years of education
are shown in Table 1. Medical and smoking histories are shown in Table 2.

Table 1. Participants’ information related to age, sex, and education level.

Characteristics n® (%) Mean MMSE? scores (95% CI°) P-Values?
Age group

52-66 (A) 13 (12.7) 26.8 (24.6-28.9) Avs. B0.313

67-81 (B) 22 (21.6) 24.1 (20.7-27.4) Bvs. C0.337

82-101 (C) 67 (65.7) 22.3(20.3-24.3) A vs. C0.054
Sex

Female 69 (67.6) 22.7 (20.7-24.7) 0.197

Male 33 (32.4) 24.5(22.4-26.6)
Education (years)

<1 16 (15.7) 13.0 (8.1-17.9)

1-5 1(1.0) 29

6-8 8(7.8) 22.5 (16.1-28.9)

9-11 26 (25.5) 23.0 (20.6-25.5)

12-15 22 (21.6) 26.5 (24.5-28.4)

>16 29 (28.4) 26.7 (24.9-28.4)

*The number of cases
®Mini Mental State Examination
“Confidence interval

YIndependent sample t-tests

https://doi.org/10.1371/journal.pone.0234659.t001
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Table 2. Participants’ information based on medical history.

Characteristics n® (%) Mean MMSE? scores (95% CI°) P Values®

Medical history

Hypertension
Yes 49 (48.0) 242 (22.3-26.2) 0.210
No 53 (52.0) 22.3(20.1-24.6)

Diabetes
Yes 26 (25.5) 23.5(20.7-26.3) 0.851
No 76 (74.5) 23.2(21.4-25.0)

Cardiovascular diseases
Yes 32 (31.4) 24.8 (22.5-27.0) 0.183
No 70 (68.6) 22.6 (20.6-24.5)

Hyperlipidemia
Yes 17 (16.7) 26.0 (23.0-29.0) 0.105
No 85 (83.3) 22.7 (21.0-24.4)

Cerebral trauma
Yes 2(2.0) 23.0 (=53.2-99.2) 0.962
No 100 (98.0) 23.3 (21.7-24.8)

Prior stroke
Yes 21 (20.6) 22.4(19.0-25.8) 0.559
No 81 (79.4) 23.5(21.8-25.2)

Smoking
Active smokers 9(8.8) 21.7 (16.8-26.6) 0.516
Former or non-smokers 93 (91.2) 23.4 (21.8-25.0)

“The number of cases
®Mini Mental State Examination
“Confidence interval

YIndependent sample t-tests

https://doi.org/10.1371/journal.pone.0234659.t1002

Number of missing index teeth and cognitive scores. We present here only those P-val-
ues for where significant differences in the number of missing index teeth were observed. The
arrow in the receiver operating characteristic (ROC) curve (Fig 1A) indicates that the point of
the number of missing index teeth is 6.5 (closest to the top left corner). This point represents
the optimal compromise between specificity and sensitivity [44]. According to the ROC curve,
we grouped the number of missing index teeth as 0-6 and 7-10. Independent t-test of the two
groups and cognitive scores resulted in a P-value of 0.001. This indicates that, compared with
the number of missing index teeth < 6 (cognitive score [mean + SD] = 25.16 + 6.84), the num-
ber of missing index teeth > 7 (cognitive score [mean + SD] = 20.18 + 7.93) was associated
with lower cognitive scores (Fig 1B).

Multivariate analyses of the number of missing index teeth. Spearman rank correlation
revealed a weak negative association (correlation coefficient p = -0.310, P = 0.002) between
MMSE scores and the number of missing index teeth. To further explore the relationship
between missing teeth and MMSE scores, a multiple linear regression analysis was conducted.
The multivariate analysis (stepwise multiple linear regression) with the highest coefficient of
determination (adjusted R* = 0.370) included the following variables: number of missing
index teeth (P = 0.008) and education level (P < 0.001). These two indicators were significantly
associated with MMSE results. Sex, age (years), hypertension, diabetes, cardiovascular diseases,
hyperlipidemia, prior stroke events, cerebral trauma, smoking, and grouped missing index
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Fig 1. Number of missing index teeth and cognitive scores. (A) ROC curve. The arrow indicates the cut-off point for
grouping of the number of missing index teeth. (B) Grouping of the number of missing index teeth and cognitive
scores. Data are presented as mean + SD (n = 102); ** P < 0.01, vs. 0-6, Student’s t-test.

https://doi.org/10.1371/journal.pone.0234659.9001

teeth did not significantly influence MMSE scores independently. This regression analysis
indicated that among the characteristics we considered, the factor with the second highest
influence on MMSE scores was the number of missing index teeth. In summary, the regression
model of number of missing index teeth and education level produced the following equation:

f(x) = a, + 0.545a, — 0.218a,

In the equation above, flx) represented MMSE scores, a, was 15.261, a; represented educa-
tion level, and a, represented the number of missing index teeth. Taking potential influencing
factors into account, stepwise multiple linear regression analysis still identified the number of
missing index teeth as an independent variable for MMSE scores.

Periodontal-related indices. BOP (+) was observed in 224 of 475 teeth (47.2%). The aver-
age MMSE score of BOP (+) teeth is 24.8 (95% CI, 24.0-25.7), which was lower than that of
BOP (-) teeth with an average MMSE score of 25.3 (95% CI, 24.4-26.1). Independent sample
t-tests revealed no significant differences between the MMSE scores of the two groups
(P = 0.494) (Table 3).

The PD of 475 teeth was measured (Table 3). We grouped PD < 3 mm as level 0,3 < PD <
6 mm as level 1, and PD > 6 mm as level 2. The PD of missing index teeth was classified as
level 3. There were 222 (22.4%), 235 (23.7%), 18 (1.8%), and 515 (52.0%) teeth in level 0, 1, 2,
and 3, respectively.

Correlation between PD and MMSE scores. Spearman rank correlation revealed a nega-
tive relationship (correlation coefficient p = —0.214, P = 0.031) between MMSE scores and
average PD of the individuals. The multiple linear regression did not include the average PD
in the equation.

Rat model

Periodontitis rat model. The periodontal tissues of the maxillary second molars in the
Lig group were severely damaged, and the alveolar bone was absorbed to one-third of the apex.
No significant abnormality was observed in the control group (Fig 2). This indicated that the
periodontitis model was successfully established.

Effects of periodontitis on AB,5_35 induced spatial learning and memory impairment.
MWM was used to examine memory function. As shown in Fig 3A, the escape latency of rats
in each group decreased from day 1 to day 4, indicating learning had occurred over 4 days of
swimming training. From the third day onward, the escape latencies of the AD and Lig+AD
groups were significantly longer than that of the control group, indicating poorer learning and
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Table 3. Dental examinations for missing index teeth, BOP?, and PD".

Characteristics n° (%) Mean MMSE? scores (95% CI®) P-Values

Number of missing index teeth
0 11 (10.8) 24.2 (20.4-28.0) (0vs.9) 0.045°
1 10 (9.8) 27.4(25.3-29.5) (1vs. 9) 0.0048
2 12 (11.8) 24.1(18.4-29.8) (1 vs. 10) 0.0088
3 7 (6.9) 24.6 (18.0-31.1) (2vs.9) 0.044f
4 10 (9.8) 26.3 (22.8-29.8) (4vs.9) 0.011f
5 9(8.8) 22.8 (14.6-30.9) (4 vs. 10) 0.021f
6 4(3.9) 29.0 (26.8-31.3) (6vs.9) 0.010°
7 6 (5.9) 24.3 (17.2-31.5) (6 vs. 10) 0.021°
8 7(6.9) 21.7 (16.4-27.1)
9 8(7.8) 17.3 (8.2-26.3)
10 18 (17.6) 19.5 (15.8-23.2)

BOP
Yes 224 (47.2) 24.8 (24.0-25.7) 0.494"
No 251 (52.8) 25.3 (24.4-26.1)

PD levels
ot 222 (22.4) 24.8 (23.9-25.7) (0 vs. 3) < 0.001™
U 235 (23.7) 25.3 (24.4-26.1) (1vs.3) <0.001™
2 18 (1.8) 26.1 (23.5-28.8) (2vs.3) 0.014'
3! 515 (52.0) 21.6 (20.9-22.3)

“Bleeding on probing

®Probing pocket depth

“The number of cases

9Mini Mental State Examination

“Confidence interval

P < 0.05; one-way analysis of variance

4P < 0.01; one-way analysis of variance

"Independent sample t-tests
ipD <3mm

13 <PD < 6 mm

kpp > 6 mm

'PD of missing index teeth

P < 0.001; One-way analysis of variance.

https://doi.org/10.1371/journal.pone.0234659.t003

memory. This suggests that injection of AB,s_35 into the hippocampus led to a decline in
learning and memory in rats. However, the differences in escape latency between the Lig+AD
and AD groups were not significant. The recorded swimming speeds (Fig 3B) were not

Control

Lig

Fig 2. Gross observation of ligation and high-sugar soft food induced periodontitis in rats (n = 6).

https://doi.org/10.1371/journal.pone.0234659.g002
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Fig 3. MWM results. (A) Escape latency to reach the hidden platform from days 1 to 4. (B) Swimming speed of the
rats. (C) Target quadrant crossover frequency. Data are presented as mean + SD (n = 6). *P < 0.05, **P < 0.01,
***P < 0.001 vs. control, ##P < 0.01, ###P < 0.001 vs. other groups, one-way ANOVA.

https://doi.org/10.1371/journal.pone.0234659.g003

significantly different between the groups, indicating that different escape latencies were not
induced by different swimming speeds. The number of times that each rat crossed the target
quadrant was not significantly different between groups (Fig 3C).

Effects of periodontitis on AB,s_35 induced neuronal damage and morphological abnormal-
ities. H&E-stained sections of brain tissues were observed by optical microscopy. Hippocampal
neurons were observed, and the number of damaged neurons was counted. The number of
hippocampal neurons in the control and Lig groups was higher, the structures were more com-
plete, and the nucleoli were more evident than those in AD and Lig+AD groups (Fig 4A). The
number of damaged neurons in the CA3 area of the hippocampus in the AD and Lig+AD
groups was significantly higher than that in the control and Lig groups (Fig 4B). In the AD and
Lig+AD groups, the layers of neurons were reduced. Some cells showed deep staining, karyo-
pyknosis, and increased cell gaps.

Effects of periodontitis on the formation of AB;_, in brain tissue of rats with AD.
AB;_40 concentrations in the hippocampus (Fig 5A) and cerebral cortex (Fig 5B) of the AD
and Lig+AD groups were significantly higher than those of the control and Lig groups. AB;_49
concentration in the cerebral cortex of the Lig+AD group was significantly higher than that of
the AD group (Fig 5B).

Concentrations of TNF-a in the hippocampus and cerebral cortex of rats with AD and peri-
odontitis. Concentrations of TNF-a. in the hippocampus (Fig 6A) and cerebral cortex (Fig 6B)
of the AD and Lig+AD groups were significantly higher than those of the control groups.
TNEF-a levels in the hippocampus (Fig 6A) of the Lig+ AD group were significantly higher than
those of the AD group.

Concentrations of IL-1 in the hippocampus and cerebral cortex of rats with AD and peri-
odontitis. IL-1 levels in the hippocampus (Fig 6C) and cerebral cortex (Fig 6D) of the AD and
Lig+AD groups were significantly higher than those of the control group. IL-1 levels in the
cerebral cortex (Fig 6D) of the Lig+AD group were significantly higher than those of the AD

group.
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Fig 4. Cellular morphological alterations and neuronal damage in the CA3 region of the hippocampus. (A) H&E
staining images of hippocampal CA3 region. (B) Quantitative analysis of neuronal damage in hippocampal CA3
region. Data are presented as mean + SD (n = 6). ***P < 0.001 vs. control, ###P < 0.001 vs. other groups, one-way
ANOVA.

https://doi.org/10.1371/journal.pone.0234659.g004

Concentrations of IL-6 in the hippocampus and cerebral cortex of rats with AD and
periodontitis. IL-6 levels in the hippocampus (Fig 6E) and cerebral cortex (Fig 6F) of the AD
and Lig+AD groups were significantly higher than those of the control groups. IL-6 levels in
the hippocampus (Fig 6E) and the cerebral cortex (Fig 6F) of the Lig+AD groups were signifi-
cantly higher than those of the AD groups.

Concentrations of CRP in the hippocampus and cerebral cortex of rats with AD and peri-
odontitis. CRP levels in the hippocampus (Fig 6G) and cerebral cortex (Fig 6H) of the AD and
Lig+AD groups were significantly higher than those of the control group.

Discussion

In the human population we investigated, > 7 missing index teeth were associated with lower
cognitive scores. A higher number of missing index teeth was a risk factor for lower MMSE
scores. There was a negative relationship between MMSE scores and average PD. Results from
our rat models indicate that, compared with those of the AD group, IL-1, IL-6, and TNF-o.
concentrations of the Lig+AD group were significantly higher. This suggested that periodonti-
tis before AD increases inflammatory cytokines.

Neuropsychological functions were evaluated using MMSE. One previous study suggested
that the Montreal Cognitive Assessment (MoCA) test meets the criteria better than the MMSE
for the detection of mild cognitive impairment among the population aged over 60 years old
[45]. We employed the MoCA test in 41 of our volunteers, but most of them complained about
the long investigation time. The MMSE is a brief screening test that can document cognitive
changes and quantitatively assess the level of cognitive impairment [46]. Among the short
screening tools for the measurement of cognitive impairment in community and research set-
tings, the MMSE is the best known and the most commonly used test [47]. The MMSE saves
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Fig 5. Concentrations of AB;_4 in the hippocampus and the cerebral cortex. Concentrations of AB;_4 in the (A)
hippocampus; (B) cerebral cortex. Data are presented as mean + SD (n = 6). ***P < 0.001 vs. control, #P < 0.05,
###P < 0.001 vs. other groups, one-way ANOVA.

https://doi.org/10.1371/journal.pone.0234659.9005

time and seldom causes impatience among the surveyed population; for studies with similar
aims to ours, the MMSE is recommended.

The area under the ROC curve (sensitivity and 1-specificity) is often evaluated to facilitate
decision-making [44]. The point closest to the top left presented an appropriate cut-off, affect-
ing the sensitivity and specificity of the test [44]. At this point in our study, the number of
missing index teeth was 6.5; therefore, we selected 6 as the grouping criterion. The number of
missing index teeth > 7 was associated with lower cognitive scores. Tooth loss reflects poor
oral health status and reduces chewing ability. Missing teeth [20] and the reduction in the mas-
ticatory ability [48, 49] can affect cognition, which is consistent with our results.

Periodontitis and AD models in rats were used to further investigate the possible mecha-
nisms. The AB;_4 concentration in the cerebral cortex of the Lig+AD group of rats was signifi-
cantly higher than that of the AD group, which suggests that periodontitis might promote the
deposition of AB in the brain. Concentrations of TNF-a, IL-1, IL-6, and CRP in the hippocam-
pus and cerebral cortex of the AD and Lig+AD groups were significantly higher than those of
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Fig 6. Concentrations of TNF-a, IL-1, IL-6, and CRP in the hippocampus and cerebral cortex. Concentrations of
(A) TNF-o in hippocampus. (B) TNF-o. in cerebral cortex. (C) IL-1 in hippocampus. (D) IL-1 in cerebral cortex. (E)
IL-6 in hippocampus. (F) IL-6 in cerebral cortex. (G) CRP in hippocampus. (H) CRP in cerebral cortex. Data are
presented as mean + SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control, #P < 0.05, ##P < 0.01, ###P < 0.001
vs. other groups, one-way ANOVA.

https://doi.org/10.1371/journal.pone.0234659.g006

the control groups, which suggests that injection of AB,s_35 into the hippocampus may
increase the concentrations of these inflammatory cytokines in the hippocampus and cerebral
cortex of rats.

Cognitively impaired populations have been identified as useful targets for identifying pre-
clinical AD [6]. In our periodontitis and AD rat models, the levels of TNF-a and IL-6 in the
hippocampus, and IL-1 and IL-6 in the cerebral cortex of the Lig+AD group were significantly
higher than those of the AD group. These results suggest that periodontitis may increase the
concentrations of some proinflammatory cytokines in the hippocampus and cerebral cortex of
rats, which fits with previous research [50]. Proinflammatory cytokines IL-1, IL-6, and TNF-o
are markers of inflammation [51]. Elevated levels of certain inflammatory cytokines, such as
IL-1, IL-6, and TNF-o are associated with an increased risk of AD [52, 53]. Inflammatory cyto-
kines may be one of the mediators by which poor oral health conditions lead to cognitive
decline. In this manner, many pro-inflammatory cytokines circulate in systemic tissues, such
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as the hippocampus and cerebral cortex. Studies have reported a more direct way by which
poor oral health conditions may lead to cognitive decline. The keystone pathogen in chronic
periodontitis, Porphyromonas gingivalis, has been identified in the brains of AD patients [54,
55]. Small-molecule inhibitors targeting gingipains have been shown to reduce neuroinflam-
mation and rescue neurons in the hippocampus [54].

In this study, only the periodontitis model did not affect the memory test and histopatho-
logical study. However, it did affect the tests for inflammatory cytokines; for example, AB;_49
in the cerebral cortex (P < 0.001), TNF-o and IL-6 in the cerebral cortex (P < 0.05), and IL-1
in the hippocampus (P < 0.05).

The maintenance of oral health may be a new frontier in cognitive preservation among the
aging population. Good oral hygiene, treatment of periodontitis, and maintenance of overall
oral health may all be useful treatment strategies for the conservation of optimal neuronal
function. This approach may advance the understanding, prevention, and management of
aging-associated conditions. Non-pharmaceutical interventions, such as proper brushing and
flossing, cleaning teeth regularly, curing periodontitis, and maintaining teeth are relatively
simple, inexpensive, and non-invasive approaches for delaying cognitive decline and AD.

Several limitations of this study should be noted. First, the human participants were
grouped in general categories without considering subdivisions, such as oral health, gingivitis,
and periodontitis, since the sample size was relatively small. Second, for ethical reasons, we did
not collect blood samples and imaging data of the volunteers. Blood samples and imaging
would allow a more accurate analysis of oral health conditions and cognitive state of the partic-
ipants. Third, we established AD and Lig models in rats but did not detect periodontitis patho-
gens in the brain. Further studies with a larger sample size and more extensive examinations
are needed to validate our initial observations and claims. The results of this study highlight
the maintenance of oral health as one potential therapeutic approach to prevent cognitive
decline.

This study demonstrates that periodontitis is a relatively easy to control peripheral chronic
inflammation and a risk factor for AD. Our results may facilitate the development of novel
preventative approaches and therapies to slow cognitive decline in elderly and AD
populations.
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