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ABSTRACT

Background: The link between tooth loss and cognitive impairment has become increasingly
significant. Recent findings suggest that mitochondrial alteration in hippocampal neurons
may mediate this relationship.
Objective: This study aimed to explore the mediating role of mitochondria in the relation-
ship between tooth loss and cognitive function in Wistar rats.
Method: Male Wistar rats (n = 20, 12 weeks old) were randomly divided into tooth extraction
(TE) and sham groups. The model was established through upper molar extraction and
sham operation respectively. Cognitive evaluations were performed using Morris water
maze (MWM) test 8 weeks after the model establishment. Hippocampal neuron morphol-
ogy was observed. Mitochondrial function was evaluated by ATP level and mitochondrial
membrane potential (MMP). Mitophagy assessment involved conducting immunohisto-
chemical and immunofluorescent staining of PTEN-induced kinase 1 (PINK1), Parkin (E3
ubiquitin ligase), translocase of outer mitochondrial membrane 20 (TOMM20), and micro-
tubule-associated protein 1A/1B-light chain 3 (LC3). Additionally, mitophagy protein altera-
tions were analyzed using western blotting.
Results: Memory impairment in the TE group was obvious 8 weeks after model establish-
ment. Substantial hippocampal mitochondrial dysfunction was observed in the TE group,
evidenced by notably decreased ATP production, decreased MMP level, and abnormal mito-
chondrial morphology in the hippocampus. Diminished mitophagy was detected by immu-
nofluorescent staining, and further confirmed by immunostaining and western blotting,
indicating diminished mitophagy marker levels in PINK1 and Parkin, along with decreased
LC3II/I ratios and elevated Sequestosome-1 (SQSTM1/P62) levels, highlighting hippocampal
mitophagy deficiency following tooth loss.
Conclusions: Tooth loss leads to mitochondrial disturbance and inhibits PINK1/Parkin-medi-
ated mitophagy in hippocampal neurons, inducing cognitive impairment.
Clinical Relevance: This study reveals mitochondria may mediate the effect of tooth loss on
cognitive function, offering a theoretical basis for the prevention of oral health-associated
cognitive decline.
© 2025 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abbreviations: TE, tooth extraction; MMP, mitochondrial mem-
brane potential; PINK1, PTEN-induced kinase 1; TOMM20, Trans-
locase of outer mitochondrial membrane 20; LC3, Microtubule-
associated protein 1A/1B-light chain 3; SQSTM1/P62, Sequesto-
some-1; DG, Dentate Gyrus; CA, Cornu Ammonis; DAPI, 4,6-dia-
midino-2-phenylindole; GAPDH, Glyceraldehyde 3-phosphate
dehydrogenase; PVDF, Polyvinylidene fluoride; SDS-PAGE,
Sodium dodecyl sulfate—polyacrylamide gel electrophoresis;
RIPA, Radioimmunoprecipitation assay buffer; MWM, Morris
Water Maze; MOD, Mean Optical Density; MFI, Mean Fluorescence
Intensity
https://doi.org/10.1016/j.identj.2025.03.027

* Corresponding author. Department of Prosthodontics, Beijing
Stomatological Hospital & School of Stomatology, Capital Medical
University, No. 9 Fanjiacun Road, Fengtai District, Beijing 100070,
China.

E-mail address: gsjiang@ccmu.edu.cn (Q. Jiang).
Qingsong Jiang: http://orcid.org/0000-0003-2553-1863

# These authors contributed equally to this work.

0020-6539/© 2025 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.identj.2025.03.027&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:qsjiang@ccmu.edu.cn
http://orcid.org/0000-0003-2553-1863
https://doi.org/10.1016/j.identj.2025.03.027
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.identj.2025.03.027

2 MENG ET AL.

Introduction

As the global population ages, the increasing prevalence of
dental deficiencies and tooth loss has also become a consider-
able health issue, influencing mastication, nutritional status,
and overall life quality.” Tooth loss has also been confirmed
to be a risk factor for cognitive impairment in numerous clini-
cal researches.”*

The connection between tooth loss and cognitive
impairment was demonstrated in many animal studies.>®
For instance, we previously demonstrated that tooth loss ani-
mal models exhibited significant cognitive decline, reduced
hippocampal neuron count, and various pathological or
molecular alterations such as decreased cerebral blood flow,
elevated hippocampal glucocorticoid levels, neuroinflamma-
tion, and nitric oxide concentrations.”*! Apoptotic gene acti-
vation and brain-derived neurotrophic factor-related
pathway inhibition are also common in tooth loss-related
cognitive decline.”’” In animal models, cognitive function
partially recovers following restoration using removable par-
tial dentures or resin crowns.'*'* These findings suggest a
complex and significant association between tooth loss and
cognitive function.

Recently, mitochondrial dysfunction has become increas-
ingly prominent in cognitive impairment disorders, particu-
larly in Alzheimer’s disease.’™'® Damaged mitochondria
contribute to neuronal dysfunction by limiting energy supply
and promoting oxidative damage.'”> Mitophagy, a specialized
cellular autophagy pathway, maintains mitochondrial
homeostasis and controls mitochondrial viability. The PTEN-
induced kinase 1 (PINK1)/Parkin (E3 ubiquitin ligase) pathway
is the most common pathway for mitophagy. When mito-
chondria are damaged, PINK1 is activated and localized on
the outer mitochondrial membrane to recruit and activate
Parkin, which promotes outer mitochondrial membrane
ubiquitination.” Defects in PINK1/Parkin-mediated mitoph-
agy are commonly observed in neurodegeneration diseases.®
Inhibition of this pathway leads to mitochondrial dysfunction
and exacerbates dementia, while stimulating mitophagy has
been shown to reverse cognitive deficits.'’

Interestingly, recent studies have suggested that oral
health can also influence mitochondrial function. Clinical
studies have indicated that tooth loss or severe periodon-
tal disease can influence cognitive function via mitochon-
drial function modulation or synergistic effects.’®?! In
animal experiments, tooth loss has been associated with
morphological abnormalities in the mitochondria of hippo-
campal neurons, including swelling, inner membrane cris-
tae disappearance, and a ring-like appearance.”” These
findings underscore mitochondria are sensitive to tooth
loss-related stimuli, suggesting a potential pathway for
cognitive decline. However, the specific mitochondrial
functions and mitophagy alterations due to tooth loss
remain unclear.

Wistar rats are widely utilized in neuroscience and behav-
ioral research due to their appropriate responsiveness to
external stimuli, favorable synaptic plasticity, and stable per-
formance in memory and learning tasks.”*** Therefore, we
established a tooth extraction model in Wistar rats to investi-
gate mitochondrial function and mitophagy changes, aiming

to further elucidate the mechanisms between oral health sta-
tus and cognitive function.

Materials and methods
Animal and experimental design

Male Wistar rats (n = 20, 12-week-old) (SPF Beijing Biotechnol-
ogy Co., Ltd., China) were used in this study. The rats were
housed in an environment with a controlled temperature (23-
25°C) and a regular light/dark cycle of 12 h (light period: 9 am
to 9 pm; dark period: 9 pm to 9 am) and were provided solid
food and water ad libitum. All experimental procedures were
conducted in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals and Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guide-
lines. The experiment was approved by the Animal Ethics
and Welfare Committee of Beijing Stomatology Hospital.
(Approval No. KQYY-202203-001)

The rats were randomly assigned to 2 groups: TE and
sham, each containing 10 rats. The rats were allowed to accli-
matize for 7 days before any experimental procedures. The
TE group underwent bilateral maxillary molar extraction. In
the sham group, a surgical procedure was performed to
remove the alveolar crest between the incisors and molars,
creating an alveolar bone defect of similar length and extent
to the tooth extraction in the TE group. After surgery, the rats
regained consciousness and resumed a normal diet, and their
general health and weight were monitored. Anesthesia was
administered by continuous inhalation of 2—-4% isoflurane
(RWD Life Science Co., R510-22-10, China) in oxygen. Eight
weeks after model establishment, the rats were euthanized
under appropriate general anesthesia with constant inhala-
tion of 2—4% isoflurane in oxygen and administration of
sodium pentobarbital (35 mg/kg, Sigma-Aldrich, P3761, USA)
via intraperitoneal injection (Figure 1A, B).

Morris water maze (MWM) experiment

Eight weeks after the model establishment, the MWM test
was performed by independent researchers according to the
protocol of Morris.”® The experimental setup included a black
circular pool with a diameter of 1.8 m, an invisible transpar-
ent platform beneath the water surface, and 4 distinct
markers on the pool wall for directional guidance. The visual
and motor abilities of the rats were assessed before the exper-
iment to exclude any visual or motor impairment-related fac-
tors. The investigation consisted of 2 stages: training and
probe trial. The training phase was performed over 4 conse-
cutive days, with each rat undergoing 2 daily trials. The rats
were allowed 60 s to find the hidden platform, and the
elapsed time was noted as the escape latency. Those unable
to locate the platform were guided to it and assigned an
escape latency of 60 s. On the fifth day, the platform was
removed for probe trials, in which the motion trajectory, time
spent in the target quadrant, and platform crossing time
were observed. The behavior of the rats was recorded using a
digital camera connected to a computer and analyzed using
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Fig. 1-Tooth loss rat model experimental procedure and body weight. (A) Rat model establishment and experimental proce-
dure timeline (MWM, Morris water maze). (B) Bilateral maxillary molar extraction in model rats. (C) Weight changes from
week 0-8 for the sham and tooth extraction (TE) groups following model establishment (all data are expressed as mean +

standard deviation [SD], Mann—Whitney U test, P > .05, n = 10).

Anymaze software (Stoelting Co., version 4.8, USA), ensuring
adherence to blind testing procedures.

ATP content determination

After the MWM experiment, 4 rats were randomly selected
from each group for ATP content analysis. Following eutha-
nasia, the hippocampal region was separated from the brain
tissue. The ATP content was then determined using an ATP
assay kit (Beyotime, S0026, China) according to the man-
ufacturer’s instructions. The entire hippocampal regions
were each homogenized as whole samples in ATP lysis buffer
using an electronic homogenizer (Jingxin technology, MY-20,
China) in an ice bath, followed by heat treatment and centri-
fugation. The ATP content was then calculated by chemilumi-
nescence using a microplate reader
(SpectraMax iD3, Molecular Devices, USA), and normalized to
protein concentration.

measurements

MMP level determination

The hippocampal region was isolated from 4 randomly
selected rats in each group. Mitochondria were then isolated
from the hippocampal tissues and resuspended according to
the manufacturer’s instructions using a mitochondria isola-
tion kit (Beyotime, C3606, China). For MMP measurement, the
mitochondria were aliquoted and assayed using a JC-1 MMP
assay kit (Beyotime, C2003S, China). The intensities of green
fluorescence at 530 nm and red fluorescence at 590 nm were
measured using a multi-mode microplate reader (SpectraMax
iD3, Molecular Devices, USA). The ratio of green to red fluo-
rescence was used to determine the MMP levels.

Transmission electron microscopy

Two rats per group were euthanized after proper anesthesia,
and fresh hippocampal tissues were immediately isolated
and fixed in precooled 2.5% glutaraldehyde. The tissues were
rinsed with 0.1M phosphate buffer and fixed in 1% osmium
tetroxide, followed by dehydration in ascending alcohol con-
centrations and embedded in epoxy resin. Ultrathin sections
(60 nm) were prepared by ultramicrotome (Leica, UC7, Ger-
many), stained with uranyl acetate and lead citrate. Sections
were examined under a transmission electron microscope
(HITACHI, HT7800, Japan) to analyze the ultrastructure of hip-
pocampal neurons.

Immunofluorescence

Immunofluorescence staining was performed on 3 randomly
selected rats from each group by independent pathology labo-
ratory technicians. After proper anesthesia, phosphate-buff-
ered saline (pH 7.4) perfusion, and fixation using 4%
paraformaldehyde, brain tissues were acquired and subjected
to post-fixation, dehydration, and paraffin embedding. Five
micron-thick sections were generated using a microtome
(Leica, HistoCore BIOCUT, Germany). Immunofluorescence
staining was performed using a tricolor fluorescent reagent
kit (ImmunoWay, RS0036, China), according to the man-
ufacturer’s instructions. The protocol included pre-heating,
deparaffinization, antigen retrieval, peroxide-blocking buffer
incubation, and incubation with primary antibodies against
translocase of outer mitochondrial membrane 20 (TOMM20)
(1:250, Abcam, ab186735, UK), followed by secondary antibody
incubation and fluorescent labeling with D-594. After treat-
ment with an antibody stripping solution, the primary anti-
body was switched to Microtubule-associated protein 1A/1B-
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light chain 3 (LC3) (1:500, Proteintech, 14600-1-AP, China), the
fluorescent label was changed to D-488, and the above steps
were repeated. Cover-slipping was performed using a sealing
buffer with 4/,6-diamidino-2-phenylindole (DAPI) from the
fluorescent kit, and the sections were observed under an
Olympus BX61 fluorescence microscope. For quantitative
analysis, 5 fields of view from the Dentate Gyrus (DG), Cornu
Ammonis (CA) 3, and CA1 regions of each rat hippocampus
were captured at 400 x magnification and analyzed using the
ImageJ software (version 1.53k, Wayne Rasband and contribu-
tors, National Institutes of Health, USA).

Immunohistochemistry

Immunohistochemistry was performed on the brain sections
of 3 rats per group by independent pathology laboratory tech-
nicians. The brain sections were deparaffinized and prepared
for antigen retrieval. The subsequent process included
endogenous peroxidase inhibition, blocking, and incubation
with primary antibodies against PINK1 (1:2000, Proteintech,
14060-1-AP, China) and parkin (1:600, Proteintech, 23274-1-
AP, China). The sections were subsequently incubated with a
biotin-conjugated secondary antibody developed using dia-
minobenzidine and counterstained with hematoxylin. Slides
were examined under an Olympus BX61 microscope. For
quantitative immunohistochemical analysis, 5 fields from
each of the DG, CA3, and CA1 regions of the hippocampus
were captured at 400 x magnification per rat and analyzed
with Image]J software.

Western blot analysis

Western Blot analysis was conducted using brain tissue sam-
ples obtained from the hippocampus of euthanized rats. Total
protein was extracted using radio-immunoprecipitation
assay (RIPA) solution supplemented with a proteinase inhibi-
tor cocktail (Lablead technology, C0101-1ML, China), and the
protein concentration was determined. Protein samples were
normalized using a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) running buffer. Proteins were
then transferred onto a polyvinylidene difluoride (PVDF)
membrane, blocked, and incubated with primary antibodies
against LC3 (1:2000, Proteintech, 14600-1-AP, China), Seques-
tosome-1 (SQSTM1/P62) (1:1000, Abcam, ab109012, UK), PINK1
(1:600, Proteintech, 23274-1-AP, China), parkin (1:1000, Pro-
teintech, 14060-1-AP, China), GAPDH (1:10000, Abcam,
ab9485, UK), and secondary antibodies. Finally, chemilumi-
nescent signals were detected and quantified using a chemi-
luminescence imager (Bio-Rad, ChemiDoc MP, USA) and
Image] software.

Statistical analysis

Data are represented as the mean + standard deviation (SD).
Statistical analysis was performed using GraphPad Prism 9
(Version 9.4.1, GraphPad Software Inc., CA, USA). Due to the
limited sample size in this study, Mann—Whitney U tests
were used to compare the 2 groups. Statistical significance
was set at P < .05.

Results
Tooth loss did not affect Wistar rat body weights

After model establishment, no notable differences were
detected in vital signs or food and water consumption among
the rats. Both TE and sham groups had a slightly decreased
body weight at 1 week post-operation. However, body weights
recovered to their preoperative values by the second week,
and the weights of all groups gradually increased (Figure 1C).
No significant differences in body weight were observed
between the 2 groups (P > .05).

Tooth loss induced spatial learning and memory impairment
in Wistar rats

The MWM test was conducted 8 weeks after tooth loss. None
of the rats displayed any conspicuous abnormalities in motor
or visual function, and their swimming performance did not
differ significantly. During the 4-day training phase, both
groups of rats demonstrated a decline in escape latency; how-
ever, this decline was significantly less pronounced in the TE
group (P < .05). By the third and fourth days, the escape
latency was significantly longer in the TE group than in the
sham group (P < .01; Figure 2A). On the fifth day, the sham
group purposefully searched the area around the previous
location of the platform, exhibiting a targeted searching
behavior, whereas the TE group displayed aimless wall-hug-
ging behavior, indicating different swimming trajectories
(Figure 2B). The TE group also spent significantly less time in
the target quadrant than the sham group (P < .05; Figure 2C).

Tooth loss led to mitochondrial dysfunction and
morphological changes in Wistar rats

We quantified the ATP and mitochondrial membrane poten-
tial (MMP) levels in the hippocampus of each group. Tooth
loss significantly attenuated ATP production in the hippo-
campus (Figure 3A P < .05): 20.14 £ 2.38 nmol/xg in the hippo-
campus, as compared to the sham group’s hippocampal ATP
levels of 26.36 + 1.34 nmol/ug. Following JC-1 staining, TE
group’s hippocampal mitochondria exhibited a significantly
reduced ratio of fluorescence intensity at 590 nm to 530 nm,
as compared to the sham group (Figure 3B, P < .05), indicating
a reduction in MMP level in the hippocampus of the TE group.

Transmission electron microscopy of hippocampal neu-
rons revealed that in the Sham group, neurons exhibited nor-
mal mitochondrial morphology and quantity, normal
lysosomal morphology and number, with visible autophago-
some formation. In contrast, neurons in the TE group dis-
played swollen mitochondria and extensive cytoplasmic
membrane structures, reduced lysosomal numbers, and
fewer autophagosome formations (Figure 3C). Further exami-
nation of mitochondrial morphology in hippocampal subre-
gions revealed that in the Sham group, mitochondria
maintained a clear double-membrane structure with clear
cristae. In contrast, the mitochondrial morphology in the TE
group’s neurons showed an obvious swelling structure with
cristae degradation, especially pronounced in the DG and
CA1 subregions (Figure 3D).
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Fig. 2-Comparative cognitive function of the sham and tooth extraction (TE) groups post-model establishment. (A) Escape
latency of the sham and TE group in the training phase from day 1-4. On the third and fourth days, the TE group exhibited
significantly longer escape latencies (P < .01). (B) Swim trajectories of the sham and TE groups in the probe trail. (C) Dwell time
in the quadrant previously containing the platform in the probe trial. The time of the TE group was significantly lower than
that of the sham group (P < .05). (All data are expressed as the mean =+ standard deviation [SD], Mann—Whitney U test, *P <

.05, *'P < .01, n = 10)

Tooth loss inhibited mitophagy in Wistar rats

Brain sections from each group were subjected to double
immunofluorescence staining to assess mitophagy activity.
TOMM20, a mitochondrial localization and quantity marker,
was visualized with red fluorescence, whereas LC3 was
labeled with green fluorescence to indicate autophagic vesicle
activity and localization (Figure 4A). Microscopic observations
and quantification revealed that the TOMM?20 fluorescence
intensity remained consistent within the DG and CA1 regions
(P > .05), while LC3 fluorescence was less condensed in the TE
group than in the sham group (P < .05). Furthermore, the co-
localized puncta of LC3 and TOMM20 were significantly
decreased in the DG and CA1 regions compared to those in
the sham group. In contrast, there was no significant differ-
ence in fluorescence intensity in the CA3 region between the
groups (P > .05, Figure 4B).

Tooth loss reduced PINK1 and parkin expression in Wistar
rats

To further confirm the alteration in mitophagy in the hip-
pocampus, Mitophagy-related hippocampal protein expres-
sion was assayed by western blotting in 4 rats from each
group (Figure 5A). Compared to the sham group, PINK1 and
parkin expression in the TE group decreased significantly (P

< .05). Furthermore, there was a notable decrease in the
LC3II/I ratio in the TE group compared to that in the sham
group (P < .05), accompanied by an increase in P62 levels
(P < .05), suggesting an overall decline in hippocampal
autophagy (Figure 5B).

Additionally, Immunohistochemical staining for PINK1
and parkin was performed on brain sections from 3 rats in
each group (Figure 64, 6C) to further investigate their localiza-
tion and changes in expression levels in the hippocampus.
Quantification results revealed that compared to the sham
group, there was a significant reduction in the staining inten-
sity of PINK1 and parkin proteins in the DG and CA1 regions
of the hippocampus in the TE group (P < .05, Figure 6B, 6D).
However, these intergroup differences were not significant in
the CA3 region (P > .05; Figure 6B, 6D).

Discussion

Tooth loss may lead to decreased cognitive function and
molecular and pathological changes in the brain.” Some stud-
ies have found that tooth loss may cause abnormal mito-
chondrial morphology.”? However, it is unclear whether
tooth loss leads to mitochondrial function and mitophagy
alterations. In this study, we focused on the effects of tooth
loss on mitochondria and cognitive function. We determined
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Fig. 3-Mitochondrial function and ultrastructure assessment in the rat hippocampus. (A) ATP concentration in the hippo-
campus of the sham and tooth extraction (TE) groups. (B) The ratio of fluorescence intensity at 590 nm to 530 nm in hippo-
campal cell mitochondria, following JC-1 staining, in both sham and TE group (all data are expressed as the mean + standard
deviation [SD]; Mann—Whitney U test, **P < .01, n = 4). (C) Transmission electron microscopy images of rat hippocampal neu-
rons, abnormal mitochondria indicated by red arrows, lysosomes indicated by green arrows, and autophagosomes indicated
by blue arrows (transmission electron microscopy; 2500 x magnification; scale bar = 2,m). (D) Mitochondrial morphology in
subregions of hippocampal neuronal cells, abnormal mitochondria indicated by red arrows (transmission electron micros-

copy; 15000 x magnification; scale bar = 1.m).

the minimum number of animals for our study based on our
prior publication, a systematic review that focused on animal
experiments related to tooth loss and cognitive impairment.
This review indicated that the typical sample size in most of
the reviewed articles ranged from 6 to 13 per group.’

Additionally, we concluded that the development of our tooth
loss animal model is stable and effective, as evidenced by our
previous studies.”'? Therefore, we estimated a sample size of
10 for each group to ensure statistically significant outcomes
while minimizing animal deaths.
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Fig. 4-Mitophagy activity accessed by brain section immunofluorescent double staining of TOMM20, L.C3, and DAPI. (A)
Immunofluorescence stain of the hippocampus. Mitochondrial marker TOMM20 (red) and autophagic vesicle marker LC3
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nucleus was marked with 4,6-diamidino-2-phenylindole (DAPI) (blue). (B) Quantitative analysis of Tomm20 and LC3 fluores-
cence intensity in the DG, CA3, and CA1 regions. (immunofluorescence; x 400 magnification; the mean fluorescence intensity
(MFI) values are expressed as the mean + standard deviation [SD]; Mann—Whitney U test, "P < .05, **P < .01; n = 3, with analy-
ses conducted on 5 fields per region for each of the 3 animals; scale bar = 50 «m)

The Wistar rat lineage is widely used in animal research in female rats may introduce potential confounding factors
due to its long-established genetic stability.”® Young Wistar ~ in behavioral experiments.”’?° We established a tooth loss
rats display sensitive and moderate response to external model by extracting the bilateral maxillary molars, a widely
stimuli, exhibit robust learning behaviors, and reliably main-  recognized method for creating tooth loss models.>*%*! Con-
tain long-term potentiation and long-term depression, mak- currently, a sham operation was performed on the sham

ing them ideal for neuroscience and behavioral studies.”®** group to produce a trauma comparable to that of the TE
However, studies have indicated that hormonal fluctuations group, controlling confounding factors related to surgical
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Fig. 5- Autophagy and mitophagy marker changes in the rat hippocampus after tooth loss. (A) Western blot analysis of hip-
pocampal PINK1, P62, parkin, LC3, and GAPDH. (B) Western blot result quantification of hippocampal PINK1, P62, parkin, LC3,
and GAPDH (the data are expressed as the mean + standard deviation [SD], Mann—Whitney U test, *P < .05, **P < .01,n = 4.)

trauma and postoperative pain. Changes in cognitive func-
tion and hippocampal region were monitored after 8 weeks, a
period shown in previous studies sufficient for significant
alterations.®'* After model establishment, we observed that
both the TE and sham groups had decreased body weight
after 1 week, which returned to preoperative levels 2 weeks
after surgery and continued to increase, with no intergroup
differences throughout the experiment. This finding suggests
that interference related to trauma or malnutrition can be
effectively eliminated.*

The MWM test is 1 of the most widely used and reliable
behavioral test for assessing spatial learning and memory
abilities in animals.? After 8 weeks of tooth loss, the TE group
exhibited significantly longer escape latency, an aimless
searching strategy, and spent less time in the target quadrant
than the sham group in the MWM test, suggesting a decline
in cognitive ability. According to our previous research and
other studies, a measurable decline in cognitive function can
be observed within 8-12 weeks of tooth loss.”'*** Longer
monitoring periods further illustrated that the effects on the
nervous system and cognitive capabilities are either main-
tained or intensified,*®** indicating a strong correlation
between tooth loss and cognitive impairment.

The hippocampus is crucial in memory formation and
spatial navigation, and can be subdivided into several
regions, including the DG, CA1, CA2, and CA3 regions.*
Among these, the DG is primarily involved in encoding novel
information, the CA3 region supports pattern completion and
associative memory, while the CA1 region is crucial for the
retrieval and integration of spatial memory.*® Considering
the established connection between cognitive impairment
and hippocampal alterations, we performed a detailed hippo-
campal examination.

The role of mitochondrial disturbance in cognitive disor-
ders has recently been further confirmed, which may be a key
mechanism that affects cognitive function.”” Here, both
decreased ATP concentrations and MMP were observed in the
hippocampus of the TE group, suggesting that tooth loss may
contribute to mitochondrial energy metabolism dysfunction
in hippocampal cells. Additionally, transmission electron
microscopy of hippocampal neurons of the TE group showed
that some mitochondria, especially in the DG and CAl
regions, exhibited swelling and loss of cristae, indicating that
mitochondria are sensitive to tooth loss stimuli, which is con-
sistent with the previously noted mitochondrial function
abnormalities. Our previous findings suggest that tooth loss
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can reduce cerebral blood flow and elevate brain inflamma-
tion levels.””>'! Recent researches reveal that reduced cere-
bral perfusion may impair mitochondrial oxidative
phosphorylation by altering the expression and activity of
related proteins and disrupting mitochondrial protein turn-
over and import processes.?® In addition, under neuroinflam-
matory conditions, elevated pro-inflammatory cytokines can
disrupt mitochondrial dynamic balance and energy metabo-
lism. Damaged mitochondria, in turn, can further amplify
neuroinflammation and ultimately contribute to the develop-
ment of neurodegenerative diseases.’®*° Thus, the observed
mitochondrial disturbances can be secondary effects to these
changes, resulting in insufficient energy for neurological
functions and subsequent cognitive decline.

Double immunofluorescence staining of TOMM20 and LC3
has been used to reveal mitophagy activity.*” We found no

significant difference in TOMM20 intensity between the sham
and TE groups, but the TE group exhibited a reduced intensity
of LC3 fluorescence and combined fluorescence in the DG and
CA1lregions. The results indicated that although the quantity
of mitochondria was not significantly different, the co-locali-
zation of autophagosomes and mitochondria was less preva-
lent in the TE group in the DG and CA1 regions, suggesting
that tooth loss could lead to reduced mitophagy activity in
the hippocampus.

The PINK1/Parkin pathway is a classical pathway in
mitophagy. When a damage-induced transmembrane poten-
tial decrease occurs in the mitochondria, PINK1 activates and
localizes to the outer mitochondrial membrane. It activates
and recruits parkin to the mitochondria, and assists parkin in
ubiquitinating the outer mitochondrial membrane. Eventu-
ally, the ubiquitinated mitochondria are recognized by
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membrane surface receptors of autophagic vesicles and
degraded via the mitochondrial autophagic pathway."*! In
neurodegenerative diseases, the PINK1/Parkin-mediated
mitophagy pathway is commonly impaired, as evidenced by
a discernible decrease in PINK1 and parkin expression.’®***3
Autophagic activity reduction has also been observed in neu-
rodegenerative diseases, especially Alzheimer’s disease.**
The LC3II/I ratio and P62 levels serve as critical indicators for
assessing autophagic flux, with the former reflecting auto-
phagosome formation and the latter being degraded upon
autophagosome-lysosome fusion.**

In this study, to further evaluate alterations in mitophagy
levels in hippocampal neurons, the expression levels of these
related proteins were assessed by western blot analysis. The
findings revealed a reduction in PINK1 and parkin protein lev-
els in the hippocampus of the TE group, indicating a decrease
in mitophagy activity. Additionally, a diminished LC3II/I ratio
and elevated P62 levels were also observed, indicating an
overall decrease in autophagy. Insufficient mitophagy and
autophagy may lead to the ineffective clearance of damaged
mitochondria, disrupting mitochondrial homeostasis and
resulting in reduced energy production and intensified elec-
tron leakage, which could act as an initiating factor for mem-
ory impairment or as a consequence of hippocampal energy
metabolism deficiency.*®

Through immunohistochemical staining for PINK1 and
Parkin, we investigated their localization and changes in
expression levels within the subregions of the hippocam-
pus. Significant reduction in the expression of both pro-
teins were observed in the DG and CA1 regions of the TE
group, suggesting that mitophagy is more likely to be
impaired in these specific subregions, which may corre-
spond with higher susceptibility of the DG and CA1 regions
to external stimuli.*” These findings are consistent with
the results from immunofluorescence staining and trans-
mission electron microscopy, which also indicated
impaired mitophagy in the DG and CA1 regions, potentially
leading to mitochondrial dysfunction and morphological
alterations. Such changes may contribute to functional
deficits in DG and CA1l regions, interfering information
encoding and spatial memory retrieval respectively, and
subsequently leading to cognitive decline.

This study has several limitations, including using a sin-
gle-sex animal and restricted observation duration. Despite
these limitations, our study provides new insights into the
mechanism between tooth loss and impaired cognitive func-
tion, offering a theoretical basis for the prevention of oral
health-associated cognitive decline. Future studies should
involve larger and more diverse samples, including both
sexes, and extend the observation period to comprehensively
investigate the dynamic impacts of tooth loss on mitochon-
drial functionality and mitophagy, further discovering the
underlying molecular mechanism.

Conclusion
Eight-week tooth loss led to cognitive impairment in Wistar

rats. Furthermore, tooth loss was associated with disturban-
ces in mitochondrial function and inhibition of PINK1/Parkin-

mediated mitophagy in hippocampal neurons, contributing
to cognitive decline.
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