
Abstract. Background/Aim: Alzheimer’s disease is the most
common type of neurodegenerative disorder in elderly
individuals worldwide. Increasing evidence suggests that
periodontal diseases are involved in the pathogenesis of
Alzheimer’s disease, and an association between periodontitis
and amyloid-β deposition in elderly individuals has been
demonstrated. The aim of the present study was to examine the
effects of systemic administration of Porphyromonas gingivalis-
derived lipopolysaccharide (PG-LPS) on neprilysin expression
in the hippocampus of adult and senescence-accelerated mice.
Materials and Methods: PG-LPS diluted in saline was
intraperitoneally administered to male C57BL/6J and
senescence-accelerated mouse prone 8 (SAMP8) mice at a

dose of 5 mg/kg every 3 days for 3 months. Both C57BL/6J and
SAMP8 mice administered saline without PG-LPS comprised
the control group. The mRNA expression levels of neprilysin
and interleukin (IL)-10 were evaluated using the quantitative
reverse transcriptase-polymerase chain reaction. The protein
levels of neprilysin were assessed using western blotting.
Sections of the brain tissues were immunohistochemically
stained. Results: The serum IL-10 concentration significantly
increased in both mouse strains after stimulation with PG-LPS.
Neprilysin expression at both mRNA and protein levels was
significantly lower in the SAMP8 PG-LPS group than those in
the SAMP8 control group; however, they did not differ in PG-
LPS-treated or non-treated C57BL/6J mice. Additionally, the
immunofluorescence intensity of neprilysin in the CA3 region
of the hippocampus in PG-LPS-treated SAMP8 mice was
significantly lower than that in control SAMP8 mice.
Conclusion: Porphyromonas gingivalis may reduce the
expression of neprilysin in elderly individuals and thus increase
amyloid-β deposition.

Alzheimer’s disease is the most common type of
neurodegenerative disorder in elderly individuals worldwide.
Pathologically, it is characterised by considerable neuronal
loss in the brain with two typical protein deposits, amyloid
plaques, and neurofibrillary tangles, extracellularly and
intracellularly, respectively (1). Although Alzheimer’s
disease has been extensively studied, effective prevention
and treatment strategies have not yet been established.
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The two hypotheses that explain the pathogenesis of
Alzheimer’s disease are the amyloid cascade hypothesis and
hyperphosphorylated tau protein hypothesis (2). The amyloid
cascade hypothesis attributes amyloid-β peptide deposition
in the brain parenchyma for the development of Alzheimer’s
disease. Amyloid-β peptide, formed from the proteolytic
processing of amyloid-β precursor protein, causes senile
plaques that lead to neurofibrillary degeneration and
neuronal loss, resulting in Alzheimer’s disease (3). Amyloid-
β is typically eliminated from the brain via a clearance
mechanism; however, overproduction of amyloid-β or a
defect in the clearance mechanism increases amyloid-β
deposition in the brain (2, 4). Enzymes that degrade amyloid-
β deposits include neprilysin, insulin-degrading enzyme, and
endothelin-converting enzyme (4). Neprilysin (also known
as neutral endopeptidase, cluster of differentiation 10, and
common acute lymphoblastic leukaemia antigen) is a type II
integral plasma membrane protein that is widely distributed
in various organs. An active catalytic site of neprilysin faces
the extracellular space. It acts as an ectoenzyme to
proteolytically cleave various substrates extracellularly. As
neprilysin has been found to cleave amyloid b peptides, it
has been widely evaluated as a potential therapeutic agent
(5). In rat models, a correlation has been observed between
the amyloid-b peptide level in the brain and neprilysin (6).
These reports suggest that neprilysin is a promising
therapeutic target for Alzheimer’s disease (7).

Increasing evidence suggests that periodontal diseases are
involved in the pathogenesis of Alzheimer’s disease, and an
association between periodontitis and amyloid-β deposition
in elderly individuals has been demonstrated (8, 9). In aged
rats, infection with Porphyromonas gingivalis, the pathogen
causing periodontitis, induces up-regulated expression of
inflammatory cytokines such as tumour necrosis factor α,
interleukin (IL)-6, and IL-1β, accompanied by memory
disturbance (10). Inflammation caused by P. gingivalis

infection may increase amyloid-β deposition (11) and may
induce cerebral inflow of amyloid-b via the receptor of
advanced glycation end products (12). Although periodontal
diseases are known to enhance amyloid-b deposition, it
remains unclear whether enzymes that degrade amyloid-b are
altered by periodontal diseases. In our previous study, we
developed a mouse model that is not affected by P.
gingivalis-derived lipopolysaccharide (PG-LPS)-induced
acute inflammation to evaluate the effects of LPS on the
kidney and pancreas (13, 14). In the present study, we aimed
to examine the effects of systemic administration of PG-LPS
on neprilysin expression in the hippocampus of adult and
senescence-accelerated mice.

Materials and Methods
Animals. Male C57BL/6J (6-8 weeks old) and senescence-
accelerated mouse prone 8 (SAMP8) mice (6-8 weeks old) were
purchased from Sankyo Labo Service Corporation (Tokyo, Japan).
The mice were reared under specific pathogen-free conditions in
clear cages under a 12-h light/dark cycle with ad libitum access to
standard rodent feed and water. The experimental protocol was
approved by the Animal Experimental Committee and Ethics
Committee of the Health Sciences University of Hokkaido (approval
number 073). The experiments complied with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines. The mice
were randomly divided into two groups: control group and PG-LPS
group (n=5 of each mouse strain for each analysis including
polymerase chain reaction (PCR), western blotting, and histological
analysis). The sample size was determined based on our previous
study and the law of diminishing return using the resource equation
method (14, 15). PG-LPS (ATCC 33277; Wako, Osaka, Japan)
diluted in saline was intraperitoneally administered to the mice in
the PG-LPS group (5 mg/kg) every 3 days (84 h) for 3 months, as
previously reported (13, 14). The control group mice were
administered the same volume of saline without PG-LPS. The mice
were euthanised using intraperitoneal injection of pentobarbital (100
mg/kg body weight). The brain, hippocampal tissue, and blood were
collected from each mouse.
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Table I. Primers used in quantitative reverse transcriptase polymerase chain reaction.

Gene                                              Forward (5’-3’)                                                           Reverse (5’-3’)                                  NCBI reference sequence

GAPDH                           AGAACATCATCCCTGCATCC                              CACATTGGGGGTAGGAACAC                         NM_001289726.1
IL-10                               CCAAGCCTTATCGGAAATGA                              TCTCACCCAGGGAATTCAAA                            NM_010548.2 
TNF-α                              CAGGCGGTGCCTATGTCTC                             CGATCACCCCGAAGTTCAGTAG                         NM_013693.3
IL-6                                CCGGAGAGGAGACTTCACAG                             TCCACGATTTCCCAGAGAAC                            NM_031168.2 
IL-1β                              GAGTGTGGATCCCAAGCAAT                              TACCAGTTGGGGAACTCTGC                           NM_008361.4 
Neprilysin                      AATGCTCCAAAGCCAAAGAA                              CGATCATTGTCACCGCTATG                         NM_001289462.1
C1QTNF5                      GAACCTGAGGACCAGGTGTG                            GGAGCTGTGCCAGTCAGAAT                           NM_145613.4 
GPNMB                         GGCGTACAAGCCAATAGGAA                              GGATCCTTCTCCTGGTCTCC                             NM_053110.4 
OLFML3                         AGAGGCTGCGTTTGTCATCT                              AGTACCACTGGCATCGAAGG                            NM_133859.2 
SLIT2                              AAACCTCTTGGCCAATCCTT                               TTTTTGGCATCGAGGATTTC                          NM_001291227.2 
SMOC1                          AAGAGCATAGAGGCCGATGA                             CCTGAACCATGTCTGTGGTG                         NM_001146217.1 
SPON1                           CGTGAGGGATACACGGAGTT                            TGAAGTAGGAGGGAGGAGCA                           NM_145584.2



Enzyme-linked immunosorbent assay. Blood samples were collected
from the mouse hearts 1 h after each PG-LPS or saline
administration. The samples were incubated for 15 min at room
temperature and then centrifuged for 20 min at 100×g to separate
the serum. Serum IL-10 concentration was measured using an IL-
10 mouse uncoated enzyme-linked immunosorbent assay kit
(Thermo Fisher Scientific, Waltham, MA, USA).

Quantitative reverse transcriptase PCR. RNA was extracted from
the hippocampal tissues using the RNeasy Mini kit (Qiagen, Hilden,
Germany). The extracted RNA was reverse transcribed into cDNA
using the ReverTra Ace qPCR RT Master Mix kit (Toyobo, Osaka,
Japan). The mRNA expression level was evaluated using
quantitative PCR performed using the LightCycler Nano instrument
(Roche Diagnostics, Basel, Switzerland) and KAPA SYBR FAST
qPCR Mix (Kapa Biosystems, Cape Town, South Africa). Table I
illustrates the primer sequences used in this study. PCR was
conducted in two-step amplification that included initial
denaturation at 95˚C for 10 min, 40 cycles of denaturation at 95˚C
for 10 s, and annealing at 60˚C for 30 s. The relative mRNA
expression level was calculated using the 2–∆∆Cq method (16), with
GAPDH as the internal control.

Western blotting. Protein was extracted from the hippocampal tissue
using the WSE-7420 EzRIPA Lysis kit (ATTO Technology,
Amherst, NY, USA), and 15 μg of protein was used for western
blotting. Pre-cast 5%-20% gradient polyacrylamide gels (e-PAGEL;
ATTO Technology) were used for sodium dodecyl sulphate-
polyacrylamide gel electrophoresis. The separated proteins were
transferred onto polyvinylidene fluoride membranes (ATTO
Technology), which were then blocked with Tris-buffered saline
containing 5% skim milk at room temperature for 1 h followed by
incubation at 4˚C overnight with the following primary antibodies:
monoclonal rabbit anti-neprilysin antibody (1:1,000; Abcam,
Cambridge, UK) diluted in Can Get Signal Solution 1 (Toyobo) and
monoclonal mouse anti-GAPDH antibody (1:10,000; ProteinTech
Group, Rosemont, IL, USA) diluted in Tris-buffered saline
containing 5% skim milk. The membranes were washed with Tris-
buffered saline containing 0.05% Tween-20 three times and
incubated with secondary antibodies, namely, horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin G
(1:10,000; ProteinTech Group) diluted in Can Get Signal Solution
2 (Toyobo) and horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G (1:2,000; ProteinTech Group) at room
temperature for 1 h. Immunoreactive protein bands were visualised
via enhanced chemiluminescence (Clarity Western ECL substrate;
Bio-Rad, Hercules, CA, USA) and WSE-6100 LuminoGraph I
(ATTO Technology). Band intensities were quantified using ImageJ
imaging software (v.1.53a; National Institutes of Health, Bethesda,
MD, USA).

Histological observation.
Haematoxylin–eosin staining. The hippocampal tissues isolated
from the PG-LPS-treated and control C57BL/6J and SAMP8 mice
were fixed in 10% neutral buffered formalin solution. The tissues
were embedded in paraffin and sectioned (5.0-μm thick). The
sections were subjected to haematoxylin–eosin staining and
observed using the Olympus BX50 microscope (Olympus, Tokyo,
Japan) for morphological analysis.

Immunofluorescence staining. The brain tissues from SAMP8 mice
were subjected to immunofluorescence staining. After deparaffinisation,
the sections were inactivated in 10 mM citrate buffer (pH 6.0) for 5
min using a pressure cooker, and endogenous peroxidase was
inactivated by incubation in 3.0% hydrogen peroxide methanol for 5
min. To block non-specific immunoreactivity, the sections were treated
using an avidin and biotin blocking kit (Vector Laboratories,
Burlingame, CA, USA) and the Tyramide Signal Amplification kit
(TSA Biotin System; NEN Life Science Products, Boston, MA, USA).
The sections were then incubated with anti-neprilysin (56C6; 1:100
dilution; Abcam) antibody diluted with Tris-buffered saline (0.1 M Tris-
HCl, 0.15 M NaCl, pH 7.5) as the primary antibody at 4˚C overnight.
After three washes in TNT buffer (0.1 M Tris-HCl, 0.15 M NaCl, and
0.05% Tween-20, pH 7.5) for 5 min, the sections were incubated with
biotin-conjugated goat anti-mouse immunoglobulin G (H&L; 1:3,000
dilution; SouthernBiotech, Birmingham, AL, USA) for 1 h and
streptavidin-horseradish peroxidase (1:100 dilution, supplied with the
TSA Biotin System kit) for 30 min; thereafter, the sections were washed
with TNT buffer three times, for 5 min each time. The sections were
then incubated with biotinyl tyramide amplification reagent (1:50
dilution; TSA Biotin) at room temperature for 10 min. Alexa Fluor 488-
conjugated streptavidin (1:500 dilution; NEN Life Science Products)
was added, and the sections were incubated for 1 h and subsequently
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Figure 1. Comparison of serum IL-10 concentration between C57BL/6J
and SAMP8 mice using enzyme-linked immunosorbent assay. SAMP8
mice showed significantly lower serum IL-10 concentration than
C57BL/6J mice. *p<0.05. (The bar in the box plot represents median
and the cross represents mean; Kruskal-Wallis test followed by Holm
method, n=5).



visualised using a confocal microscope (Eclipse TE 2000-E; Nikon,
Tokyo, Japan). Fluorescence intensity was quantified and evaluated in
three random areas in the CA3 region of the hippocampus and
measured using ImageJ software.

Statistical analysis. Data were compared between groups using
Mann-Whitney U-test or Kruskal-Wallis test followed by Holm-
Bonferroni method with SPSS version 26 (SPSS, Inc., Chicago, IL,
USA). Results with p<0.05 were considered statistically significant.

Results

To determine whether PG-LPS affects the brain, the serum
concentration of IL-10, a major cytokine synthesised in the
central nervous system, was evaluated in PG-LPS-treated
and control C57BL/6J and SAMP8 mice using enzyme-
linked immunosorbent assay. The serum IL-10 concentration
was significantly lower in SAMP8 mice than that in
C57BL/6J mice (p<0.05) (Figure 1). However, in both mouse
strains, the serum IL-10 concentration was significantly
increased following stimulation with PG-LPS (p<0.05)
(Figure 1). The expression of IL-10, TNF-α, IL-6, and IL-1β
mRNA was observed in the brain of both C57BL/6J and

SAMP8 mice (Figure 2). The expression of IL-10 mRNA
was significantly up-regulated after stimulation with PG-LPS
in SAMP8 mice compared with that in the control (p<0.01)
(Figure 2A), whereas no significant difference in the
expression was observed between the PG-LPS and control
groups of C57BL/6J mice (Figure 2A). There was no
significant difference in TNFα, IL-6, and IL-1β mRNA
expression between PG-LPS-treated and control C57BL/6J
mice (Figure 2B, C and D).

The mRNA expression of C1QTNF5, GPNMB, OLFML3,
SLIT2, SMOC1, and SPON1 in the hippocampal tissues from
C57BL/6J and SAMP8 mice was measured using quantitative
reverse transcriptase PCR. There was no significant difference
in the expression level of all six genes between PG-LPS-
treated and control C57BL/6J mice (Figure 3). However, in
SAMP8 mice, the mRNA expression of C1QTNF5 and
GPNMB was significantly higher in the PG-LPS group than
that in the control group (p<0.05) (Figure 3A and B). 

Next, we analysed the morphology of the hippocampal
tissues from both C57BL/6J and SAMP8 mice using
haematoxylin–eosin staining. No obvious acute inflammatory
findings or changes in cell morphology, or amyloid-b
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Figure 2. mRNA levels of IL-10 (A), TNF-α (B), IL-6 (C), and IL-1β (D) in the hippocampal tissues from C57BL/6J and SAMP8 mice measured
using quantitative reverse transcriptase PCR. The expression of all four mRNAs is presented relative to GADPH mRNA expression. **p<0.01 (The
bar in the box plot represents median and the cross represents mean; Mann-Whitney U-test, n=5).



deposition were observed in the hippocampal tissues from
either mouse strain (Figure 4). 

The mRNA expression of neprilysin in the hippocampal
tissues from C57BL/6J and SAMP8 mice was measured
using quantitative reverse transcriptase PCR. There was no
significant difference in neprilysin mRNA expression
between PG-LPS-treated and control C57BL/6J mice (Figure
5A). However, in SAMP8 mice, neprilysin expression was

significantly lower in the PG-LPS group than that in the
control group (p<0.01) (Figure 5B). 

Western blotting of proteins extracted from the
hippocampal tissues of SAMP8 mice using a monoclonal
anti-neprilysin antibody revealed a 100-kDa band (Figure
6A). The band intensity of neprilysin was significantly lower
in the PG-LPS-treated group than that in the control group
(p<0.01) (Figure 6B). 
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Figure 3. mRNA levels of C1QTNF5 (A), GPNMB (B), OLFML3 (C), SLIT2 (D), SMOC1 (E), and SPON1 (F) in the hippocampal tissues from
C57BL/6J and SAMP8 mice measured using quantitative reverse transcriptase PCR. The expression of all six mRNAs is presented relative to GADPH
mRNA expression. *p<0.05, **p<0.01 (The bar in the box plot represents median and the cross represents mean; Mann-Whitney U-test, n=5).
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Figure 4. Morphological analysis of the brain tissues from C57BL/6J (A, B) and SAMP8 mice (C, D). No obvious acute inflammatory findings or
changes in cell morphology are observed in the hippocampal tissues from C57BL/6J or SAMP8 mice (haematoxylin–eosin staining, original
magnification 100×; bar: 200 μm). 

Figure 5. Relative neprilysin mRNA level as measured using quantitative reverse transcriptase PCR in C57BL/6J mice (A) and SAMP8 mice treated
with or without PG-LPS (B). Neprilysin mRNA expression is presented relative to GADPH mRNA expression. **p<0.01 (the bar in the box plot
represents median and the cross represents mean; Mann-Whitney U-test, n=5). 
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Figure 6. Neprilysin protein levels in SAMP8 mice as measured using western blotting. (A) Western blot of neprilysin (top) and GAPDH (bottom).
Neprilysin was detected as a 100-kDa band (black arrow). (B) Results of quantification of the bands. Neprilysin expression was significantly lower
in the PG-LPS-treated group than that in the control group. **p<0.01 (the bar in the box plot represents median and the cross represents mean;
Mann-Whitney U-test, n=5).

Figure 7. Altered expression of neprilysin in the hippocampus of SAMP8 mice was evaluated using fluorescence immunohistochemical staining. (A)
Immunofluorescence staining of neprilysin in the CA3 region (bar: 100 μm). The fluorescence signal was lower in the PG-LPS-treated group than that
in the control group (bar: 100 μm). (B) Quantification of the data in (A). The fluorescence intensity was significantly lower in the PG-LPS-treated
group than that in the control group. **p<0.01 (the bar in the box plot represents median and the cross represents mean; Mann-Whitney U-test, n=5).



The brain tissues from SAMP8 mice were stained with an
anti-neprilysin antibody. Neprilysin-positive signals were
weaker for mice in the PG-LPS group than those for mice in
the control group (Figure 7A). Finally, the fluorescence
intensity of neprilysin in the CA3 region of the hippocampus
was significantly lower in PG-LPS-treated mice than that in
control mice (p<0.01) (Figure 7B).

Discussion

In the present study, systemic administration of PG-LPS
induced the down-regulation of the amyloid-β-degrading
enzyme neprilysin in SAMP8 senescence-accelerated mice, but
not in non-LPS-treated mice. Although amyloid-β deposition
was not observed, higher doses or longer administration of PG-
LPS may lead to amyloid-β deposition. Based on our results,
the down-regulation of neprilysin expression induced by P.
gingivalis may, at least partially, be involved in increased
amyloid-β deposition in elderly individuals.

Neprilysin expression did not significantly differ between
PG-LPS-treated and non-treated C57BL/6J mice. The blood–
brain barrier controls the movement of solutes between the
blood and brain (17); hence, the blood–brain barrier may have
prevented PG-LPS from penetrating the brain of C57BL/6J
mice. In this study, we used 6–8-week-old mice that were
stimulated with LPS for 3 months. SAMP8 mice exhibit age-
related learning and memory deficit at 2 months of age (18)
and signs of aging at 4 months of age (19). Two- to five-
month-old SAMP8 mice have been used as Alzheimer disease
models (20). Therefore, SAMP8 and C57BL/6J mice used in
this study represent aged and young individuals, respectively.
The blood–brain barrier is disrupted in SAMP8 mice after 3
months of age (21), possibly leading to the down-regulation
of PG-LPS-stimulated neprilysin expression in these mice. 

A recent study proposed novel biomarker candidates for
Alzheimer’s disease, including SMOC1, C1QTNF5,
OLFML3, SLIT2, SPON, and GPNMB (22). As no amyloid-
b deposition was found in the histological sections, we
evaluated the biomarker candidates for Alzheimer’s disease.
Among these markers, the expression of C1QTNF5 and
GPNMB was significantly higher in SAMP8 mice stimulated
with PG-LPS than that in the SAMP8 controls. There were no
significant changes in the expression of any of the markers
between C57BL/6J mice stimulated with PG-LPS and
C57BL/6J mice. These findings indicate that SAMP8 mice
stimulated with PG-LPS were in the process of developing
Alzheimer’s disease. C1QTNF5 belonging to the C1QTNF
superfamily is widely expressed in various cells, with the
highest expression in adipose tissue, functions in metabolic
regulation (23), and is a candidate biomarker for inflammatory
chronic obstructive pulmonary diseases (24). GPNMB is a
biomarker for Alzheimer’s disease, and potentially activates
microglia in the neuroinflammatory response (25). GPNMB

promotes the polarisation of macrophages into an anti-
inflammatory state, resulting in the secretion of IL-10.
Increased IL-10 mRNA expression was observed in the brain
of SAMP8 mice stimulated with PG-LPG, which may have
been promoted by the increased expression of GPNMB. 

IL-10 is an anti-inflammatory and immunosuppressive
cytokine, and it modulates the inflammatory process in brain
cells (26). Increased IL-10 expression lowers the brain’s
susceptibility to microbial infection and LPS-induced
inflammation (27-29). An increased serum IL-10
concentration was observed following PG-LPS treatment in
both C57BL/6J and SAMP8 mice, indicating systemic
inflammation caused by PG-LPS. Increased IL-10 mRNA
expression was observed in the brain of SAMP8 mice
stimulated with PG-LPS, whereas no significant difference
in the expression was observed between PG-LPS-stimulated
and control C57BL/6J mice. PG-LPS may reach the brain
cells through disrupted blood–brain barrier, leading to the
increased expression of IL-10. Interestingly, decreased
neprilysin mRNA expression in the brain of transgenic mice
with IL-10-over-expression has been reported (30). Thus,
down-regulation of neprilysin expression may have occurred
because of increased levels of IL-10 in the brain.

Conclusion

We demonstrated that systemic administration of PG-LPS
induced the down-regulation of neprilysin expression in
senescence-accelerated mice. Down-regulation of neprilysin,
an amyloid-β-degrading enzyme, may have caused increased
amyloid-β deposition. Therefore, P. gingivalis-induced
down-regulation of neprilysin expression may be involved in
increased amyloid-β deposition in elderly individuals.
Neprilysin shows potential as a therapeutic target for
amyloid-β deposition in elderly individuals. However, we
did not observe amyloid-β deposition in our experimental
model. Therefore, further investigations using different
experimental models are required to confirm our hypothesis.
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