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Gut microbiota and metabolic
profile changes unveil the

deterioration of alveolar bone
inflammatory resorption with
aging induced by D-galactose
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The global aging population has led to a rise in age-related health issues, such as malnutrition,
metabolic disorders, and even immune decline. Among these concerns, periodontitis holds particular
significance for the well-being of the elderly. This study aimed to investigate the impact of aging on
inflammatory resorption of alveolar bone in mice with periodontitis, with a specific focus on alterations
in the intestinal microenvironment. To achieve this, we established a D-galactose (D-gal)-induced
aging mouse model with periodontitis and employed histopathological staining, oxidative stress,
and inflammatory factors analyses to assess the severity of periodontitis and the health status.
Additionally, the 16S rRNA sequencing and untargeted metabolomics analysis were employed to
investigate alterations in the intestinal microbiota and metabolites. Our results showed that D-gal-
induced aging mice with periodontitis experienced more pronounced alveolar bone inflammatory
resorption and disruptions in the gut barrier, accompanied by an overall decline in physical condition.
The microbial composition and structure of aged mice also underwent significant modifications, with
a decreased Firmicutes/Bacteroidetes (F/B) ratio. Furthermore, metabolomics analysis demonstrated
that D-gal-induced aging primarily influenced lipids and lipid-like molecules metabolism, and
enrichment observed in the rheumatoid arthritis and histidine metabolism pathways. These findings
provide further evidence that the aging process exacerbates age-related alveolar bone loss (ABL)
through disturbances in intestinal homeostasis.
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Population aging is an irreversible global trend, with average life expectancy having doubled in most developed
countries over the past 200 years. This demographic shift poses novel challenges for safeguarding the oral
health and well-being of older individuals'. Periodontitis, characterized by inflammation and degradation of
periodontal tissues, is a chronic inflammatory condition that is widely prevalent and a leading cause of tooth
loss in adults. Epidemiological studies have identified aging is a primary risk factor for both the prevalence and
development of periodontitis’>™*. Recent survey found that the prevalence of periodontitis among adults aged
65 and older in the United States ranges from 62.1 to 74.2%, with an average prevalence of 66.2%°. Beyond
its directly impairing chewing function, periodontal disease triggers persistent immune and inflammatory
responses, which have far-reaching health implications. Notably, the progression of periodontitis can exacerbate
a range of systemic diseases commonly seen in the elderly, such as cardiovascular disease, diabetes, rheumatoid
arthritis, cancer, lung disease, and cognitive impairment, leading to more severe health outcomes®. Therefore,
addressing periodontal disease is crucial to improving and maintaining overall health in the aging population.
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Aging leads to a decline in both innate and adaptive immune system functions, a process known as “immune
senescence’”. One key mechanism involves senescence-associated secretory phenotype (SASP) exosomes,
which stimulate dendritic cells (DCs) and T cells, leading to the elimination of antigen presentation. This
deterioration in immune function increases susceptibility to infections, tumors, and inflammatory diseases,
including periodontitis’. Immune senescence-associated cells contribute to aging and inflammatory response
in periodontal tissues by releasing extracellular exosomes, ultimately resulting in alveolar bone loss (ABL)®®.
Additionally, senescent CD4* T lymphocytes downregulate CD28 expression, while CD4*CD28" T lymphocytes
promote the secretion of tumor necrosis factor alpha (TNF-a), interleukin-17A (IL-17A), and receptor-activator
of nuclear factor-kB ligand (RANKL), all of which are linked to pathological bone loss. Senescent Th17 and
Treg lymphocytes may also disrupt the balance between Th17 and Treg cells, impede osteoblast differentiation,
promote osteoclast formation, and accelerate ABL!%11.

To investigate the effects of aging on periodontitis, researchers often utilize animal models that simulate the
physiological changes associated with aging. These models are typically categorized into natural aging models
and accelerated aging models, depending on the presence of external intervention. Natural aging models are
time-consuming and costly, with limited control over variables and low repeatability, complicating the study of
specific aging mechanisms. In contrast, accelerated aging models use external interventions to induce aging more
rapidly and with greater control'2. One common method for accelerating senescence is D-galactose (D-gal)-
induced aging. This reducing sugar is naturally present in the human body and commonly found in daily foods®>.
When administered at high levels, D-gal is catalyzed by galactose oxidase to form aldoses and hydroperoxides,
which leads to the generation of reactive oxygen species (ROS). The accumulation of ROS results in oxidative
stress, which in turn triggers inflammation, mitochondrial dysfunction, apoptosis, and accelerates aging'*.
Excessive ROS causes an imbalance in oxidation and activates proinflammatory mechanisms, primarily through
lipid peroxidation. This heightened oxidative stress damages periodontal connective tissue, contributing to the
destruction of periodontal attachment and exacerbating periodontitis'®.

In addition to its direct effects on periodontal tissues, aging also affects the intestinal barrier, which in turn
influences the gut microbiota and its metabolic products. Aging-related dysfunction of the intestinal barrier
is closely linked to internal metabolic disorders. Specially, aging diminishes the stability of intestinal-specific
actin ACT-5, and the activity of intestinal alkaline phosphatase (IAP), leading to disruption of the intestinal
barrier and functional abnormalities'®!”. This disruption often coincides with alterations in the composition
of the gut microbiota. Moreover, the intestinal microbiota can impact alveolar bone homeostasis through
its effects on intestinal barrier integrity, intestinal immune response, and systemic endocrine metabolism!.
To study host-microbe interactions, 16S rRNA sequencing is extensively employed due to its high efficiency,
accuracy, and ability to provide culture-independent, rapidly updated data on the composition and structure of
gut microbiota!®?. Additionally, untargeted fecal metabolomics serves as a valuable complement to microbiome
studies by comprehensively and systematically detecting changes in small molecular metabolites within the
host?L.

This study aims to provide a comprehensive analysis of the physiological, biochemical, and intestinal
microenvironmental mechanisms through which aging impacts alveolar bone resorption. By employing
fundamental experiments alongside advanced sequencing analysis, we will explore the cumulative effects of
D-gal-induced aging on these interconnected physical processes.

Results

Aging worsens periodontal condition

The periodontitis models constructed by ligation were successfully established. Histological analyses revealed that
among the four groups, the D + Lig group exhibited the most pronounced reticular hyperplasia in the sulcular
epithelium of the periodontium, accompanied by conspicuous infiltration of inflammatory cells. Additionally,
the junctional epithelium showed apical migration, proliferation, and elongation, resulting in the formation of
deep periodontal pockets. The collagen fibers beneath the junctional epithelium displayed edema, degeneration,
and subsequent loss (Fig. 1A). Furthermore, there was a significant decline in the height of the alveolar ridge
(Fig. 1B, p<0.05), with an increased number of osteoclasts observed (Fig. 1C, p<0.05). Microscopically,
these osteoclasts exhibited positive red cytoplasm and blue multinucleated nuclei, and augmented osteoclasts
frequently indicated active resorption of alveolar bone. These histological changes observed in both macroscopic
and microscopic periodontal tissues suggest that the D-gal-induced aging process exacerbates the deterioration
of periodontal condition.

Aging influences the general state of periodontitis mice

Next, we assessed the influence of aging on the systemic state of organisms from three perspectives: systemic
inflammation, oxidative stress, and immune decline. Compared to their previous robust mental state and
appearance, aged mice exhibited a bleak and yellowish appearance with thinning of fur after 10 weeks of D-gal
injection. They also showed signs of lethargy, frequently slouching in the corner of the cage or hiding under
the bedding. There were no initial differences in body weight among the groups before modeling. Although
all groups experienced weight gain after 10 weeks, the sham +Ph group demonstrated a faster average weight
increase compared to other groups. Conversely, the D +Lig group exhibited the lowest average weight gain.
Furthermore, regardless of age (young or old), periodontitis model mice had significantly lower body weights
than periodontally healthy mice (Fig. 2A, p<0.05).

To assess the impact of D-gal-induced aging on systemic inflammatory response, we measured inflammatory
cytokines in the serum. Compared to the sham +Lig and D+ Ph groups, the D + Lig mice showed enhanced
accumulation of TNF-a and interleukin-6 (IL-6) (Fig. 2B), indicating a more pronounced inflammatory state.
Furthermore, we measured the state of oxidative stress by evaluating changes in serum markers. The modeling
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Fig. 1. D-galactose (D-gal)-induced aging aggravates alveolar bone inflammatory resorption (n=8/group).
(A) Representative images of Hematoxylin—eosin (HE) Staining in the periodontal tissues captured under a
200 x light microscope, (B) Representative images of Methylene blue staining of alveolar bone and average
alveolar bone loss (ABL) value for the second molar, (C) Representative images of tartrate-resistant acid
phosphatase (TRAP) Staining of positive multinucleated osteoclasts in the periodontal tissues captured under
a 100 x and 200 x light microscope and the average quantity of osteoclasts surround the second molar. The
upper and lower limits of each box in the boxplot show the upper quartile (75%) and lower quartile (25%) of
each data set, the line in the middle of the box reflects the median values of each data set, and the lines above
and below the box represent the maximum and minimum values. Statistical significance is denoted by differing
letters on the top of the boxplot (p <0.05). ABL, alveolar bone loss; D-gal, D-galactose; HE, Hematoxylin—
eosin; TRAP, tartrate-resistant acid phosphatase.

procedure resulted in reduced superoxide dismutase (SOD) levels and elevated malonaldehyde (MDA) expression
compared to the sham + Ph group, with the most notable effect observed in the D + Lig group (Fig. 2C, p<0.05).
Lastly, the immunity organ indices were detected to evaluate discrepancies in immune status. We observed a
reduced spleen index and thymus index in the D +Lig group when compared to sham + Lig group (Fig. 2D,
p<0.05).

Moreover, we examined the heart, liver, and ileum in both groups to assess the impact of D-gal-induced
aging on major organs. Histopathological results indicated that hepatocytes in the younger groups were closely
arranged with large, round nuclei within the liver tissue. However, in the D 4+ Ph and D + Lig groups, hepatocytes
surrounding the central vein exhibited disorganization, with enlarged nuclei, loose cytoplasm, dark nuclear
cytoplasm, and vacuole-like cells (Fig. 3A). The myocardial fibers in the sham+Ph and sham+Lig groups
appeared elongated with branching connections forming a network structure, while cardiomyocytes displayed
hypertrophy with widened gaps and disorganization, accompanied by increased cardiac muscle fiber connective
tissue showing aging characteristics in the older groups (Fig. 3B). Additionally, occludin and zonula occludens-1
(ZO-1) proteins were primarily expressed in epithelial cells of the ileal mucosa where positive signals appeared
as brown-yellow staining. In contrast to uniform continuous distribution at the edge of ileal epithelial cells
seen in the sham + Ph and sham + Lig groups, uneven distribution with scattered staining resulting in reduced
positive expression rate was observed for occludin and ZO-1 in both the D+ Ph and D+ Lig groups (Fig. 3C,
p<0.05), suggesting that the intestinal barrier was damaged during aging.
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Fig. 2. D-gal-induced aging worsens the general state of periodontitis mice (n=8/group). (A) Effects of aging
on body weight, (B) Systemic inflammation levels of serum interleukin-6 (IL-6) and tumor necrosis factor
alpha (TNF-a) content, (C) Oxidative stress levels of serum superoxide dismutase (SOD) and malonaldehyde
(MDA) levels, (D) Immune organ indices of spleen and thymus. IL-6, interleukin-6; MDA, malonaldehyde;
SOD, superoxide dismutase; TNF-a, tumor necrosis factor alpha.

Aging alters intestinal flora

To investigate the potential impact of D-gal-induced aging on the gut microbiota of periodontitis hosts, fecal
samples were obtained for 16S rRNA sequencing. Species annotation was performed based on operational
taxonomic unit (OTU) sequences. A total of 1,822 OTUs were identified, with 1,008 OTUs shared between
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Fig. 3. D-gal-induced aging alters liver, heart and ileum status of periodontitis mice (n=8/group). (A)
Representative images of HE Staining of the liver tissues captured under a 200 x light microscope, (B)
Representative images of HE Staining of the heart tissues captured under a 400 X light microscope, (C)
Representative images of occludin and zonula occludens-1 (ZO-1) immunohistochemistry staining captured
under a 400 X light microscope and average staining intensities. ZO-1, zonula occludens-1.

groups. The D + Lig group had 1,470 OTUs, with 198 OTUs unique. The sham + Lig group had 1,215 OTUs, with
92 exclusive. The D + Ph group had 1470 OTUs, with 207 OTUs unique (Fig. 4A).

Alpha diversity analysis was conducted to assess species diversity, evenness, and richness. The results indicate
that Simpson, Shannon, ACE, and Chaol indices were not significantly different between the D + Lig, sham + Lig
and D+ Ph groups (Fig. 4B). Principal coordinate analysis (PCoA) analysis based on the Bray Curtis distance
revealed distinct clustering within each group, with an interaction region between the groups. The first principal
coordinate (PC1) accounted for 25.28% of the variation, while the second principal coordinate (PC2) accounted
for 15.92% (Fig. 4C). Analysis of similarities (ANOSIM) analysis indicated a significant difference between
three groups, with R=0.301 and p=0.001 (Fig. 4D), suggesting clear dissimilarities in microbial composition.
Furthermore, pairwise ANOSIM analysis revealed significant dissimilarities among the groups (Figure S1A).
Further examination of the total relative abundance of the top 30 bacterial species at the phylum level using a
heatmap revealed differences in microbial composition between groups (Fig. 4E, Figure S1B). The Firmicutes/
Bacteroidetes (F/B) ratio was lower in the D+ Lig group (0.456+0.117) compared to the sham+ Lig group
(0.465+0.070) and D + Ph group (0.571 +0.121).

Linear discriminant analysis effect size (LEfSe) analysis identified Bacteroides, Levilactobacillus and
Escherichia-Shigella as biomarkers distinguishing between D+ Lig and sham+Lig at the genus level, while
Actinobacteria was at the phylum level (Fig. 4F). MetaStat analysis also revealed significant differences in flora
at both the phylum and genus levels, comprising 7 and 46 taxa, respectively (Table S1). Noteworthy differences
at the phylum level included WPS-2, Methylomirabilota, and Synergistota, while at the genus level, Neisseria,
Turicibacter, and Brachybacterium were among the significantly different taxa. Phylum-level biomarkers for
the D+Lig and D+Ph groups were identified as Actinobacteria and Verrucomicrobiota, with genus-level
biomarkers including Bacteroides, Lactobacillus, Acinetobacter, Akkermansia, unidentified Oscillospiraceae,
Rikenella, and Leuconostoc (Figure S1C). Detailed results of MetaStat analysis between the D+ Lig and D+ Ph
groups can be found in Table S2.

Scientific Reports|  (2024) 14:26135 | https://doi.org/10.1038/s41598-024-75941-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ACE

PC21592%

0.0

02

1000

D+Lig

62
198

202

207

D+Ph

Chaol index

D+Ph D+lig sham+Lig D+Ph D+lig sham+Lig
e
-, I R
’ | R
4 1 \
y
’ r R
’ o R
1 1 \
! 1 !
' A 1| group
| 1 1 0 | DeLig
1 1 R
1 Ao A 1+ e
1 AT |
F-mmmmm— - - B =
\ ] 4
\ S et
\ 10
w, /
o N R 4 i ’
v
N \\.:'l: e
!
050 0.00 025

Firmicutes
‘Campylobacterota
Deferribacteres
Cyanobacteria
Desulfobacterota
Planctomycetota
unidentified Bacteria
Thermoplasmatota
Elusimicrobiota

Acidobacteriota
Verrucomicrobiota I
Zixibacteria -,
Actinobacteria 5
Bacteroidota ! i
Methylomirabilota 2
Gemmatimonadota
Cloacimonadota
Fusobacteriota
Bdellovibrionota
Actinobacteriota
Spirochaetota
Myxococcota
TFibrobacterota
Synergistota

Chloroflexi

Proteobacteria

RCP2-54

Shannon index

Marinimicrobia (SAR406 clade)
SAR324 clade (Marine group B)

sham+Lig
9
53
8
6 E
4
2
0
D+Ph  D+lig sham+Lig

R=

Simpson index
=
=

:

D+Ph  Dlig sham+Lig

0.301, P= 0.001

Rank

50 1
| +- -

e P e

S S B

Between

f_ Bacteroidaceae

2 Bacteroides
s__Bacteroides sartorii

¢_ Bacilli

o__Lactobacillales

f__ Lactobacillaceae

s_ Bacteroides uniformis
p_Actinobacteria
¢__unidentified Actinobacteria
o__Burkholderiales
o__Enterobacterales
s__Acinetobacter Iwoffii
f__Enterobacteriaceae
g__Levilactobacillus
s__Lactobacillus brevis
< Alphaproteobacteria

g Escherichia-Shigella
s__Escherichia coli
o__Micrococcales
s__Clostridiales bacterium CIEAF-020
s__Alistipes finegoldii
s__Helicobacter typhlonius

D+Lig

T
E

sham+Lig

D+Lig

sham+Lig

o,
)
o,
B
»
n

LDA score (log 10)

Fig. 4. D-gal-induced aging alters gut microbiota composition and structure in periodontitis mice (n==38/
group). (A) Veen diagram of operational taxonomic units (OTUs) among D + Ph, D + Lig and sham + Lig
groups, (B) Alpha diversity -ACE, Chaol, Shannon and Simpson indices among D + Ph, D + Lig and

sham + Lig groups, (C) Gut microbiota profiles were examined by principal coordinate analysis (PCoA)
based on bray curtis distance among D + Ph, D 4 Lig and sham + Lig groups, (D) Analysis of similarities
(ANOSIM) analysis was used to compare the composition of gut microbiota among D + Ph, D 4 Lig and
sham + Lig groups. R> 0 indicates the difference of inter-group is greater than inner-group. The reliability
of the statistical analysis was expressed as a p-value, (E) Heatmap of the gut microbiota at phylum level with
relative abundance at top 30 in D + Lig and sham + Lig groups, (F) Linear discriminant analysis effect size
(LEfSe) analysis showing the biomarkers of D 4 Lig and sham + Lig groups. Taxa with an linear discriminant
analysis (LDA) score > 2.5 are shown. Bar graphs presented as mean + standard deviation (SD). ANOSIM,
analysis of similarities; LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size; OTUs,
operational taxonomic units; PCoA, principal coordinate analysis; SD, standard deviation.
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Pearson’s correlation coefficients was employed to evaluate the correlation between the abundance of the
top 30 genera and physiological and biochemical indices (Fig. 5). Bacteroides exhibited a negative association
with SOD level and intestinal barrier protein ZO-1 (p <0.05). Desulfovibrio showed a positive association with
osteoclast count, while Lachnospiraceae UCG-001 displayed a negative association (p<0.05). Furthermore,
Lachnospiraceae UCG-001 exhibited a positive correlation with the thymus index and ZO-1 (p <0.05). While
Lactobacillus, [ Eubacterium] siraeum group and Ralstonia showed a positive correlation with inflammatory factor
including TNF-a level, while unidentified Oscillospiraceae showed a negative association with IL-6 (p <0.05).

Periodontitis-related fecal metabolites enriched during aging

PCoA and partial least squares discriminant analysis (PLS-DA) analyses were conducted on the three groups
to investigate altered metabolic profiles. The PC1 accounted for 30.41% and the PC2 accounted for 20.31%
of the variation (Fig. 6A ~B). The volcano plot demonstrated differential metabolites between groups. In
the comparison between the D+Lig and sham+Lig groups, D-gal-induced aging significantly altered 57
metabolites in mice with periodontitis, with 39 metabolites showing increased abundance and 18 metabolites
showing a decrease (Fig. 6C, Table S3). Metabolite annotation using the HMDB databases revealed that 32
metabolites could not be annotated at the SuperClass level. The remaining 25 metabolites were classified as
Lipids and lipid-like molecules (21.05%), Organic acids and derivatives (14.04%), and Benzenoids (3.51%).
Nucleosides, nucleotides, and analogues; Organic oxygen compounds; and Phenylpropanoids and polyketides
each accounted for 1.75% (Fig. 6D). In contrast, periodontitis altered 55 metabolites between D +Lig and
D + Ph groups, with 31 metabolites up-regulated and 24 metabolites down-regulated (Figure S2A, Table S4). The
HMDB databases classified these 32 metabolites as Lipids and lipid-like molecules (20.00%), Organic oxygen
compounds (3.64%), Phenylpropanoids and polyketides (7.27%), Organoheterocyclic compounds (9.09%),
Organic acids and derivatives (10.91%), and Benzenoids (7.27%) (Figure S2B). The heatmap depicted the inter-
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Fig. 6. Differences of gut metabolomic profiles with D-gal-induced aging process (n=6/group). (A)
Differential metabolites in D +Ph, D + Lig and sham + Lig groups were examined by PCoA based on bray
curtis distance, (B) Partial least squares discriminant analysis (PLS-DA) score of fecal metabolite profiles
among D +Ph, D 4 Lig and sham + Lig groups, (C) Volcanic map shows that 57 differentially accumulated
[log,(FoldChange) on the x-axis] and significantly altered [- log, (p-value) on y-axis] metabolites between
D +Lig and sham + Lig groups, (D) The proportion of differential fecal metabolite categories associated with
aging in D + Lig and sham + Lig groups, (E) Heatmap of significantly different metabolites between D + Lig
and sham + Lig groups, (F) Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment scatter
plot showing age-related changes in fecal metabolism between D+Lig and sham+Lig groups. KEGG, kyoto
encyclopedia of genes and genomes; PLS-DA, partial least squares discriminant analysis.

and intra-group differences and clustering of these differential metabolites (Fig. 6E, Figure S2C). To explore the
potential functions of these differentially expressed metabolites, a kyoto encyclopedia of genes and genomes
(KEGG) enrichment analysis was conducted. Unfortunately, only a portion of these differential metabolites were
annotated in the database. The most significantly enriched pathways altered by D-gal-induced aging included
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rheumatoid arthritis and histidine metabolism (Fig. 6F), while periodontitis primarily influenced Estrogen
signaling pathway (Figure S2D).

Finally, the relationship between gut microbiota composition and metabolites in the context of D-gal-
induced aging was further investigated. Pearson’s correlation analysis was performed on the top 20 differentially
abundant bacteria at the genus level along with the top 36 differentially expressed metabolites in two ion modes
between group D+ Lig and sham + Lig (Fig. 7). D-gal-induced aging primarily impacts amino acid synthesis
and metabolism, particularly histidine, arginine, and tyrosine, which are associated with increased levels of
Ergothioneine and 3,4-Dihydroxyphenylpropionic acid, as well as decreased levels of N-Acetylornithine and
1-Methylhistidine. Ergothioneine exhibited significant positive correlations with Delftia, Sphingomonas,
Lysinibacillus, Turicibacter and Thermovirga, among others, while 3,4-Dihydroxyphenylpropionic acid only
be found to positive with Butyricimonas (p <0.05). Although not statistically significant, there was a negative
correlation between N-Acetylornithine and most genera. Additionally, periodontitis affected amino acid
metabolism, mainly related to differential metabolites such as L-Threonine, Urocanic acid, and Ergothioneine.
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Fig. 7. Pearson’s correlation coefficients between the abundance of the top 20 differential enriched gut
bacteria at genus levels (top) and the abundance of the top 36 differential metabolites between D + Lig and
sham + Lig groups (16 metabolites in negative ion mode on the top side, 20 metabolites in positive ion mode
on the bottom). The correlation effect is represented by a color gradient from blue (negative correlation) to red
(positive correlation).
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Ergothioneine exhibits a significant positive correlation with Lactobacillus and a negative correlation with
Subgroup 23 (p <0.05) (Figure S3).

Discussion

Aging is a notable risk factor for increased susceptibility to periodontal disease??. This study demonstrated
that D-gal-induced aging is accompanied by various alterations in clinical, physiological, biochemical, and
intestinal microecology parameters. Among these factors, gut microbiota and its metabolites play crucial roles
in mediating age-related changes in periodontal diseases.

Alveolar bone resorption is a significant marker for the progression of periodontitis. In this study, we found
that D-gal-induced aging exacerbates osteoclastogenesis, decreases alveolar bone height, and correlates with
increased inflammation levels and deeper periodontal pocket (Fig. 1). These findings align with previous research
indicating that both natural aging and accelerated aging mice exhibited age-related bone loss in the alveolar or
lower limb bones, characterized by irregular thinning of trabecular bone and degradation of collagen fibrils**-2°.
Additionally, in vitro studies have shown that senescence in bone marrow-derived mesenchymal stem cells
(BMSCs) impairs their proliferative capacity and paracrine function, leading to bone loss and osteoporosis?’.

The administration of D-gal is a well-established method for effectively simulating the natural aging, and is
commonly used to induce age-related changes across various systems, including locomotor, nervous, digestive,
and cardiovascular systems®®-32 In this study, D-gal-treated mice exhibited a gradual deceleration in body
weight growth with accelerated aging, whereas weight gain was significantly greater in periodontally healthy,
senescent mice compared to those with periodontitis. D-gal-induced aging also led to elevated levels of pro-
inflammatory cytokines, such as IL-6 and TNF-a (Fig. 2), creating an imbalance between anti-inflammatory and
pro-inflammatory factors that exacerbates the aging process. Furthermore, aging resulted in damage to immune
organs, compromising their infection-fighting capabilities®>. Our findings also indicate elevated oxidative stress
in the aging mice, as evidenced by decreased SOD activity and increased MDA levels (Fig. 2). Oxidative stress
inhibits bone formation and promotes bone resorption by affecting osteocyte signal pathways®. Increased
osteoclast activity in osteoporosis is linked to elevated ROS production, with MDA serving as a reliable indicator
for osteoclast activities’>, while SOD helps mitigate oxidative damage and counteracts ROS-mediated bone
resorption®. Additionally, aging has been found to increase intestinal permeability*’. The junction proteins
Z0-1 and occludin are crucial to maintaining intestinal barrier function, and our results reaffirm the association
between reduced levels of these proteins and age-related intestinal barrier (Fig. 3)°%%.

To investigate the impact of gut microbiota in D-gal-induced aging process, the D +Lig, sham + Lig, and
D+ Ph groups were selected to analyze intestinal flora using 16S rRNA sequencing. Our results demonstrated
that aging not only exacerbates the phenotype of periodontitis but also affects the intestinal microenvironment.
Interestingly, there were no significant differences in the alpha diversity of intestinal flora among the groups.
This may be attributed to the fact that periodontitis can interfere with saliva and gut microbiota?®, and the
ambiguous relationship between D-gal-induced aging and gut microbiota diversity*!~*. Based on LEfSe result,
we identified Bacteroides, Levilactobacillus, and Escherichia-Shigella as genus-level biomarkers for age-related
periodontitis mice, while Actinobacteria was identified as a phylum-level biomarker (Fig. 4). Additionally,
Actinobacteria and Verrucomicrobiota were found to be phylum-level biomarkers distinguishing the D + Lig
and D+ Ph groups (Figure S1). Actinobacteria has been suggested as a marker of aging, with its abundance
increasing in the intestinal bacteria of elderly individuals compared to younger mice?”1%%7, and its metabolites,
which are involved in carbohydrate metabolism, may contribute to modifying cognitive functions, including
Alzheimer’s disease through the gut-brain axis*®. Escherichia-Shigella produces metabolites such as propionate
ester, which stimulate the formation of osteoclasts, impede the proliferation of osteoblasts, and hinder bone
growth®. Furthermore, Bacteroides was found to be significantly enriched in the gut of aging mice and older
adults following weight loss**. Bacteroides and Levilactobacillus belong to Bacteroidetes and Firmicutes,
respectively, produce propionic acid, which inhibits hepatic gluconeogenesis and cholesterol synthesis®'. Our
MetaStat analysis also revealed an increase in seven phylum-level bacteria associated with aging. Among
these, Fusobacteriota, including the genus Fusobacterium, and Synergistota, were found to be enriched in the
subgingiva of periodontitis®»3. This enrichment of oral microbiota in the gut may be attributed to age-related
impairment of gut barrier structure and functiong, allowing for the colonization of oral microbiota through
ingestion. At the genus level, aging significantly altered 46 species of gut microbiota, of which 43.48% belonged
to Firmicutes and 6.52% to Bacteroidetes (Table S1). Firmicutes and Bacteroidetes make up about 90% of the
intestinal flora> and play pivotal roles in regulating the expression of osteoclast genes®>. The F/B ratio changes
across different life stages, with low, high and low ratios observed in infants, adults, and the elderly, respectivelySG.
In our study, the F/B ratio decreased in the D + Lig group, showing a similar tendency*®*+>7. Moreover, the F/B
ratio impacts the synthesis of short-chain fatty acids (SCFAs), such as formate, acetate, propionate, butyrate, and
others, which play diverse biological roles®. For instance, butyrate and propionate have been shown to exert
anti-inflammatory effects in periodontitis by inhibiting the expression of inflammation-related factor®>®°. Gut
microbes exert their influence on the physiological status of the elderly through various biomolecules, nutrient
signaling, and epigenetic mechanisms®!. These findings may explain the observed changes in the D + Lig mice
in our study (Fig. 5).

To further explore the microbe-host interaction mechanisms affecting periodontitis in D-gal-induced
aging, we conducted fecal metabolome analysis. Our findings indicated that the most prominent differential
metabolites in D-gal-induced aging model were lipids and lipid-like molecules, including fatty acyls,
glycerophospholipids, prenol lipids, steroids and steroid derivatives. These compounds are crucial not only
as structural components of cells and energy sources but also in regulating inflammatory responses, cellular
senescence, and metabolic disorders®2. Aging-induced abnormalities in lipid metabolism elevate the risk of bone
disease, potentially due to mitochondrial dysfunction, oxidative stress, osteocyte apoptosis, autophagy disorder,
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and hormone level modulation associated with lipid molecules®3-%>. Moreover, disrupted lipid metabolism is

prevalent in periodontitis, where inflammatory response mediated by this aberrant metabolism contribute to
the severity of periodontal disease®®®’. Furthermore, we identified second significant changes in the synthesis
and metabolism of amino acid, specifically histidine, arginine, and tyrosine (Fig. 6). Aging results in a decline
in systemic metabolic efficiency and abnormal amino acid metabolism, leading to elevated homocysteine (Hcy)
level, which is positively correlated with alveolar bone destruction®®®. Histamine, essential for regulating
inflammation, immunity and digestion, can aggravate periodontal inflammation and ABL through the NLRP3/
Caspase-1 pathway when deficient’’. Additionally, arginine, an essential amino acid, is converted to citrulline
via the NADPH pathway, facilitating nitric oxide (NO) synthesis. However, excessively high NO can be
cytotoxic to alveolar bone’’. Previous studies have linked D-gal-induced aging to disturbances in glucose and
lipid metabolism, oxidative damage, accumulation of advanced glycation end products, apoptosis, and insulin
resistance, with glucose and lipid metabolism disorder being particular significant’>’. Metabolomic analysis
based on plasma and liver have shown that naturally aged mice exhibit metabolic alterations primarily in amino
acid and fat metabolism, affecting various differential pathways including signal transduction, immune system,
amino acid metabolism, carbohydrate metabolism, lipid metabolism, cancer, cell growth and death’”>. The
findings are consistent with our current study and suggest that D-gal administration does not significantly
interfere with the basal metabolism of mice and reflects some of the metabolic profile changes associated with

aging.

Conclusion

This study investigated the impact of D-gal-induced senescence on periodontal symptoms and the intestinal
microenvironment. The findings suggest that aging exacerbates the degeneration of periodontal supporting
tissues, intensifies inflammation, and reduces immune function. Furthermore, aging alters the composition
and structure of gut microbiota, resulting in a reduced F/B ratio. Specifically, Bacteroides, Levilactobacillus,
and Escherichia-Shigella are identified as genus-level biomarkers of aging-periodontitis mice. Additionally,
aging induces lipid metabolic disorders in mice with periodontitis, potentially through rheumatoid arthritis
and histidine metabolism pathways. However, the present study is subject to certain limitations, including the
absence of natural aging mice as controls and the lack of validation of the upstream and downstream signals
associated with the identified pathways. Future research should incorporate natural aging models to gain a more
comprehensive understanding of the dynamic changes occurring in alveolar bone during the aging process.

Methods

Experimental animals and grouping

Thirty-two male C57BL/6 J specific pathogen-free (SPF) mice, aged 8 weeks and weighing between 18-20 g,
were obtained from Hunan SJA Laboratory Animal Co., Ltd, Chang Sha, China. The mice were subject to the
experiment after undergoing an acclimatization period. The study was approved by the Institutional Animal
Management Committee of Zunyi Medical University (Identification Code: ZYLS [2021]1-046) and conducted
following national and institutional regulations on animal experimentation.

After adaptive feeding, the 32 mice were divided into four groups. They are designated respectively as sham + Ph
(sham + periodontal health) group, D 4+ Ph (D-gal + periodontal health) group, D + Lig (D-gal + ligation) group,
and sham + Lig (sham +ligation) group. Group D+ Lig and D +Ph were received subcutaneous injections of
10% D-gal (Solarbio, China) solution at a dose of 500 mg/kg from day 0 to the 10th week. Group sham +Ph and
sham + Lig were subcutaneously injected with an isodose phosphate-buffered saline (PBS) solution as a control.
After 2 weeks of D-gal or PBS injection, the mice were anesthetized with 0.3% pentobarbital sodium at a dose
of 0.1~0.2 ml/10 g prior to undergoing periodontal surgery. Both D+ Lig and sham 4+ Lig groups underwent
ligation with 5-0 silk thread at the neck of the bilateral maxillary second molars to induce experimental
periodontitis. The ligature was inspected every 2 days to ensure the integrity of the periodontium and replaced
promptly if it fell off.

Collection of experimental samples

The body weight of mice was recorded weekly throughout the study. At the end of the study, the mice were
administered 0.3% pentobarbital sodium at a dose of 0.1 ~0.2 ml/10 g, and euthanized by spinal cord dislocation
method. Samples began to collect 12 h after the last subcutaneous injection of D-gal. Fecal samples were
collected by natural collection and stimulated defecation, and then rapidly frozen by liquid nitrogen and stored
at -80 °C until further detection. Blood samples were collected from eyeballs under anesthesia, then centrifuged
at 3000 rpm and 4 °C for 10 min to obtain serum, which was subsequently stored at — 80°C for further use. After
blood collection, the mice were euthanized. Maxillary tissue blocks were taken from one side of the mice and
fixed with 4% paraformaldehyde for 48 h. These tissue blocks were then decalcified in a 10% EDTA solution
until pins could be inserted into the bone tissue without resistance. Once decalcification was complete, the
tissue blocks were embedded in paraffin for further analysis. The alveolar bone on the opposite side was cleared
of soft tissue, immersed in 3% hydrogen peroxide overnight, cleansed with 97% alcohol, and subsequently
stained using a 0.1% methylene blue solution. Additionally, the heart, liver, and ileum tissues were fixed in 4%
paraformaldehyde for 48 h, followed by dehydration and embedded in paraffin.

Thymus and spleen indices
The body weight of mice was measured before sacrifice. Spleen and thymus tissues were dissected intact, and
washed with precooled PBS, and the surface fluid was blotted dry with absorbent paper and then weighed.
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Oxidative stress and inflammatory factors detection

Biochemical kits (Nanjing Jiancheng, China) were used to measure serum SOD and MDA activities, while
Enzyme-Linked Immunosorbent Assay (ELISA) kits (Jianglai, China) were utilized to measure serum IL-6 and
TNF-a levels. The experimental procedures strictly followed the instructions provided by the kit manufacturers.

Histological analysis
The pathological changes in periodontal tissues, heart, and liver were observed through hematoxylin-eosin (HE)
staining, finally examined under light microscopy at 100X, 200 X or 400 X depending on the specific tissues.

Immunohistochemistry staining was employed to detect the expression of tight junction proteins of ileum
sections, including occludin and ZO-1. The integrated optical density (IOD) value of the ileum tissues using
Image Pro Plus software. After calibration, the IOD value was normalized by the measured area to represent
protein expression levels. This process was repeated three times to obtain an average value.

Methylene blue staining was conducted on the maxillary molar area, and the alveolar bone was fixed and
examined under a stereoscopic microscope. The linear ABL was determined by measuring the distance from the
cemento-enamel junction to the apex of the alveolar bone at six specific sites around the second molar: mesio-
buccal, buccal, disto-buccal, mesio-palatal, palatal and disto-palatal. These measurements at the six sites were
then averaged to obtain the ABL value of the second molar.

Osteoclasts in the region of the second molar were stained using a tartrate-resistant acid phosphatase (TRAP)
staining kit (Solarbio, China). Subsequently, the periodontal region of the maxillary second molar was examined,
and six randomly selected non-overlapping fields were used for counting TRAP-positive multinucleated cells.
Specifically, large multinucleated TRAP-positive cells located near the bone surface within bone lacunae were
enumerated.

16S rRNA sequencing and analysis

The magnetic bead method was employed for the extraction of total fecal DNA, which served as a template for
V4 region sequencing (Tiangen Biotech, China). Bac library construction and computerized data processing
were carried out using the Illumina NovaSeq6000 sequencing platform (Beijing, China). And FLASH 1.2.7
was utilized for quality control of raw sequencing data. OTUs were selected through 97% consensus clustering
with the Uparse algorithm (V7.0.1), and OTU sequences with the highest frequency of occurrence were chosen
as representative sequences. Then the sequences were annotated by Mothur and SSUrRNA databases from
SILVA138.

To analyze differences in alpha diversity between groups, Shannon, Simpson and Chaol indices were
calculated using Qiime V1.9.1. Bray Curtis distance was computed to determine beta diversity, which was
further analyzed through PCoA and ANOSIM analysis. For analysis at the phylum level, a heatmap of the top
30 absolute abundance bacteria based on relative abundance was generated using the Heatmap package of R.
Biomarkers were employed utilizing LEfSe, with an linear discriminant analysis (LDA) score> 2.5 and p <0.05
considered statistically significant. Significant bacterial colonies at both phylum and genus levels were analyzed
by applying the Metastats method with p <0.05. Furthermore, Pearson correlation analysis explored potential
relationships between dominant genera and physiological indicators. Data visualization was conducted using
R4.2.1.

Untargeted metabolomic analysis
100 mg fecal samples were mixed with a precooled 500 pl 80% aqueous methanol solution and vigorously
vortexed. The mixture was then placed in an ice bath for 5 min and centrifuged at 15,000 g and 4 ‘C for 20 min.
The resulting supernatant was then mixed with mass LC-MS-grade water to achieve a methanol concentration
of 53%, and another round of centrifugation for 20 min, then collect supernatant for LC-MS/MS analysis.
An equal volume of feces from each sample was combined to create Quality control (QC) sample. The fecal
samples were replaced with a solution containing a methanol concentration of 53% as a blank sample. LC-MS/
MS analysis was conducted by Novogene Co., Ltd. (Beijing, China). Ultimately, the metabolites were quantified.
The software metaX was utilized for data transformation and conducting PCoA and PLS-DA to investigate
changes in metabolic profiles among different groups. The t-test was employed to calculate the p-value between
the two groups of metabolites. Metabolites with variable importance in projection (VIP) > 1.0, p-value <0.05,
and |log,Fold Change|>0.263 were considered as criteria for screening differential metabolites. A volcano plot
illustrating differential metabolites was generated using three parameters: the VIP value, log,(Fold Change),
and -log, (p-value). Heatmaps depicting differential metabolites were used Heatmap package of R. The KEGG
database, the HMDB database, along with the LIPIDMaps database were utilized for annotating these differential
metabolites. The KEGG database was also used to study the functions and metabolic pathways of metabolites.
Notably, significant enrichment of this pathway was observed at a significance level of 0.05. The top differential
metabolites in both positive and negative ion modes were selected alongside the top differential bacterial genera
for further analysis. The Pearson correlation coefficient was calculated by corrplot in R4.2.1.

Statistical analysis

The data were analyzed using Statistical Product and Service Solutions (SPSS, International Business Machine
Inc, USA) 29.0, and all quantitative data were presented as mean + standard deviation (SD). T-test was employed
for comparing two groups with measurement data conforming to normal distribution and homogeneity of
variance, while one-way ANOVA was used for comparing multiple groups. Non-parametric tests were utilized
for non-normally distributed data. A two-tailed p <0.05 was considered statistically significant.
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