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Simple Summary

Periodontitis is a chronic disease caused by an imbalance in oral bacteria. We previously
found that hepatocyte growth factor (HGF) can protect against early-stage disease but
worsen it later. In this study, we examined how HGF affects bacteria attached to ligatures
placed around teeth in mice with periodontitis. We compared normal mice and mice
with high HGF levels, analyzing bacterial composition, inflammatory markers, and bone
metabolism indicators at different disease stages. HGF significantly changed bacterial
diversity and composition over time. Some bacteria, like Lactobacillus, showed opposite
patterns in early and late stages, matching the different effects of HGF. Certain bacteria
were linked to inflammation and bone loss, and predicted inflammatory pathways varied
with disease stage. These findings suggest HGF shapes bacterial communities in ways that
may explain its stage-dependent impact on periodontitis.

Abstract

Background: Periodontitis is a chronic disease triggered by disturbed oral microbiota. We
have previously reported that hepatocyte growth factor (HGF) could mitigate early-stage
experimental periodontitis but exacerbate the condition in its late stage. Here, we investi-
gated the impact of HGF on the periodontal microbiome during periodontitis progression.
Methods: We established ligation-induced periodontitis in wild-type (WT) mice and HGF
high-expression transgenic (HGF-Tg) mice. We quantified the levels of IL-6 and TNF-«
in periodontal tissues, as well as the serum concentrations of CTXI and PINP. Ligatures
were collected on days 0, 7, and 28 after ligation for 165 rRNA sequencing and microbial
analysis. Results: HGF significantly altered the diversity of ligatures during periodontitis.
Interestingly, specific microbial genera, such as Lactobacillus, exhibited opposing trends
between the two disease stages of HGF-Tg mice, aligning with the different effects of
HGEF on periodontitis progression. We also identified some taxa, such as Sphingomonas,
associated with IL-6, TNF-«, CTXI, and PINP. The predicted inflammatory pathways (e.g.,
IL-17 signaling pathways) were enriched in HGF-Tg mice on day 28 but decreased on day
7. Conclusions: HGF exerted different influences on the microbiota of ligatures during
early and late stages of periodontitis, which may account for the divergent effects of HGF
on periodontitis progression.
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1. Introduction

Periodontitis is a chronic inflammatory disease characterized by the progressive degra-
dation of periodontal tissues [1]. It is widely accepted that periodontitis is instigated by
oral microbial dysbiosis, characterized by distinct alterations in microbial structure, compo-
sition, and metabolic activities [2,3]. Specific pathogens and their virulence factors have
been shown to promote the progression of periodontitis [4-6]. Clinical evidence and animal
experiments have also revealed that targeting microbial imbalances can be an effective
treatment for periodontitis [7-9]. Although the contribution of periodontitis-associated
species cannot be ignored, the comprehensive interaction between the entire microbial
community and the host response may play a more important role in the progression of
periodontitis [2]. On the one hand, dysbiosis of the periodontal microbiome drives both
local and systemic host responses that exacerbate inflammation and tissue degradation [10].
On the other hand, the specific oral microenvironment and host responses, influenced by
the microbial community, may further create conditions conducive to the proliferation
of periodontitis-associated pathogens and microbial imbalance [11,12]. Active manage-
ment of inflammation led to the natural elimination of periodontal pathogens without the
need for mechanical or antimicrobial treatments [13]. Overall, susceptibility to periodon-
titis and subsequent tissue damage is influenced by the interplay between bacteria and
host response [2].

Multiple cytokines, such as human growth factors, have been reported to be in-
volved in the interaction between the host response and microbiome alteration during
periodontitis [14]. Current research has also highlighted hepatocyte growth factor (HGE),
a pleiotropic cytokine, responsible for inflammatory and immune responses in various
diseases [15]. Elevated levels of HGF in oral rinse and gingival cervical fluids (GCFs)
were associated with the severity of periodontitis [16]. A recent study also demonstrated
a negative correlation between serum HGF levels and the abundance of Firmicutes in gut
microbiota [17]. However, direct mechanistic evidence from genetically modified models,
such as HGF overexpression or knockout mice, remains lacking, and no prior research has
specifically explored the role of HGF in shaping the oral microbiota.

Our preliminary findings revealed that HGF played a protective role in the early stage
of experimental periodontitis but exacerbated the bone destruction and inflammation in the
late phase [18]. Based on these observations, we hypothesize that HGF exerts stage-specific
effects on periodontitis, which are associated with distinct changes in microbiota at different
stages. This study aims to elucidate the impact of HGF on the microbiota of ligatures using
ligature-induced periodontitis in wild-type (WT) and HGF high-expression transgenic
(HGF-Tg) mice.

2. Materials and Methods
2.1. Animals

Twelve wild-type (WT) C57BL/6 (control, C) and twelve HGF high-expression trans-
genic (HGF-Tg, H) male mice aged 6 weeks were used in this study. Wild-type mice
were purchased from Guangdong Experimental Animal Center (Guangzhou, China). The
creation and genotyping of HGF-Tg mice were conducted in accordance with protocols
previously established [18,19]. In brief, these mice exhibit elevated HGF expression in oral
tissues [18]. The mice were housed under standardized conditions of humidity (50-60%)
and temperature (20-24 °C) with a 12/12 h light/dark cycle. The Guangdong Huawei
Testing Co., Ltd.’s (Guangzhou, China) Animal Research Ethics Committee approved all
animal care and experimental protocols (Approval No. HWT-BG-117).
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2.2. Ligature-Induced Periodontitis (LIP) Model

A ligature-induced periodontitis model was established by placing a 5-0 silk around
the right maxillary second molar, following established procedures [18]. The mice were
randomly divided into six groups: WT mice ligated for 0 days (C0); WT mice ligated for 7
days (C7); WT mice ligated for 28 days (C28); HGF-Tg mice ligated for 0 days (H0); HGF-Tg
mice ligated for 7 days (H7); HGF-Tg mice ligated for 28 days (H28). Ligation for 7 days
was classified as the early stage of periodontitis, and ligation for 28 days was defined as the
late stage of periodontitis [20]. Ligatures were collected and stored at —80 °C under sterile
conditions for use as previously described [10]. The periodontal tissues surrounding the
teeth affected by periodontitis and the serum were collected and stored at —80 °C.

2.3. Protein Expression Analysis by ELISA

Interleukin-6 (IL-6) and tumor necrosis factor-oc (TNF-«) levels in periodontal tissue
around the teeth were assessed using mouse ELISA Kits following the manufacturer’s
instructions (Cusabio, Wuhan, China). The levels of C-telopeptide of type I collagen (CTXI)
and procollagen I N-terminal pro-peptide (PINP) in serum were determined using mouse
ELISA Kits in accordance with the manufacturer’s guidelines (Elabscience, Wuhan, China).
These measurements have been previously reported [18], and the data were used here to
examine correlations with the oral microbiota composition.

2.4. 16S rRNA Sequencing, Bioinformatic, and Statistical Analysis

Following the sample collection of ligatures, DNA extraction was performed using
E.ZN.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA), with subsequent quantifi-
cation of DNA concentration and assessment of purity. PCR amplification of the V3-V4
regions of the 165 rRNA gene was then carried out using the previous primers on an ABI
GeneAmp® 9700 PCR thermocycler (ABI, Vernon, CA, USA), with optimization of PCR con-
ditions for specificity and yield [21]. After library preparation, sequencing was performed
on the [llumina MiSeq PE300 platform (Illumina, San Diego, CA, USA) using standard
protocols provided by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Bioinformatic microbiome of ligatures was analyzed on the Majorbio Cloud platform
(http:/ /cloud.majorbio.com, accessed on 20 February 2025) [22]. Data analysis encom-
passed quality control and trimming of raw reads, as well as classification of operational
taxonomic units (OTUs) with a 97% sequence similarity level [23]. Subsequent to rarefac-
tion, a-diversity indices were measured by Mothur v1.30.1, and -diversity was visualized
by principal coordinate analysis (PCoA) plots based on Bray—Curtis dissimilarity [24]. The
linear discriminant analysis effect size (LEfSe) was employed to determine the significant
taxa of bacteria among the different groups, with linear discriminant analysis (LDA) score
>3 and p < 0.05 [25]. Redundancy analysis (RDA) was applied to identify the relationship
between clinical parameters and oral microbiota [26]. Spearman correlations were also
conducted to delineate the relationship between taxa and environmental indices. PICRUSt2
analysis and STAMP software (version 2.1.0) facilitated the prediction and verification of
distinct microbial pathways [27,28].

Statistical analyses were conducted using GraphPad Prism version 8.0 or R software
(version 4.2.2). The Gaussian distribution of the data was evaluated with the Shapiro-Wilk
test, while Levene’s test was used to assess the homogeneity of variances. Multigroup
comparisons were performed using one-way ANOVA for normally distributed data and the
Kruskal-Wallis test for non-normally distributed data. Depending on the data distribution,
we employed either Student’s t-test or the Wilcoxon rank-sum test. p-values were adjusted
using the Benjamini-Hochberg method. Results were expressed as the mean =+ standard
deviation (SD), with a p-value of less than 0.05 considered statistically significant.
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3. Results
3.1. HGF Altered LIP Microbial Diversity During Periodontitis Development

In both WT and HGF-Tg mice, a-diversity significantly decreased on days 7 and 28
compared to day O (p < 0.01), indicating a reduction in microbial diversity as periodontitis
developed (Figure 1A). On days 0 and 7, the x-diversity was not different between the
WT and HGF-Tg mice. However, HGF-Tg mice presented statistically higher x-diversity
compared with WT mice on day 28 (p < 0.05) (Figure 1A). Differences between the LIP
microbial construction of groups were analyzed by PCoA (p3-diversity) and cluster analysis.
Generally, the ligature microbial community of LIP groups on different time points tended
to cluster separately at the genus level when compared with the controls (Figure 1B,F). It
was also worth noting that the H7 group exhibited distinct segregation from other LIP
groups according to the PCoA plot (Figure 1B). At baseline, the microbial compositions in
ligature sites from HGF-Tg and WT mice were similar (p > 0.05) (Figure 1C). Significant
differences in ligature microbiota were observed between HGF-Tg and WT mice on day 7
(Figure 1D), as well as between the two groups on day 28 (p < 0.05) (Figure 1E).
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Figure 1. (A) Assessment of ligature microbiota a-diversity among WT mice (control, C) on day 0
(C0), day 7 (C7), and day 28 (C28) together with HGF-Tg mice (H) on day 0 (HO), day 7 (H7), and day
28 (H28). (B-E) Principal coordinate analysis (PCoA) plots illustrating the genus-level distribution,
utilizing Bray—Curtis distance metrics. (F) Cluster analysis of all samples across six groups. *, p < 0.05;
**, p <0.01; ***, p <0.001.
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3.2. HGF Contributed to Community Shifts in LIP During Periodontitis Progression

A stacked bar chart illustrated the difference in dominant taxa among all groups at
the phylum and genus levels (Figure 2A,B). H7 group showed distinctly different com-
position compared with C7, C28, and H28 groups at the genus level (Figure 2B). The
LEfSe analysis further revealed alterations in the oral microbiota of WT and HGF-Tg mice
with periodontitis compared with controls (Figure 2C,D). On day 7, the proportions of
class_Gammaproteobacteria and genus_Streptococcus were elevated in both WT and HGF-Tg
mice. On day 28, an increased enrichment of order_Bacillales was observed in both WT
and HGF-Tg mice (Figure 2C,D). The above results indicated a partially similar pattern in
microbial shift during periodontitis progression in both WT and HGF-Tg mice.
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Figure 2. The relative abundance of microbiota in ligature sites at the phylum level (A) and genus
level (B). (C,D) LEfSe analysis identified taxa with differential abundance, characterized by an LDA
score exceeding 3.0 and a significance threshold of p < 0.05.

Then, we further demonstrated microbial taxa alteration between WT and HGF-Tg mice
at different ligation time points. On day 0, phylum_Campilobacterota, genus_Bradyrhizobium,
and genus_Helicobacter were more abundant in WT mice, while genus_Alistipes and
family_Desulfovibrionaceae displayed a higher proportion in HGF-Tg mice (p < 0.05)
(Figure 3A,B). On day 7, we found the abundance of phylum_Actinobacteriota, genus_Klebsiella,
genus_Lactobacillus, genus_Escherichia-Shigella, genus_Enterococcus, and genus_Coriobacteri-
aceae_UCG-002 were elevated, and genus_Rodentibacter, genus_Veillonella, genus_Gemella
together with genus_Bergeyella exhibited lower prevalence in HGF-Tg mice (p < 0.05)
(Figure 3C,E). On day 28, phylum_Campilobacterota, genus_Bergeyella, and genus_Blautia
accounted for a higher proportion in HGF-Tg mice, contrasting with the enrichment
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of genus_Veillonella, genus_Parabacteroides, and genus_Bacteroides in WT mice (p < 0.05)
(Figure 3D,F).

Wilcoxon rank-sum test bar plot on Phylum level

B

Wilcoxon rank-sum test bar plot on Genus level

297 Comience el Moo 95% confidence intervals o
WHo =c
HO
'
¥
Alistipes ——i © 00204
'
L]
2 Bradyrhizobium —e * 0.02107
Campilobacterota |—o-| - 003038 2 [} °
& [ I
' H
Helicobacter ) .+ 003038
'
'
norank_f__Desulfovibrionaceae * .+ 002652
0 0,005 001 00150 001 002 003 004 '
Proportions(%) Difference between proportions(%) 0 01 02 03 04 05-12 -080-0.40 0 0.20.40.60.8
Proportions(%) Difference between proportions(%)
Wilcoxon rank-sum test bar plot on Phylum Ie\(el D Wilcoxon rank-sum test bar plot on Phylum level
95% confidence intervals mcr 959 corfidance inforvaia -
T c28
‘ : W5
L} L]
L} L]
1 '
' ]
Actinobacteriota —e, + 003038 &
. L]
' ¥ )
' 2 campiobacterota I—o—l. . 002652 g
1 g M 5
. L]
' ]
unclassified_k__norank_d__Bacteria H: + 003038 ]
'
' '
[
L ] 0.005 0.01 0.015-0.04 -0.02 0 0.02 0.04
5 Y3 T 7 e P Proportions(%) Difference between proportions(%)
/o) Difference between o)
Wilcoxon rank-sum test bar plot on Genus level Wilcoxon rank-sum test bar plot on Genus level
| [
95% confidence intervals 7 95% confidence intervals Mczs
E F W2
L] L}
Kiebsiella —_—— . « 002107 Veillonella i —e— . 003038
' '
Rodentibacter 5 ® . ooes2 Escherichia-Shigella -, + 002652
'
Veillonella . —— . ooes2 Bergeyella 4 + 003038
Lactobacillus - : « 003038 Blautia ‘. * 002652
Escherichia-Shigella » : . 0.02107 Anaerostipes |y ‘I +0.03038
Enterococcus ., + 003038 Parabacteroides H + 002652
Erysipelatociostridium o . 00204 Rhodococous O + 003038
Gemella :o + 003038 Bacteroides : + 002652
Proteus é « 002652 Lactohacilus Q 003038
] 1
Robinsoniella 4 « 002107 Parasdtisrela L4 002107
" I
Coriobacteriaceae_UCG-002 é . oojoasg  Coriobacteriaceas UCG-002 L4 002107
1 3
[ . . ooges  Unclassificd_o_Lactobaililes [) + 00204
1 .
Bergeyella ® P Bifidobacterium [} + 002107
]
unclassified_f_Enterobacteriaceae ° .+ 002107 norank_f_Muribaculaceae + + 003038
]
Allobaculum ° « 002107 I ¢ & 002107
T T T T 2
10 20 30 40 50-10-50 5 101520253035404550
0 10 20 30 40 50-50-40-30-20-10 0 10 20 30 40 " 3 .
2 i Proportions(% Difference between proportions(%
%) D between ) B (%) RIoH (%)
; Bifidobacterium Rodentibacter
G g_Lactobacillus 9 9- N
*
- 0.04+ - *
0.4 * * 0.5
*
* *
0.4+
0.3+ = 0.03+ 0 co
5 5 5
* ° o
£ £ 2 0.3 a c7
* -
0 0.2+ —_— © 0.024 o
2 - 2 2 0o c28
2 ] S 0.2+
a o s B2 Ho
0.1+ 0.014
0.1+ o H7
. J o = H23
0.0 T T T T T 0.00 T T 0.0 T T T T T
co C7 C28 HO H7 H28 co C7 C28 HoO H7 H28 co C7 C28 HO H7 H28

Figure 3. Comparison of proportions between the C0 and HO groups at the phylum level (A) and
genus level (B). Difference in microbial abundance between the C7 and H7 groups at the phylum
level (C) and genus level (E). The differential taxa were identified between the C28 and H28 groups
at the phylum level (D) and genus level (F). (G) The proportions of §_Lactobacillus, g_Bifidobacterium,
and g_Rodentibacter among 6 groups. *, p < 0.05.

Notably, changes in certain flora, including genus_Lactobacillus, showed contrasting
trends during the two disease periods of HGF-Tg mice, consistent with the different
effects of HGF on periodontitis progression. Moreover, the abundance of the probiotic
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genus_Bifidobacterium was diminished in the H28 group compared with the C28 group.
Concurrently, the proportion of pro-inflammatory genus_Rodentibacter in the C7, C28, and
H28 groups was richer than the C0, HO, and H7 groups (Figure 3G).

3.3. Identification of LIP Microbiota Correlated with Inflammation and Bone Metabolism

Typically, IL-6 and TNF-« were positively associated with bone destruction and in-
flammation of periodontitis; blood CTXI and PINP serve as markers of bone resorption and
bone formation, respectively [20,29]. We previously found that HGF significantly decreased
the levels of IL-6, TNF-«, and CTXI on day 7 but increased these indicators on day 28, and
PINP showed no significant difference between WT and HGF-Tg mice [18]. Therefore,
we examined the correlation between microbial community structure and these indices of
laboratory tests. The Mantel test heatmap demonstrated IL-6 and TNF-« were positively
associated with the community distance matrix (Figure 4A). RDA (Figure 4B, Table 1)
revealed that IL-6, TNF-o, and CTXI showed a significantly positive correlation with the
alterations in the C7, C28, and H28 groups, and a negative correlation with the microbial
distribution of the H7 group (p < 0.05). We also employed the Spearman correlation test
to investigate the association between these selected biomarkers and microbial taxa at
the genus level. Sphingomonas, Clostridium-innocuum-group, Aquabacterium, Enterobacterales,
Rhodococcus, Staphylococcus, Bergeyella, Bacillus, Dubosiella, and Gemella were positively
associated with IL-6 and TNF-«. Conversely, Bacteroides and Coriobacteriaceae were nega-
tively correlated with IL-6 and TNF-«. Dubosiella, Bergeyella, and Gemella were positively
associated with CTXI, and Proteus were positively associated with PINP (Figure 4C).

Table 1. The RDA between oral microbiota and selected indicators.

RDA1 RDA2 R? p Value
TNF-« —0.9987 —0.0515 0.4289 0.034
IL-6 —0.9992 0.0404 0.3657 0.045
CTXI —0.8209 0.571 0.4613 0.013
PINP 0.7857 —0.6186 0.2793 0.104
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Figure 4. (A) A network heatmap generated from the Mantel test, showcasing the overarching
relationships between the microbiota composition and inflammatory as well as bone metabolic
markers. (B) RDA of microbial diversity and environmental indices. (C) Spearman correlation
between genus and environmental indices was illustrated by a heatmap. *, p < 0.05; **, p < 0.01;
#** p <0.001.

3.4. HGF Shifted Microbial Function During Periodontitis Progression

To investigate the potential effects of HGF on the microbiota biological pathways of
LIP, the abundance of functional categories was predicted using PICRUSt2 analysis. Our
prior findings indicated that HGF reduced the expression of IL-6, TNF-«, and IL-17 on
day 7, but enhanced these indices on day 28 [18]. This led us to hypothesize a connection
between these alterations and the microbiota at ligature sites. As shown in Figure 5, the
richness of inflammatory pathways, including mitogen-activated protein kinase (MAPK),
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), forkhead box O (FoxO), and
interleukin-17 (IL-17) signaling pathway, was higher in the H28 group than the C28 group.
In addition, HGF also diminished the abundance of the FoxO signaling pathway at the
early stage of periodontitis.
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Figure 5. Comparative analysis of 4 pro-inflammatory PICRUSt-predicted pathways, including
MAPK (A), PI3K-Akt (B), FoxO (C), and IL-17 (D) signaling pathways, was shown using violin plots.
*,p < 0.05; **, p < 0.01; ***, p < 0.001.

4. Discussion

In this study, we examined the ligature microbiota of HGF-Tg mice during the early
and late stages of experimental periodontitis. Our findings revealed that HGF significantly
altered microbial diversity and composition, which were linked to inflammation and bone
metabolism during periodontitis. The changes in certain bacterial taxa and predicted
inflammatory pathways showed different trends between the two stages, consistent with
the different impact of HGF on periodontitis. These results suggested that the tissue
destruction may be associated with a disease-oriented microbial shift affected by HGF.

Our study demonstrated that periodontitis reduced «-diversity in both WT and HGF-
Tg mice, and HGF elevated «-diversity in the late stage of periodontitis. Reduced diversity,
reflecting a single and unstable microbial community, was identified as a feature associated
with the loss of commensals and the accumulation of pathogens [30]. A previous study also
verified that the microbial structure was significantly shifted from control to periodontitis at
all time points according to 3-diversity [31], which was consistent with our result. Notably,
the B-diversity exhibited clear spatial segregation between WT and HGF-Tg mice. These
results suggested the distribution and composition of ligature microbiota may be partially
influenced by HGF.

Further analysis identified specific microorganisms implicated in periodontitis. We
observed that Bifidobacterium was less prevalent in the H28 group than in the C28 group.
A randomized clinical trial displayed that Bifidobacterium enhanced additional clinical,
microbiological, and immunological benefits in the treatment of periodontitis [32]. We
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also found that Lactobacillus was more or less prevalent in the C7, C28, and H28 groups
than in the controls and the H7 group, and Lactobacillus served as a prebiotic beneficial for
the treatment of periodontitis [8]. The underlying mechanisms mainly included its anti-
inflammatory responses and suppression of periodontal pathogens [33]. Rodentibater, which
participated in the development of experimental periodontitis [31], was also significantly
more abundant in the C7, C28, and H28 groups but declined in the H7 group. This may
be one of the reasons why the H7 group showed less bone damage and inflammation
compared with other LIP groups.

It has been widely recognized that inflammation and bone destruction can be in-
fluenced by microbiota [34]. Therefore, we performed a correlation analysis to identify
a specific genus linked with inflammation and bone metabolism in our study. Among
them, the periodontitis-associated genus Rodentibater was positively correlated with TNF-oc
but inversely associated with PINP, further indicating that Rodentibater may be involved
in inflammation and bone metabolism during periodontitis. Moreover, Sphingomonas,
another microorganism positively associated with IL-6 and TNF-« in our study, was identi-
fied as more abundant in the gut of patients with colitis-associated cancer [35] and in an
inflammation-associated animal model [36]. Sphingomonas paucimobilis (a species belonging
to Sphingomonas) was the most frequently isolated subgingival non-oral Gram-negative
bacterium from periodontitis [9]. We observed IL-6 and TNF-« were also positively re-
lated to Clostridium-innocuum-group, which was classified as a risk factor for hypertension,
with IL-1R2 (an inflammation-associated receptor) being identified as a significant medi-
ator [37]. The above evidence suggests that Sphingomonas and the Clostridium-innocuum
group might participate in the inflammation of periodontitis. On the contrary, Bacteroides
might exert an anti-inflammatory effect according to our analysis. Bacteroides is widely
known as a dominant butyrate-producing bacterium in the intestine, and butyrate plays an
anti-inflammatory role in periodontitis [38]. However, Bacteroides may act as an infecting or-
ganism to enhance damage to tissue [39]. Therefore, the precise causal relationship between
these taxa and periodontitis is required for more sufficient and rigorous verification.

Our previous study demonstrated that HGF decreased the expression of pro-
inflammatory cytokines IL-6, TNF-c, and IL-17 on day 7 but elevated these indices on day
28 compared with WT mice [18]. Considering oral microbial function involved in inflamma-
tion, we utilized PICRUSt2 analysis to depict the different microbial pathways modified by
HGF. Intriguingly, MAPK, PI3K-Akt, FoxO, and IL-17 signaling pathways were activated
in the H28 group but suppressed in the H7 group. It has been widely recognized that FoxO
proteins, which are modulated by the MAPK and PI3K-Akt pathways, play a crucial role in
regulating the transcription of IL-6 and TNF-« [40]. G. Calissi et al. also revealed that the
FoxO signaling pathway was involved in Th17 differentiation and IL-17 secretion [41]. IL-17
is regarded as an inducer of osteoclast differentiation via upregulating TRAF6 expression
and RANKL/OPG ratio, thus enhancing bone loss in periodontitis [42,43]. Interestingly,
our prior findings also indicated that HGF exerted divergent regulatory effects on the
IL-17/RANKL/OPG axis in different stages of periodontitis [18]. The above evidence
demonstrates that HGF may contribute to the inflammatory response and bone metabolism
at different stages of periodontitis by affecting microbial functions.

Nevertheless, this study had several limitations. We examined the ligature microbiota,
which did not fully capture the complexity of the periodontal microbiota. Although PI-
CRUSt2 provides useful insights into potential microbial functions, it relies on reference
genome annotations and does not directly measure gene expression or biological activity.
The specific mechanism by which periodontitis is altered by microbes in the presence of
HGF remains unclear. Possible explanations include indirect regulation through modu-
lation of host immune responses, epithelial barrier integrity, or inflammatory mediators,
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which in turn reshape the microbial community. Future studies integrating metatranscrip-
tomics, metabolomics, and host-microbe interaction models will be crucial to elucidate
how HGF mechanistically influences the oral microbiome.

5. Conclusions

Overall, our findings revealed stepwise shifts in the ligature-associated microbiome
during the development of periodontitis. While microbial dysbiosis was a common feature,
the influence of HGF varied according to the disease stage. Specifically, HGF appeared to
mitigate dysbiosis in the early stage but exacerbate microbial imbalance in the late stage.
These findings not only provide new insight into the complex interactions between host
factors and microbial ecology during periodontal disease progression but also suggest that
therapeutic strategies targeting HGF-microbiota interactions may need to be stage-tailored
to achieve optimal outcomes.
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The following abbreviations are used in this manuscript:

HGF Hepatocyte Growth Factor

WT Wild Type

HGF-Tg Hepatocyte Growth Factor High-Expression Transgenic
TNF-a Tumor Necrosis Factor-oc

IL-6 Interleukin-6

IL-17 Interleukin-17

LIP Ligature-induced periodontitis

CTXI C-terminal telopeptide of type I collagen

PINP N-terminal pro-peptide of type I procollagen
MAPK mitogen-activated protein kinase

PI3K/Akt  Phosphatidylinositol-3-kinase/protein kinase B
FoxO Forkhead box O

TRAF6 TNF receptor-associated factor 6
RANKL Receptor Activator of Nuclear Factor-« B Ligand
OorG Osteoclastogenesis inhibitory factor
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OTU Operational Taxonomic Units

PCoA Principal coordinate analysis

LDA Linear Discriminant Analysis

LEfSe Linear Discriminant Analysis Effect Size

PICRUSt  Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
RDA Redundancy Analysis
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