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SUMMARY

Periodontitis may aggravate the development of nonalcoholic fatty liver disease
(NAFLD); however, the precise mechanism is unknown. In this study, salivary
microbiota collected from patients with periodontitis was transferred intragastri-
cally to obese mice induced by high-fat diet. Microbiomics and metabolomics
analysis were performed to assess the influence of periodontitis salivary micro-
biota on gut microbiome and liver metabolism. Periodontitis salivary microbiota
altered gut microbiota composition and exacerbated intestinal barrier dysfunc-
tion in obese mice. Subsequently, the bacterial lipopolysaccharide transported
to liver may activate the toll-like receptor 4 signaling and cause the release of
pro-inflammatory factors. Moreover, the tryptophan-kynurenine-AhR signal
axis was upregulated in liver, which may be related to aggravated hepatic steato-
sis and glucolipid metabolism dysregulation during NAFLD development. This
study indicated that in the context of obesity, periodontitis salivary microbiota
may aggravate the pathological progression of NAFLD, in which the trypto-
phan-AhR pathway may play a key role.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is characterized by the pathologic hepatocellular accumulation of
lipids and encompasses a continuum of liver conditions ranging from nonalcoholic fatty liver to nonalco-
holic steatohepatitis, cirrhosis, and hepatocellular carcinoma.' NAFLD is believed to be related to common
diseases such as obesity, metabolic syndrome, and type 2 diabetes mellitus.” Paralleling the high preva-
lence of obesity, NAFLD has become the most frequent chronic liver disease worldwide, with a global
prevalence of approximately 25-40%.° A recent cohort study demonstrated that all histological stages
of NAFLD are associated with a higher risk of overall mortality, and this risk increases with worsening
NAFLD histology.” Given the growing burden caused by NAFLD, it is important to explore the risk factors
for its occurrence and development.

Periodontitis is a chronic inflammatory disease induced by plaque biofilms containing diverse periodontal
pathogens that lead to the destruction of tissues supporting the teeth.” Epidemiological studies have
demonstrated that periodontitis is a potential risk factor for NAFLD.® A recent investigation suggested
that higher clinical attachment loss is associated with an increased incidence of liver fibrosis in obese adults
with NAFLD.” It was also demonstrated that periodontal pathogens can aggravate the progression of
NAFLD accompanied by enhanced steatosis.® Furthermore, nonsurgical periodontal treatment can
ameliorate liver abnormalities in NAFLD patients with periodontitis.’

The mechanism connecting periodontitis with NAFLD has long been explained by the hematogenous
diffusion of periodontal bacteria and inflammatory mediators through ulcerous periodontal pocket.'” How-
ever, the precise mechanism remains unclear. Our recent studies demonstrate that periodontitis can
induce gut dysbiosis through the influx of salivary microbe, which may mediate the effects of periodontitis
on systemic diseases.''”"® There are significant differences in the composition of salivary microbiota
between periodontitis patients and healthy individuals, with an increase in the relative abundance of
Porphyromonas gingivalis, Treponema denticola, and Prevotella intermedia,'” which may enter the intes-
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Klebsiella and Enterobacter species, expand due to periodontitis and translocate to the gut, where they
trigger inflammation and aggravate colitis.'® Interestingly, mounting evidence suggests that unbalanced
gut microbiota and their metabolites impair intestinal barrier function, leading to enhanced bacterial
translocation from the gut to the body circulation, which disturbs the gut-liver axis, resulting in the progres-
sion of NAFLD."®" Thus, intestinal dysbiosis induced by swallowing oral bacteria may be a potential route
linking periodontitis and NAFLD.

Therefore, we hypothesized that periodontitis salivary microbiota may cause intestinal microbiota
disorders, which may influence the development of NAFLD. To better simulate actual clinical conditions,
we used salivary microbiota from patients with severe periodontitis as a model of mixed bacterial dysbiosis
to investigate its influence on NAFLD and possible underlying mechanisms.

RESULTS
HFD impaired intestinal barrier and altered tryptophan metabolism

HFD consumption markedly decreased the mRNA expression levels of the tight junction proteins zonula
occludens-1 (ZO-1), occludin, and claudin-1 in the colon (Figure 1A), and HFD significantly increased serum
lipopolysaccharide (LPS) concentrations (Figure 1B), indicating that the integrity of the intestinal barrier was
compromised in HFD mice.

To further study the possible mechanisms underlying the HFD-induced disruption of the intestinal barrier,
cecal contents were extracted and analyzed using liquid chromatography-mass spectrometry (LC-MS)
strategy. The principal component analysis (PCA) plot showed that HFD induced a specific metabolomic
profile of the cecal contents (Figure 1C). The top 20 enrichment pathways with significant differences be-
tween HFD and ND mice included arachidonic acid metabolism, tryptophan metabolism, and histidine
metabolism (Figure 1D). Tryptophan metabolism is closely related to intestinal barrier function. Although
the relative concentration of L-tryptophan was upregulated by the HFD, the levels of intestinal microbiota-
derived tryptophan metabolites including indolelactic acid, indole-3-acetate, 1H-indole-3-carboxalde-
hyde, indole-3-carboxylic acid, tryptophanol, and 5-methoxyindoleacetate were significantly reduced in
the HFD group (Figure 1E). These indole derivatives are ligands for aryl hydrocarbon receptor (AhR),
and the mRNA and protein expression levels of AhR in the HFD group were significantly decreased in colon
tissues (Figures 1F and 1G). Taken together, these data indicate that HFD impaired intestinal barrier and
altered tryptophan metabolism in mice.

Periodontitis salivary microbiota worsens liver dysfunction in HFD-induced obese mice

The experimental mice were fed with HFD for 8 months to induce obesity and intragastrically administered
with salivary microbiota from the patients with periodontitis or PBS for 3 weeks (Figure 2A). We observed
that HFD-fed mice showed obese symptoms as indicated by increased body weight compared to ND
group, and periodontitis salivary microbiota further aggravated HFD-induced obesity (Figure 2B). The
weight gains were mainly manifested by an increase in epididymal fat and perirenal fat weight (Figure 2C).
Additionally, a more serious lipid metabolism disorder in the P_HFD group compared to that in the HFD
group was confirmed by significantly higher levels of serum total cholesterol (TC) and low-density lipopro-
tein cholesterol (LDL-C) (Figure 2D). In terms of glucose metabolism, HFD mice exhibited elevated fasting
blood glucose (FBG) levels and increased areas under the curve of the intraperitoneal glucose tolerance
test (IGTT), which were further increased in the P_HFD group (Figures 2E-2G).

The liver, as the main organ of glucolipid metabolism, impaired liver function is another major abnormality
in obesity. Therefore, our study verified whether the periodontitis salivary microbiota affects hepatic
pathology in HFD-induced obese mice. We found that P_HFD mice exhibited higher serum alanine amino-
transferase (ALT) levels, although aspartate aminotransferase (AST) levels did not differ significantly
between P_HFD and HFD mice, confirming the existence of liver dysfunction in the P_HFD group
(Figures 2H and 2I). Interestingly, hepatic total triglyceride (TG) levels were significantly increased in the
P_HFD group (Figures 2J and 2K), further indicating hepatic lipid metabolism disorders. Periodontitis sali-
vary microbiota promoted the substantial accumulation of lipid droplets with more hepatocyte ballooning
degeneration in HE stainings and more infiltration of F4/80-positive macrophages in IHC stainings of liver
tissues compared to the HFD group (Figure 2L). According to the NAS histological system, the NAS of the
P_HFD group was 4.67 + 0.94, which was significantly higher than that of the HFD group (3 + 0.15) (Fig-
ure 2M). ORO staining revealed more red-stained lipids in the HFD group, and this number was further
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Figure 1. HFD disrupted intestinal barrier function and altered tryptophan metabolism
(A) Relative mRNA levels of tight junction proteins in colon tissues.

(B) Serum level of LPS.

(C) PCA plot on cecal contents metabolomics.

(D) Bubble diagram of the KEGG enrichment pathway analysis comparing HFD and ND groups.
(E) Relative concentrations of tryptophan metabolites-indole derivatives in cecal contents.

(

F and G) IHC stainings and relative mRNA levels of AhR in colon tissues. *p < 0.05, **p < 0.01, ***p < 0.001. AhR, aryl hydrocarbon receptor; HFD, high-fat

diet; IHC, immunohistochemical; LPS, lipopolysaccharide; ND, normal diet; PCA, principal component analysis.

increased in the P_HFD group, along with an increase in oil red-positive areas (Figure 2N). In short, the
above results indicate that periodontitis salivary microbiota worsened the dysfunction of liver, including
hepatic lipid accumulation and impaired glucolipid metabolism.
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Figure 2. Periodontitis salivary microbiota worsens liver dysfunction in HFD-induced obese mice
(A) Schematic diagram of the experiment.

(B)Body weight from 0 to 11 weeks.

(C) Liver, epididymal fat, and perirenal fat weight of mice at 11 weeks.
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Figure 2. Continued

D) Serum levels of TC, TG, LDL-C, and HDL-C.

E) Fasting blood glucose levels.

F) Curves of the intraperitoneal glucose tolerance test.

G) Areas under the curve.

H and I) Serum levels of ALT and AST.

J and K) TG and TC concentrations in the liver.

L) HE, ORO, and F4/80 IHC stainings of liver tissues.

M) NAS values.

(N) Positive area rates in ORO stainings. *p < 0.05, **p < 0.01, ***p < 0.001. ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, area
under the curve; HDL-C, high-density lipoprotein cholesterol; HE, hematoxylin and eosin; HFD, high-fat diet; IHC, immunohistochemical; LDL-C, low-density
lipoprotein cholesterol; NAS, NAFLD activity score; ORO, oil red O; TC, total cholesterol; TG, total triglyceride.
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Periodontitis salivary microbiota exacerbates intestinal barrier dysfunction and bacterial
translocation in HFD-induced obese mice

HE stainings of colon tissues showed that the arrangement of crypts tended to be disordered in the HFD
and P_HFD groups, and the morphology of some crypts was uncharacteristic (Figure 3A). Alcian blue
periodic acid Schiff (AB-PAS) stainings showed that the number of goblet cells substantially reduced in
the P_HFD group (Figures 3A and 3B). In terms of intestinal permeability, we observed that the protein
and mRNA levels of tight junction proteins were markedly reduced in the HFD and P_HFD groups; in partic-
ular, the expression of claudin-1 mMRNA was further decreased in the P_HFD group compared to that in the
HFD group (Figures 3C-3G). Moreover, the serum LPS concentration in the P_HFD group was significantly
increased (Figure 3H). Consistent with endotoxemia, the gene expression level of bacterial 16S rRNA in
liver was markedly elevated in the P_HFD group (Figure 3l), indicating that periodontitis salivary microbiota
increased the translocation of bacteria to the liver tissues in obese mice. Similarly, the relative concentra-
tions of indole derivatives and AhR mRNA expression levels tended to decrease, but the differences
between HFD and P_HFD mice were not statistically significant (Figure S1). All these results support that
periodontitis salivary microbiota promote LPS leakage into the bloodstream and bacterial translocation
to the liver due to HFD-induced disruption of intestinal barrier function.

Periodontitis salivary microbiota alters the gut microbiota composition in HFD-induced
obese mice

The gut microbiota may be a critical contributor to obesity-related diseases. We used high-throughput
sequencing of the 16S rRNA gene to investigate the effects of the periodontitis salivary microbiota on
the gut microbiome. The results showed that HFD increased the Shannon index and Chao 1 index, whereas
periodontitis salivary microbiota did not affect bacterial a-diversity (Figure S2A). The principal coordinate
analysis (PCoA) based on Bray-Curtis analysis indicated that periodontitis salivary microbiota regulated the
B-diversity of P_ND and P_HFD mice (Figure 4A). Similarly, hierarchical clustering analysis showed that the
gut bacterial composition of the four study groups was distinctly separated into four different clusters
(Figure 4B).

To further explore the specific changes in the microbiota community, the relative abundances of the top
five phyla were compared among the four groups. The relative abundance of Proteobacteria was
significantly increased in the P_ND group, whereas Firmicutes was significantly increased in the P_HFD
group (Figure S2B). Random forest analysis at the genus level and Linear discriminant analysis effect size
(LefSe) analysis at different levels were used to identify the dominant taxa enriched in the experimental
groups (Figures 4C and 4D). In the ND group, Erysipelotrichaceae, lleibacterium, Faecalibaculum, Bifido-
bacterium, and Christensenella were significantly enriched. Proteobacteria, Desulfovibrionaceae, and
Akkermansia were enriched in the P_ND group. In the HFD group, the enriched taxa included Actinobac-
teria, Coriobacteriaceae, and Roseburia. Additionally, Firmicutes, Lachnospiraceae, Clostridiales, Blautia,
Acetatifactor, and Bilophila were dominant taxa in the P_HFD group. A random forest heatmap showed
that lleibacterium and Blautia were biomarker species for the study groups (Figure S2C).

Next, we performed a statistical analysis of the relative abundance of the differential genera screened by
LefSe analysis among the four groups. In the P_HFD group, the relative abundances of Blautia,
Acetatifactor, Lachnospiraceae_FCS020 group, Bilophila, Anaerotruncus, GCA-900066575, and Escheri-
chia-Shigella were significantly increased, whereas Akkermansia, Christensenella, and lleibacterium were
almost absent (Figure 4E). Interestingly, Spearman’s correlation heatmap showed that Blautia was
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Figure 3. Periodontitis salivary microbiota exacerbates intestinal barrier dysfunction and bacterial translocation in HFD-induced obese mice
(A) HE and AB-PAS stainings of colon tissues.

(B) The goblet cells per crypt that normalized to the ND group.

(C) IF stainings of tight junction proteins in colon tissues.

(D-F) Quantification of area fractions of tight junction proteins in colon tissues.
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Figure 3. Continued
(G) Relative mRNA levels of tight junction proteins in colon tissues.
(H) Serum LPS levels.
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(1) Relative quantification of bacterial loads in liver tissues. *p < 0.05, **p < 0.01, ***p < 0.001. AB-PAS, Alcian blue periodic acid Schiff; HE, hematoxylin and

eosin; HFD, high-fat diet; IF, immunofluorescence; LPS, lipopolysaccharide.

positively correlated with the enriched taxa in the HFD group and negatively correlated with the dominant
genus taxa in the ND and P_ND groups (Figure S2D). These data provide direct evidence that periodontitis
salivary microbiota can alter the gut microbiota composition in HFD-induced obese mice.

Periodontitis salivary microbiota-induced alterations in gut microbiota and tryptophan
metabolites are associated with worse obesity-related symptoms

Next, we explored the correlation between the altered gut microbiota and obesity-related symptoms.
Spearman’s correlation analysis showed that Lachnospiraceae and unclassified Clostridiales were posi-
tively correlated with obesity-related indicators, whereas Erysipelotrichaceae and Christensenellaceae
were negatively correlated with obesity-related indicators (Figure S3 and Table S2). At the genus level,
Blautia, Acetatifactor, Lachnospiraceae_FCS020 group, and Anerotruncus enriched in the P_HFD group
were positively correlated with obesity-related indicators; however, beneficial bacteria such as lleibacte-
rium and Christensenella were negatively correlated with obesity-related indicators (Figure 5A and
Table S3). Altogether, these results indicate that the gut microbiota altered by periodontitis salivary micro-
biota may be associated with obesity-related symptoms.

Increasing evidence has shown that indole and its derivatives can enhance intestinal epithelial barrier
function and that the serum LPS concentration is an important index for assessing intestinal permeability.
To further clarify the role of the alterations in tryptophan metabolite levels, we conducted an association
network analysis of the interaction matrix, including representative genera among the four groups selected
by the LefSe analysis, indole derivatives, and serum LPS (Table S4). The results showed that LPS was located
in the center of the association network, and LPS was negatively correlated with lleibacterium, Christense-
nella, and the six indole derivatives, whereas lleibacterium and Christensenella were positively associated
with the six indole derivatives. By contrast, Blautia, Acetatifactor, Lachnospiraceae_FCS020 group, and
Anerotruncus were positively correlated with LPS, and these genera showed significant negative correla-
tions with the six indole derivatives (Figure 5B). Thus, these data reveal that alterations in gut microbiota
and tryptophan metabolites induced by HFD and periodontitis salivary microbiota play important roles
in the deterioration of intestinal barrier function and the promotion of bacterial translocation.

Periodontitis salivary microbiota upregulates the tryptophan-kynurenine-AhR axis in the liver

The metabolic profiles of the liver tissues from the four groups were measured using LC-MS. The PLS-DA
model showed that samples in the ND and P_ND groups were clearly separated, whereas the samples in
the HFD and P_HFD groups were partially clustered together (Figure S4A). However, the OPLS-DA model
demonstrated that the P_ND, ND, P_HFD, and HFD groups could be completely separated (Figures S4C
and S4D). The metabolites differentially present in the study groups were selected accordingto a VIP > 1
and p < 0.05. The clustering heatmap showed the top 50 differential metabolites based on the VIP-value
(Figure 6A). Subsequently, a KEGG pathway analysis was performed. As shown in Figure 6B, pathways
significantly enriched in the P_HFD and HFD groups included valine, leucine, and isoleucine biosynthesis;
primary bile acid biosynthesis; glycine, serine, and threonine metabolism; purine metabolism; taurine and
hypotaurine metabolism; arachidonic acid metabolism; and tryptophan metabolism. Interestingly, all of
these pathways were significantly upregulated. Additionally, the pathways significantly enriched in the
P_ND and ND groups were mainly related to amino acid metabolism (Figure S5).

To clarify the specific effects of periodontitis salivary microbiota on tryptophan metabolism in the liver, we
further analyzed the metabolites that lead to changes in tryptophan metabolic pathways. The results
showed that the ratio of L-kynurenine to L-tryptophan (Kyn/Trp) in the P_HFD group was significantly higher
than that in the HFD group, indicating that tryptophan-kynurenine was significantly upregulated in the
P_HFD group (Figures 6C-6E). According to the results of Spearman’s correlation analysis, the changes
in Kynurenine-AhR axis were positively correlated with hepatic indicators and glucolipid metabolism
(Figures 6F and S6).
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Figure 4. Periodontitis salivary microbiota alters the gut microbiota composition in HFD-induced obese mice

(A) PCoA of Bray-Curtis analysis (R = 0.898, p = 0.001, Anosim test).

(B) Hierarchical clustering analysis based on Bray-Curtis similarity.

(C) LefSe analysis indicating discriminative biomarkers of the four groups (LDA >2).

(D) Cladogram representing the distribution of biomarkers at taxonomic levels from phylum to genus levels. The sizes of nodes indicate the relative
abundance of taxa.

(E) Representative genera screened by LefSe and random forest analysis. *p < 0.05, **p < 0.01, ***p < 0.001. HFD, high-fat diet; LDA, linear discriminant
analysis; LefSe, linear discriminant analysis effect size; PcoA, principal coordinate analysis.

Indoleamine 2,3-dioxygenase 1 (IDO1) is a key enzyme in the metabolism of L-tryptophan to kynurenine. It
has been reported that oxidized LDL (oxLDL) stimulation can activate the toll-like receptor 2/4 (TLR2/4)
pathway to produce inflammatory factors and activate IDO1. This promotes the conversion of tryptophan
to kynurenine, which can activate the AhR signaling pathway leading to obesity and hepatic steatosis.'®
Therefore, we examined the mRNA expression levels of factors related to the LPS-TLR4 signaling pathway,
and the results showed that the mRNA expression levels of TLR4, interleukin (IL)-1B, IDO1, and AhR were
significantly higher in the P_HFD group (Figures 6G-6K). Moreover, IHC stainings confirmed that the
protein levels of AhR were increased in the P_HFD group (Figure 6L). These results suggest that gut
bacteria-derived LPS may activate the hepatic TLR4 signaling pathway and release the pro-inflammatory
factor IL-1B. On the other hand, IDO1-mediated tryptophan catabolism to kynurenine is promoted and
the increased kynurenine may aggravate NAFLD lesions through the AhR signaling pathway.

DISCUSSION

Increasing evidence indicates that gut dysbiosis affects various phenotypic changes and the progression of
HFD-associated diseases, including NAFLD.'? Disturbance of the oral microbiota may lead to gut dysbio-
sis, which is a possible route of oral bacterial dissemination via enteral spreading.”” Numerous oral bacteria
in saliva can enter the intestinal tract after swallowing."" In the present study, the salivary microbiota of pa-
tients with severe periodontitis was intragastrically administered to mice. We aimed to explore whether the
swallowed periodontitis salivary microbiota affects the pathological progression of NAFLD and examine
possible underlying mechanisms.

HFD can directly interact with intestinal epithelial cells or indirectly modulate intestinal immune responses
to enhance intestinal permeability.”’ In this study, ZO-1, occludin, and claudin-1, biomarkers of intestinal
tight junctions, were significantly reduced by HFD, indicating increased intestinal permeability in obese
mice. Metabolites produced by the gut microbiota are increasingly appreciated for maintaining intestinal
barrier homeostasis.”> We found that HFD altered tryptophan metabolism, consistent with previous obser-
vations.””?* Among the tryptophan metabolites, several indole derivatives were nearly depleted by HFD
including indolelactic acid, indole-3-acetate, TH-Indole-3-carboxaldehyde, indole-3-carboxylic acid,
tryptophanol, and 5-methoxyindoleacetate, which are AhR ligands. The AhR signaling, a key component
of the intestinal barrier immune response, may be closely related to the pathogenesis of NAFLD. A recent
study showed that artificial sugar intake aggravated NAFLD symptoms in mice by reducing the production
of AhR ligands.”” Additionally, AhR may be involved in the pathogenesis of metabolic syndrome.
A decrease in intestinal AhR ligands was observed in patients with metabolic syndrome and corresponding
mouse models, whereas supplementation with Lactobacillus can compensate for impaired AhR signal
transduction, thus restoring disrupted intestinal barrier function and improving metabolic disorder-related
symptoms.”® Consistently, our findings showed that the expression of AhR in HFD-induced obese mice was
significantly reduced. Overall, our data suggest that HFD may disrupt the intestinal barrier by affecting
tryptophan metabolism and downregulating the indole derivative-AhR axis.

We further explored whether the periodontitis salivary microbiota could aggravate the progression of
NAFLD. In this study, the salivary microbiota of patients with severe periodontitis was used as a model
for mixed bacterial dysbiosis. Previous animal studies have mainly focused on the effects of a single peri-
odontal pathogen on NAFLD.%?/?® However, the key pathogenic hypothesis may not fully reveal the
complexity of the pathogenesis and interactions between periodontitis and NAFLD. Consequently, a
mixed bacterial dysbiosis model related to periodontitis may provide better scientific support than a sin-
gle-species model and can better simulate actual clinical conditions.”” Interestingly, periodontitis salivary
microbiota promoted the progression of liver pathology in NAFLD mice, accompanied by aggravated dis-
orders of glucolipid metabolism. This is consistent with the latest findings that metabolic dysfunctions, such

as impaired glucose tolerance, dyslipidemia, and obesity, are associated with hepatic steatosis.””
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Figure 5. Gut microbiota and tryptophan metabolites with intestinal barrier function in HFD-induced obese mice

(A) Spearman'’s correlation between representative genera and obesity-related parameters. Significant associations with p < 0.05 and |r| > 0.7 are shown.
(B) Correlation analysis of representative genera, indole derivatives, and serum LPS. Significant associations with p < 0.05 and |r| > 0.4 are shown (Spearman’s
correlation analysis). Red lines indicate positive relationships between nodes, and green lines indicate negative correlations. The thickness of the lines
indicates the strength of the correlation. LPS, lipopolysaccharide.

The underlying mechanisms by which the periodontitis salivary microbiota affected NAFLD were further
investigated. In the present study, periodontitis salivary microbiota caused a significant decrease in the
number of goblet cells in the colons of NAFLD mice. Goblet cells are distributed on the surface of the crypt
and are vital for maintaining mucus barrier function and protecting intestinal epithelial cells from exoge-
nous substances and microorganisms.?’ The decrease in the number of goblet cells leads to a disruption
of intestinal mucosal barrier function. Additionally, although periodontitis salivary microbiota did not
significantly affect tight junction proteins in NAFLD mice, it increased LPS concentrations in the serum
and bacterial 16S rRNA gene expression levels in the liver. Systemic LPS concentration in NAFLD patients
is higher compared to controls.®” This is consistent with our results that periodontitis salivary microbiota
promoted bacterial translocation to the liver. The translocation of bacteria or bacterial products from
the gut, even in minute quantities, has been reported to severely affect Kupffer cells in the liver.**** Bac-
terial LPS and their products translocated into the liver via portal vein blood flow, which are recognized by
TLRs on hepatocytes, Kupffer cells, and hepatic stellate cells.*” The signaling ultimately activates NF-kB
and the subsequent inflammasome activation. In addition, LPS could directly damage hepatocytes and
activate Kupffer cells to produce inflammatory cytokines, followed by the waterfall effect.’® Our results
showed that microbiota-derived bacterial LPS may activate the TLR4 signaling pathway and cause the
release of pro-inflammatory factors, which may exacerbate the development of NAFLD.

To explore the specific role of gut microbes in the progression of NAFLD exacerbated by periodontitis
salivary microbiota, we performed 16S rRNA sequencing of cecal contents. On the background of
HFD-induced obesity, periodontitis salivary microbiota significantly increased the relative abundance of
Blautia, Acetatifactor, Lachnospiraceae_FCS020 group, Bilophila, Anaerotruncus, GCA-900066575, and
Escherichia-Shigella, whereas Christensenella, lleibacterium, Akkermansia, and Bifidobacterium were
nearly absent. These latter bacteria with reduced numbers have great potential as probiotics for the treat-
ment of metabolic diseases related to obesity.?” Studies have shown that the numbers of Blautia, Lachno-
spiraceae_FCS020 group, and Escherichia-Shigella were increased in the feces of patients with obesity and
NAFLD.* Additionally, Acetatifactor and Bilophila are involved in the production and transformation of
bile acids associated with intestinal functional metabolic disorders.’” Anaerotruncus is positively
correlated with levels of inflammatory factors such as LPS and IL-6.° The above studies suggest that Blau-
tia, Acetatifactor, Lachnospiraceae_FCS020 group, Bilophila, Anaerotruncus, GCA-900066575, and
Escherichia-Shigella may be the predominant species promoting the progression of NAFLD. These key
bacteria were positively correlated with NAFLD indices and LPS and negatively correlated with indole
derivatives. Overall, our data demonstrated that the periodontitis salivary microbiota leads to gut
microbiome disorders in obese mice, which are associated with increased bacterial translocation from
the gut to the liver.

Additionally, we observed that Proteobacteria, Desulfovibrionace, and Akkermansia were enriched by
periodontitis salivary microbiota on the background of an ND. Proteobacteria represent an unstable state
of the intestine,”" whereas Akkermansia often maintain intestinal homeostasis by binding to TLRs on the
intestinal epithelium or by regulating the expression of tight junction proteins.*? This suggests that, on a
healthy background, although periodontitis salivary microbiota disrupts intestinal microbiome homeosta-
sis, the intestinal microecology is still in a state of compensatory regulation, manifested by an increase in
pathogenic bacteria accompanied by a compensatory increase in beneficial bacteria.

Growing evidence has pointed to the influx of bacteria or bacterial products to the liver via the portal
system, worsening the metabolic abnormalities of NAFLD.**** The results of liver metabolomics showed
that the periodontitis salivary microbiota upregulated the hepatic tryptophan-kynurenine metabolic
pathway in obese mice, with a significant increase in the ratio of Kyn/Trp and IDO1 levels. IDO1 is a key
enzyme in the metabolism of the L-tryptophan-L-kynurenine pathway. After feeding an HFD for 26 weeks,
Ido1~/~ mice showed a significantly lower plasma Kyn/Trp ratio and less hepatic steatosis, TG deposition,
and weight gain than wild-type mice.”> Moreover, IDO1 expression and activity in fat and liver tissues,
plasma kynurenine levels, and Kyn/Trp ratios were higher in obese subjects than in non-obese controls.*

iScience 26, 106346, April 21, 2023 11



¢? CellPress iScience

2 Valine, leucine and isoleucine biosynthesis .

et Gttt | Primary;bile soid biogymfieste] ®

st o Glycine, serine and threonine metabolism- o _—

:“K-;:Bimﬂm-hmkmt 1 Purine metabolism-{ ' 'umoer

Ketolucine

- I 5 Taurine and hypotaurine metabolism o o 1

N s e Themicgenests] ® L

s ol Arachidonic acid metabolism @ o:

iy Tyrosine metabolism (@

Mo ) [ ¥

IS tydronychteers Tryptophan metabolism @

SOseavermestin 2a sglycone

Db Phophepauhene Synthesis and degradation of ketone bodies- o

coninosine

= ere Cholesterol metabolism- . P-value
— s Butanoate metabolism- ® 0.1

Docosapentaenoi acid @2n-3)

Uodeonchoicacd Olfactory transduction- . 0.100

chydrocedysone

I-IDROXYPROGESTERONE. Phototransduction- . 0.075

DAtamne .
Ry Steroid hormone biosynthesis- @ 0.050

iai Circadian entrainment-{ .
ydroxydodccanoic acid 0.025
(R)-56-Dibydrothymine. Long-term depression- o
I ————
GMP-PKG signaling pathway- .
Gap junction- o
Oxytocin signaling pathway- .
T T T T
0.04 0.08 0.12 0.16
RichFactor

o
P

]

c L-Kynurenine D L-Tryptophan E Kyn/Trp

* *kk
4x10° 25x108 _ * 40 S
> |
d 2x10%
3x10° , 0 30
1.5%108
2x10° 20
1x108+
1x10°+ g ? Y 5%107+ 10 é '
o
0 T T T T 0 ! ' ! T 0 élz T T T
ND P ND HFD P HFD ND P _ND HFD P_HFD ND P_ND HFD P_HFD
F R'=0.71 pvalue=0.00 . R*=0.63 p-value = 0.00 . =051 prvang =001 . R'=0.57pvalue=000

E W g

Liver TC

Liver TG

G TLR-4 H IL-1B

»

b
&
-

w
o
>

~
n

-

mRNA Relative expression
»
bs

mRNA Relative expression
mRNA Relative expression

14
>

ND P_ND HFD P_HFD ND P_ND HFD P_HFD ND P_ND HFD P_HFD

J IDO1 K ABR

bt *k

w

T
EE13

it
3

IS
g
°

w
n

=3

mRNA Relative expression
©
mRNA Relative expression
/2
b

o

e
>

ND P_ND HFD P_HFD ND P.ND HED P_HFD

12 iScience 26, 106346, April 21, 2023



iScience ¢? CellPress
OPEN ACCESS

Figure 6. Periodontitis salivary microbiota stimulates the tryptophan-kynurenine-AhR axis in the liver
A) Heatmap of the top 50 differential metabolites in VIP-value between P_HFD and HFD groups.
B) KEGG pathway analysis of the top 20 enriched metabolic pathways in the P_HFD and HFD groups.

F) Spearman’s correlation analysis between Kyn/Trp and liver TG, TC, serum ALT, AST.

G-K) Relative mRNA levels of TLR4, IL-1B, TNF-a, IDO1, and AhR.

L) IHC staining of AhR in liver tissues. *p < 0.05, **p < 0.01, ***p < 0.001. AhR, aryl hydrocarbon receptor; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; HFD, high-fat diet; IDO1, indoleamine 2,3-dioxygenase 1; IHC, immunohistochemical; IL, interleukin; Kyn/Trp, ratio of L-kynurenine to
L-tryptophan; P_HFD, high-fat diet + periodontitis salivary microbiota; TC, total cholesterol; TG, total triglyceride; TLR, toll-like receptor; TNF, tumor

(
(
(C-E) Relative concentrations of L-kynurenine, L-tryptophan, and the Kyn/Trp ratio in liver tissues.
(
(
(

necrosis factor; VIP, variable importance for the projection.

These studies suggest that IDO1 may be a key regulator of the obesity-related kynurenine metabolic
pathway.

Besides indole and indole derivatives, kynurenine also acts as an AhR agonist and activates AhR signaling in
a variety of cell types, including hepatocytes.*” A recent study reported that kynurenine stimulates AhR
expression in adipocytes, which mediates a systemic effect on the development of obesity and insulin resis-
tance.”® The hepatic AhR signaling pathway is activated by the addition of kynurenine to a low-fat diet in
mice, inducing the expression of hepatic cytochrome P450 1B1 and stearoyl-CoA desaturase 1, leading to
hepatic steatosis.”” Similarly, we found that AhR mRNA expression increased in the P_HFD group, and the
hepatic arachidonic acid metabolic pathway was upregulated. Interestingly, several AhR ligands have been
reported to modulate arachidonic acid metabolism and higher levels of arachidonic acid metabolites were
able to promote hepatic steatosis.”””' Thus, we speculated that the activation of the kynurenine-AhR
signaling pathway in the liver may be related to NAFLD progression.

Conclusions

Our results demonstrate that HFD damages intestinal barrier function via the indole derivatives-AhR
signaling pathway. In this context, periodontitis salivary microbiota aggravates gut microbiome disorders
and promote bacterial translocation to the liver. The bacterial LPS may activate the TLR4 pathway, leading
to hepatic inflammation. Simultaneously, the hepatic tryptophan-kynurenine-AhR signaling axis is upregu-
lated, which may be related to serious hepatic steatosis. The present results provide novel insights into the
mechanisms by which periodontitis affects NAFLD pathology. Moreover, these results suggest that poorly
managed or untreated severe periodontitis may exacerbate NAFLD progression. Periodontal treatment
may positively influence clinical outcomes in patients with NAFLD and periodontitis.

Limitations of the study

This study has potential limitations. First, we observed that periodontitis salivary microbiota aggravated
intestinal barrier dysfunction and bacterial translocation in NAFLD mice. However, which bacteria ectopi-
cally colonized is involved in the pathological events, remains unclear in our present study. The second
limitation concerns the mechanism by which kynurenine deteriorates hepatic steatosis is not fully clarified.
Further investigations are required to overcome the limitations.
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Other
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Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Fuhua Yan (yanfh@nju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The datasets supporting the conclusions of this article have been deposited at the Sequence Read
Archive (SRA) repository (https://www.ncbi.nlm.nih.gov/) and are publicly available as of the date of pub-
lication. Accession numbers are listed in the key resources table.

® No new code was generated in this study.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study population

Saliva samples were obtained from 20 patients with severe chronic periodontitis. The inclusion criteria were
as follows: 1) age > 18 years; 2) > 14 remaining teeth; 3) > 30% teeth with the following three character-
istics: ) probing depth > 6 mm; 1) clinical attachment loss at the interdental site of greatest loss > 5 mm;
Il) radiology bone loss exceeding to middle or apical third of the root. The exclusion criteria were as
follows: 1) history of metabolic disease, cardiovascular diseases, immune deficiency, chronic gastrointes-
tinal diseases, abnormal gastrointestinal activity, and other systemic diseases; 2) history of periodontal
treatment within the last 6 months; 3) use of antimicrobials or anti-inflammatory drugs in the last 6 months;
4) presence of other serious oral diseases; 5) smokers (> 10 PCS/day); 6) pregnancy or lactation; and 7) body
mass index > 28 kg/m2. The clinical data regarding the periodontal status of the study population was
showed in the Table S5. The procedure was approved by the Ethics Committee of Nanjing Stomatological
Hospital, Medical School of Nanjing University, Nanjing, China [No.2019NL0O08(KS)]. And informed consent
was obtained from all patients.

Collection and disposition of periodontitis saliva samples

After fully informed the nature of the study, the risks and benefits, each participant completed a question-
naire and signed an informed consent form. Then, they were given a 50 mL sterile centrifuge tube, the un-
stimulated saliva was slowly spat into a 50 mL sterile centrifuge tube until the volume of saliva was more
than 5 mL. This process could usually be completed within 15 min. The donors were informed not to
suck during collection to avoid stimulating gingival bleeding. After collection, the saliva samples were
centrifuged at 1000 rpm for 10 min at 4°C to remove impurities, and the supernatants were suspended
in an equal volume (w/v) of phosphate buffer saline (PBS) containing 20% glycerol/PBS, snap-frozen in
liquid nitrogen, and stored at -80°C until use.

The amount of saliva given to mice according to the weight ratio of human and mouse. Specifically, an adult

(60 kg) secretes 1-1.5 L saliva every day, each mouse (20 g) was approximately gavaged with 0.5 mL saliva
per day. Therefore, 1 ml of frozen samples was used per mouse per day. After collecting all the required
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samples, the saliva samples were pooled, separated evenly, and stored at -80°C. Before gavaged in mice,
the sample was thawed and centrifuged at 3300xg for 10 min at 4°C to receive microbiota, and
suspended in PBS (200 pL per mouse per day). Mixed saliva was used to avoid manipulation errors.

Animal models

C57BL/6J mice (male, 6 weeks old) were purchased from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The animals were housed in a specific pathogen-free environment with a 12-h light/dark
cycle. After adapting to the environment for 1 week, 24 mice were randomly divided into four groups:
normal diet (ND), ND + periodontitis salivary microbiota (P_ND), HFD, and HFD + periodontitis salivary
microbiota (P_HFD). Mice in the ND and P_ND groups were fed an ND (D12450J, Table S6é), and those
in the HFD and P_HFD groups were fed an HFD (D12492, Table Sé). Periodontitis salivary microbiota
was intragastrically administered to mice via a feeding needle in the P_ND and P_HFD groups from the
8™ week for 3 weeks, whereas mice in the ND and HFD groups received the same amount of PBS. Animal
procedures were conducted according to the “Guide for the care and use of laboratory animals” and
approved by the Animal Ethics Committee of Nanjing Agriculture University, Nanjing, China (No.
PZW2022014).

METHOD DETAILS

Measurement of glucose metabolic parameters

An intraperitoneal glucose tolerance test (IGTT) was performed 2 days before the end of the experiment.
All mice received fresh bedding and were fasted overnight. Blood was collected by cutting the tail tip, and
glucose levels were measured as fasting blood glucose using OneTouch Ultra Easy (LifeScan Inc., USA). The
mice were then injected with a 25% glucose solution (1 g/kg), and glucose levels were measured at 30, 60,
and 120 min after injection.

Measurement of serum and hepatic biochemistry

TC and total triglyceride TG levels in liver tissues and serum concentrations of TC, TG, LDL-C, HDL-C, ALT,
and AST were measured using assay kits (Jiancheng Bioengineering Institute, China), according to the
manufacturer’s protocols. The serum LPS level was determined using an ELISA kit (Cloud-Clone, China).

Histological analyses

Liver and colon tissues were fixed in 4% paraformaldehyde for 48 h, embedded in paraffin, and sliced into 4-
um sections. The tissue sections were subjected to HE staining, F4/80 and AhR IHC stainings, and ZO-1,
Occludin, and Claudin-1 IF stainings. An NAS system was used to evaluate the histological features of
the liver.>® Additionally, frozen liver tissues (-20°C) were cut into 10-um sections and stained with oil red
to assess lipid accumulation in the liver. Images were obtained using a Pannoramic Slide Scanner (3D
HISTECH, Hungary).

Quantitative real-time polymerase chain reaction (QPCR) of gene expression in colon and liver
tissues

Total RNA of colon and liver tissues was extracted using the RNA Easy Fast Tissue Kit (TITANGEN, China).
RNA concentrations were measured using Nanodrop One (Thermo Fisher Scientific, USA), followed by a
reverse transcription reaction using a HiScript Il RT SuperMix Kit (Vazyme, China). PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific, USA) was used for gPCR on a ViiA V7Dx gPCR-384 system (Thermo
Fisher Scientific, USA). The primer sequences used are listed in Table S1.

qPCR of 16S ribosomal RNA (rRNA) expression in liver tissues

Genomic DNA was extracted from equal liver tissues using the TIANamp Genomic DNA Kit (TIANGEN,
China). DNA concentrations were measured using Nanodrop One, and PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific, USA) was used for gPCR. The 16S rRNA sequences were 27F (5'-AGAGTTTG
ATCMTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3).

16S rRNA sequencing of cecal contents microbiota

Total microbial DNA of cecal contents was extracted using the MagPure Stool DNA LQ Kit (Magen, China).
The amplified products were purified using Agencourt AMPure beads (Beckman Coulter, USA) and
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quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, USA) according to the manufacturer’s instruc-
tions. After quality inspection of the sequencing library, sequencing was performed using a NovaSeq 6000
SP Reagent Kit (Illumina Inc., USA). Raw amplification sequencing data were analyzed using QIIME 2 soft-
ware and R packages (v3.3.2).”" The primer fragments of the paired-end lllumina NovaSeq data were
demultiplexed, and the unmatched primer sequences were discarded using the QIIME cutadapt trim pairs.
Amplicon sequence variants were determined using DADA2 (version 1.16) with quality filtering, denoising,
merging, and chimeras removal.”® Each feature sequence of the amplicon sequence variants was
compared with the Silva database (Release132, https://www.arb-silva.de) using the Naive Bayes Classifier
in the feature-classifier plugin. Shannon, Simpson, Chao 1, Goods_coverage, and observed_species
indices were used to estimate the alpha (a)-diversity. p < 0.05 in the Kruskal-Wallis test was considered sta-
tistically significant. PCoA of the Bray-Curtis analysis was used to demonstrate beta (B)-diversity among
different groups. LefSe was used to identify differentially abundant taxa across groups.”® The random
forest algorithm was used for sample classification of microbial communities to demonstrate the
importance ranking of species.

LC-MS analysis

For cecal contents metabolism, 100 mg samples were mixed with 2-chlorophenylalanine (4 ppm) methanol
(0.6 mL, -20°C), vortexed for 30 s, ground for 90 s at 60 Hz, ultrasonicated for 10 min, centrifuged for 10 min
at 12000 rpm (4°C), and filtered to obtain samples for LC-MS.”’ For liver metabolism, 100 mg samples were
added to 1 mL tissue extract (75% 9:1 methanol: chloroform, 25% ddH20) (-20°C), ground for 60 s at 50 Hz
(twice), ultrasonicated for 30 min, settled on ice for 30 min, and centrifuged for 10 min at 12000 rpm (4°C).
The supernatant samples (650 pl) were concentrated to dryness in a vacuum and dissolved in
2-chlorobenzalanine (4 ppm) 50% acetonitrile solution (200 pL, -20°C). The supernatants were then filtered
through a 0.22-um membrane to obtain samples for LC-MS.>® Quality control samples were constructed
with 20 pL of each prepared sample to monitor deviations and errors.”” For chromatographic separation,
an ACQUITY UPLC® HSS T3 (150% 2.1 mm, 1.8 um, Waters) column was used on the Ultimate 3000 system
(Thermo Fisher Scientific, USA). Electrospray ionization-tandem mass spectrometry tests were performed
with spray voltages of 3.5 kV (positive mode) and —2.5 kV (negative mode) on a Q Exactive Plus mass spec-
trometer (Thermo Fisher Scientific, USA). Raw data were assessed using Proteowizard software (v3.0.8789)
and the XCMS package in R (v3.3.2). After the peak intensity was normalized in batches, mass-to-charge
ratio (m/z) and retention time (rt) were used for relative quantification analysis. To profile the metabolic
variousness, PCA and OPLS-DA were performed using the ropls package in R (v3.3.2). Differential metab-
olites with biological significance were detected according to p-values in two-tailed Student’s t-tests and
VIP scores of the OPLS-DA model. Group differences in metabolites were screened using the standard of
p-value < 0.05 and VIP > 1. Thereafter, these metabolites were identified using the Human Metabolome
Database (HMDB), Metlin, Massbank, and LipidMap databases. Cluster analyses using the pheatmap
package in R and KEGG pathway analysis were conducted to further explore the functions of differential

metabolites.”

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as the mean + standard deviation. GraphPad Prism version 8.0 (GraphPad Software)
was used for data analysis. The independent sample t-test or Mann-Whitney test was used for comparison
between two groups, one-way ANOVA or Kruskal-Wallis test was used for comparison among multiple
groups, and correlations were evaluated by Spearman’s rank correlation analysis. p < 0.05 was considered
statistically significant.

20 iScience 26, 106346, April 21, 2023

iScience


http://www.arb-silva.de

	ISCI106346_proof_v26i4.pdf
	Periodontitis salivary microbiota exacerbates nonalcoholic fatty liver disease in high-fat diet-induced obese mice
	Introduction
	Results
	HFD impaired intestinal barrier and altered tryptophan metabolism
	Periodontitis salivary microbiota worsens liver dysfunction in HFD-induced obese mice
	Periodontitis salivary microbiota exacerbates intestinal barrier dysfunction and bacterial translocation in HFD-induced obe ...
	Periodontitis salivary microbiota alters the gut microbiota composition in HFD-induced obese mice
	Periodontitis salivary microbiota-induced alterations in gut microbiota and tryptophan metabolites are associated with wors ...
	Periodontitis salivary microbiota upregulates the tryptophan-kynurenine-AhR axis in the liver

	Discussion
	Conclusions
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Study population
	Collection and disposition of periodontitis saliva samples
	Animal models

	Method details
	Measurement of glucose metabolic parameters
	Measurement of serum and hepatic biochemistry
	Histological analyses
	Quantitative real-time polymerase chain reaction (qPCR) of gene expression in colon and liver tissues
	qPCR of 16S ribosomal RNA (rRNA) expression in liver tissues
	16S rRNA sequencing of cecal contents microbiota
	LC-MS analysis

	Quantification and statistical analysis




