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Porphyromonas gingivalis, a keystone periodontal pathogen, has emerged as a risk factor for systemic chronic diseases, including non-alcoholic fatty liver disease (NAFLD). To clarify the mechanism by which this pathogen induces such diseases, we simultaneously analyzed the transcriptome of intracellular P. gingivalis and infected host cells via dual RNA sequencing. Pathway analysis was also performed to determine the differentially expressed genes in the infected cells. Further, the infection-induced notable expression of P. gingivalis livk and livh genes, which participate in branched-chain amino acid (BCAA) transfer, was also analyzed. Furthermore, given that the results of recent studies have associated NAFLD progression with elevated serum BCAA levels, which reportedly, are upregulated by P. gingivalis, we hypothesized that this pathogen may induce increases in serum BCAA levels and exacerbate liver injury via livh/livk. To verify this hypothesis, we constructed P. gingivalis livh/livk-deficient strains (Δlivk, Δlivh) and established a high-fat diet (HFD)-fed murine model infected with P. gingivalis. Thereafter, the kinetic growth and exopolysaccharide (EPS) production rates as well as the invasion efficiency and in vivo colonization of the mutant strains were compared with those of the parental strain. The serum BCAA and fasting glucose levels of the mice infected with either the wild-type or mutant strains, as well as their liver function were also further investigated. It was observed that P. gingivalis infection enhanced serum BCAA levels and aggravated liver injury in the HFD-fed mice. Additionally, livh deletion had no effect on bacterial growth, EPS production, invasion efficiency, and in vivo colonization, whereas the Δlivk strain showed a slight decrease in invasion efficiency and in vivo colonization. More importantly, however, both the Δlivk and Δlivh strains showed impaired ability to upregulate serum BCAA levels or exacerbate liver injury in HFD-fed mice. Overall, these results suggested that P. gingivalis possibly aggravates NAFLD progression in HFD-fed mice by increasing serum BCAA levels, and this effect showed dependency on the bacterial BCAA transport system.
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Introduction

Globally, non-alcoholic fatty liver disease (NAFLD), with a prevalence of approximately 25%, is one of the most common liver diseases (Younossi et al., 2018), and reportedly, it has as one of its pathological features, the excessive accumulation of triglyceride in the liver, owing to metabolic alterations (Zhang et al., 2018a). It has also been observed that this disease can develop into reversible steatosis and non-alcoholic steatohepatitis (NASH), which is a more serious form of NAFLD that shows potential progression to liver cirrhosis or cancer (Friedman et al., 2018). The mechanisms by which NAFLD develops and progresses are extremely complicated. Thus, it has been suggested that several potential risk factors, such as diabetes mellitus and obesity, can lead to its aggravation (Buzzetti et al., 2016; Friedman et al., 2018). Further, increasing evidence from cross-sectional studies, as well as longitudinal and experimental studies, has shown the existence of an association between periodontitis and NAFLD (Weintraub et al., 2019; Chen et al., 2020; Hatasa et al., 2021). Specifically, periodontitis, which is an inflammatory disease that is initiated by the dysbiosis of oral flora, is characterized by the destruction of alveolar bone and connective tissues around the teeth (Liu et al., 2017b; Lu et al., 2020; Hajishengallis and Lamont, 2021). It has also been suggested that Porphyromonas gingivalis, a gram-negative anaerobe, is the most important pathogenic bacterium in periodontitis (Lamont et al., 2018; Liu et al., 2021). Furthermore, P. gingivalis possesses a plurality of virulence factors that invade periodontal tissues and subsequently enter blood circulation and disseminate into the whole body, increasing the risk of several systemic diseases, notably diabetes, cardiovascular diseases, rheumatoid arthritis, Alzheimer’s disease, and NAFLD (Potempa et al., 2017; Nakahara et al., 2018; Mei et al., 2020; Fitzsimonds et al., 2021). Previous studies have shown that P. gingivalis infection aggravates liver inflammation and fibrosis in NASH mouse model induced by high-fat diet (HFD) (Furusho et al., 2013; Nagasaki et al., 2020). Recently, Nagasaki et al. also reported that the elimination of P. gingivalis-odontogenic infection inhibits liver inflammation and fibrosis of NASH (Nagasaki et al., 2021). Thus, the mechanisms by which P. gingivalis infection leads to liver injury have attracted our attention.

Branched-chain amino acids (BCAAs), which include leucine, isoleucine, and valine, are essential amino acids that mediate the regulation of important hepatic metabolic signaling pathways, such as insulin signaling and glucose regulation (Zhang et al., 2018b). Multiple studies have revealed that elevated circulating BCAA levels are strongly associated with obesity and diabetes, which are the most well-known risk factors for NAFLD (McCormack et al., 2013; Menni et al., 2013; Lynch and Adams, 2014; Nakamura et al., 2014), and in several recent studies, the relationship between BCAAs and NAFLD progression has been demonstrated (Cook et al., 2015; Zhang et al., 2016; Zhao et al., 2020). In particular, the downregulated expression of hepatic BCAA-degrading enzymes has been identified as a hallmark of NAFLD (Mardinoglu et al., 2014; Lake et al., 2015). Moreover, it has also been observed that patients with NASH show higher hepatic BCAA levels than patients with simple steatosis (Lake et al., 2015), and in addition to BCAA-degrading deficiency and fat accumulation in the liver, it has been reported that serum BCAA levels are positively correlated with the severity of NAFLD (Kalhan et al., 2011; Gaggini et al., 2018; Grzych et al., 2020). Recently, Zhao et al. found that BCAAs supplementation in HFD-mice could disrupt hepatic glucose and lipid metabolism and aggravate liver insulin resistance via negatively regulating hepatic Akt2 signaling. BCAAs supplementation led to mTORC1-dependent insulin receptor substrate activation, which then block insulin-mediated Akt activation. On the other hand, BCAAs supplementation could inhibit mTORC2 signaling, and subsequently induce Akt2 ubiquitination and degradation via promoting the binding of Mul1 and Akt2 (Zhao et al., 2020).

Humans do not synthesize BCAAs, and elevated human serum BCAA levels are strongly associated with gut microbiota (Pedersen et al., 2016). Notably, Prevotella copri and Bacteroides vulgatus, which have a high potential for BCAA biosynthesis and a low potential for BCAA import, have been identified as the major contributors to increased BCAA levels in humans (Pedersen et al., 2016). Interestingly, a recent study also demonstrated that P. gingivalis enhances serum BCAA levels via BCAA biosynthesis and consequently, induces insulin resistance in HFD-fed mice (Tian et al., 2020). Furthermore, genetic analysis and transport studies have revealed that the leucine-isoleucine-valine (LIV) system, a member of the ATP-binding cassette (ABC) superfamily of transporters, is required for BCAA transport (Ribardo and Hendrixson, 2011). Therefore, the aim of the present study was to comprehensively analyze the transcriptomes of intracellular P. gingivalis and endothelial cells infected by P. gingivalis to clarify the mechanism by which this pathogen exacerbates liver injury.



Materials And Methods


Bacteria and Cell Culture

P. gingivalis ATCC 33277 was cultured anaerobically in trypticase soy broth (TSB) or on TSB-blood agar plates supplemented with 1 g/L yeast extract, 5 μg/mL hemin, and 1 μg/mL menadione at 37°C. When needed, erythromycin (10 μg/mL) was added to the medium to eliminate isogenic mutants. Human umbilical vein endothelial cells (HUVECs) (EA. hy926) were maintained in Dulbecco’s modified Eagle’s medium with fetal bovine serum (10%) (Millipore Sigma, St. Louis, MO, USA) and penicillin/streptomycin (1%) at 37°C in a 5% CO2 atmosphere (Wang et al., 2017). The PCR fusion technique and electroporation were utilized to generate the P. gingivalis BCAA ABC transporter permease (livh)-deficient strain (Δlivh) and the ABC-type BCAA transport system periplasmic component (livk)-deficient strain (Δlivk) via homologous recombination, as described in Figure S1 (Wright et al., 2014). The primers used for mutant construction and confirmation are shown in Table S1. The mutants were confirmed via PCR and DNA sequencing (Figure S1).

HUVECs were seeded in 6-well plates and cultured to 80% confluence. After washing with phosphate-buffered saline (PBS), cells were infected with P. gingivalis at a multiplicity of infection of 100 for 2 h at 37°C in 5% CO2, unless otherwise stated. Non-adherent bacteria were removed by washing with PBS, and the cell-adherent bacteria were killed using gentamicin (300 μg/mL) and metronidazole (200 μg/mL) for 1 h at 37°C in 5% CO2 (Moffatt et al., 2012). For RNA isolation, the cells were washed with PBS and lysed using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA).



Dual RNA Sequencing

Total RNA was extracted using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA) according to protocols provided by the manufacturer. Further, genomic DNA was removed using the commercially available DNase I system (Qiagen, Germantown, PA, USA), and RNA concentration was measured by determining the A260/A280 ratio using a Nanodrop 2000 system (ThermoFisher, Waltham, MA, USA). RNA integrity was verified via 1.5% agarose gel electrophoresis, and qualified RNAs were quantified using a Qubit 3.0 fluorometer with a QubitTM RNA Broad Range Assay Kit (ThermoFisher, Waltham, MA). Furthermore, the RNA samples were analyzed at the Huayin Genome Research Facility (Huayin Health Medical Group Co, Wuhan, China) to determine ribosomal RNA (rRNA) depletion and subsequent RNA sequencing, and rRNA was removed using a Ribo-off rRNA Depletion Kit (Vazyme Biotech Co., Nanjing, China) for humans (Catalog No. N406) and/or bacteria (catalog NO. N407). Additionally, cDNA libraries for Illumina® sequencing were generated using the KC-Digital™ Stranded mRNA Library Prep Kit (Illumina, San Diego, CA, USA). The library products corresponding to 200–250 bps were then enriched, quantified, and sequenced using a Nova-seq 6000 sequencer (Illumina, San Diego, CA, USA) (Westermann et al., 2016; Westermann et al., 2017; Westermann and Vogel, 2018).

Trimmomatic version 0.36 was used to pre-process raw sequencing data to remove low-quality reads and trim adaptor sequences. To eliminate duplication bias introduced during library preparation and sequencing, the clean reads were first clustered according to the unique molecular identifier sequences, the reads in the same cluster were then compared via pairwise alignment to generate new sub-clusters based on sequence identity (>95%), and multiple sequence alignments were conducted to acquire one consensus sequence for each sub-cluster. De-duplicated consensus sequences were then mapped to the human or P. gingivalis ATCC 33277 genome using STAR 2.5.3a. Feature Counts (Subread-1.5.1; Bioconductor) was used for counting reads mapped to the exon regions of each gene, after which the number of reads per kilobase million was calculated. Further, the edgeR package v3.12.1 was used to identify differentially expressed genes (DEGs) between the infected group and control group. Genes with false discovery rate (FDR) P-values < 0.05 and absolute log2FC value ≥ 1 were considered as differentially expressed. Principal-component analysis was conducted via the function rda in the Vegan package in R. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was conducted after the DEGs were identified using the KEGG orthology-based annotation system. Thereafter, to statistically test the results of the enrichment analysis, a hypergeometric test was performed; a cutoff P-value of 0.05 was applied for the identification of the enriched KEGG pathways (Nuss et al., 2017; Westermann and Vogel, 2018). Gene Ontology (GO) enrichment analysis for DEGs was carried out by the R/Bioconductor package clusterProfiler, and P < 0.05 was set as the threshold level to determine the significance of the GO terms (Yu et al., 2012).



Quantitative Reverse Transcription PCR (qRT-PCR)

For the gene expression assay, total mRNA was extracted as mentioned above and reverse transcribed into cDNA using the PrimeScript RT reagent Kit (Takara Bio, Kusatsu, Japan). qRT-PCR was then performed using the SYBR® Premix Ex TaqTM II Kit (Takara Bio, Kusatsu, Japan) or via TaqMan Fast Universal Master Mix and TaqMan gene expression assay (ThermoFisher, Waltham, MA, USA) using an Applied Biosystems 7300 system (Foster City, CA, USA) (Liu et al., 2021). PCR amplification was performed as follows: 95°C for 5 min, and 40 cycles at 95°C for 15 s, 56°C for 15 s and 72°C for 15 s, and melting curve analysis. Relative mRNA expression was quantified through the comparative 2-ΔΔCT method with GAPDH as the internal control (Liu et al., 2015). The mRNA expression levels of livk and livh were measured using 16S rRNA as an internal reference based on the primers listed in Table S1.



Growth Curves of P. gingivalis

The overnight culture of P. gingivalis was diluted to an optical density at 600 nm (OD600) of 0.1 using fresh medium, and then anaerobically cultured at 37°C. The OD600 of the bacterial culture was then measured at 2-h intervals for 24 h using a spectrophotometer (Multiskan GO; Thermo Scientific, Inc., Waltham, MA, USA). The experiments were each repeated three times, and growth curves were generated.



Invasion Assays

Invasion experiments were set up as mentioned in 2.1 except that HUVECs were seeded in 12-well plates (2.0 × 105 cells per well) and cultured to 60% confluence. After antibiotic treatment, the cells were washed with PBS and then lysed with sterile distilled water (1 mL per well).The lysates were diluted and plated on TSB-blood agar. After incubation anaerobically at 37°C for 10 days, the number of bacterial colonies on TSB-Blood agar was counted to determine invasion efficiency, which was expressed as the percentage of the initial inoculum recovered (Moffatt et al., 2012).



Exopolysaccharide (EPS) Level Detection

The amount of EPS produced by P. gingivalis was determined using fluorescent lectins, as described previously (Liu et al., 2017a). Briefly, P. gingivalis cells were labeled with Syto-17 (Thermo Fisher, Waltham, MA, USA) and deposited on glass coverslips, while the polysaccharides were labeled with concanavalin A-fluorescein isothiocyanate isomer-I (FITC) and wheat germ agglutinin-FITC (100 μg mL-1) for 30 min at room temperature. Thereafter, images were collected via laser scanning confocal microscopy (SP8; Leica, Germany) and analyzed using Volocity software version 6.3 (PerkinElmer, Waltham, MA, USA).



Animal Studies

All the animal procedures applied in the present study were approved by the Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology and the Ethics Committee of West China Hospital of Stomatology, Sichuan University (WCHSIRB-D-2017-071). C57BL/6 mice (male, five-week-old) were housed in specific pathogen-free facilities, and after one week of environmental acclimation, the mice were randomly assigned into five groups of 5 mice each as follows: normal chow (NC) control, HFD, P. gingivalis WT infection with HFD (WT + HFD), P. gingivalis △livh infection with HFD (△livh + HFD), and P. gingivalis △livk infection with HFD (△livk + HFD). The mice in the HFD group and NC group were administered Research Diet No. D12492and No. D12450J, respectively (Table S2). After 12 weeks, the mice were euthanized, and liver and sera samples were harvested. Further, blood samples were drawn via cardiac puncture using non-anticoagulant vacuum tubes and 23G1 needles (Tian et al., 2020).

Mice in the P. gingivalis infection groups were inoculated with 1 × 109 bacteria in 100 μL PBS with 2% carboxymethyl cellulose (CMC) (Kuboniwa et al., 2017). Infection was repeated once every 3 days for 8 weeks. Conversely, mice in the NC and HFD groups were inoculated with PBS containing 2% CMC as controls. The body weights of the mice were measured at baseline and at the end of the experiment.



Quantification of P. gingivalis in Liver Tissue

Total DNA was isolated from aliquots of liver samples, and the copy number of the P. gingivalis genome in the liver DNA samples was determined via qPCR using the Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA) and the SYBR® Premix Ex TaqTM II Kit (Takara Bio, Kusatsu, Japan). P. gingivalis-specific primers are listed in Table S1. Amplification reactions were performed using the following cycling parameters: 95°C for 5 min, 40 cycles at 95°C for 10 s, 60°C for 15 s, and 72°C for 15 s. The corresponding copy numbers were calculated using a standard curve (Figure S2), generated as previously described (Kuboniwa et al., 2017).



Glucose, Alanine Transaminase (ALT), Aspartate Aminotransferase (AST), and BCAA Levels in Blood

The mice were fasted for 6 h prior to blood sample collection for the determination of fasting blood glucose (FBG) levels. Specifically, after the fasting, blood samples were collected from the tail vein of the mice and FBG levels were measured using a glucometer (Roche, Basel, Switzerland). Serum was collected after centrifuging the blood samples at 1,000 × g for 10 min at 4°C and stored at -80°C until further analysis. Serum AST and ALT levels were also measured using AST and ALT activity assay kits, respectively (Millipore Sigma, St. Louis, MO, USA), while serum BCAA levels were determined using BCAA assay kits (Abcam, Cambridge, MA, USA).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 7.0 (San Diego, CA, USA). Unpaired two-tailed Student’s t-tests were used to assess differences between groups, while analysis of variance (ANOVA) with Tukey’s test was carried out for multiple comparisons to analyze datasets with more than two groups. Statistical significance was set at P < 0.05. Further, the results were presented as mean ± standard deviation (mean ± SD).




Results


Upregulation of Bacterial Genes Related to BCAA Transport Within Endothelial Cells

Principal component analysis (PCA) was used to determine the distances between P. gingivalis transcriptomes within endothelial cells and the free culture medium. Specifically, the first principal component (PC1), which showed the largest variance (43.8%), separated intracellular P. gingivalis and P. gingivalis in the culture medium (Figure 1A). Additionally, intracellular P. gingivalis showed a total of 573 DEGs compared with the control bacteria, and of these DEGs, 304 and 269 were upregulated and downregulated, respectively (Figure 1B). The complete list of the DEGs corresponding to intracellular P. gingivalis is shown in Table S3. GO analysis revealed that upregulated genes were significantly enriched in the GO terms amino acid biosynthetic and metabolic processes (Figure 1C). Interestingly, ABC transporter genes, which are critical for the virulence of P. gingivalis, were also significantly upregulated in intracellular bacteria (Table S3). Further analysis of the expression levels of PGN_RS06330 (BCAA ABC transporter permease, livh) and PGN_RS06345 (ABC-type BCAA transport system periplasmic component, livk) via qRT-PCR confirmed that the expression levels of livh and livk increased significantly in intracellular P. gingivalis (Figure 1D). Adaptation through horizontal gene transfer, which is mediated by tra gene homologs (Tribble et al., 2007), is regarded as an important process that is required for the survival of P. gingivalis within its host. In this regard, it was observed that P. gingivalis traA, traI, traG, traN, traJ, traO, traQ, traM, and traP genes were significantly upregulated in HUVECs compared with levels in the culture medium (Table S3). Further, HcpR, which is necessary for the growth of P. gingivalis with nitrite and nitric oxide, was also upregulated (Table S3).




Figure 1 | Transcriptional profiling of P. gingivalis in HUVECs. (A) Transcriptional patterns of intracellular P. gingivalis (infection) and P. gingivalis culture in the medium (control) showing clear divergence as determined via PCA. (B) Volcano plot of differentially expressed genes. (C) Bar plots of enriched GO terms of upregulated genes in intracellular P. gingivalis. (D) Detection of the expression levels of livh and livk in P. gingivalis. FC of the expression level of each gene in intracellular P. gingivalis (infection) relative to that in the P. gingivalis culture medium (control). HUVECs, human umbilical vein endothelial cells; PCA, principal component analysis; FC, fold change. The results presented are the average of three independent experiments and are presented as mean ± SD; ****P ≤ 0.0001.





Role of livh/livk in Bacterial Growth, Invasion, and EPS Production

To explore the role of livh/livk in P. gingivalis, we further assessed the effect of livh/livk deficiency on bacterial growth, invasion, and EPS production in vitro. The construction of the growth curve of P. gingivalis showed that the growth rates of either the livh or livk mutant strains were comparable to that of the parental strain (Figure 2A). Additionally, the invasion efficiency of the Δlivk strain was confirmed using an invasion assay (Figure 2B). However, no significant difference in invasion efficiency was observed between the Δlivh and WT strains (Figure 2B). Moreover, EPS production often plays an important role in biofilm communities developing. Therefore, to assess the role of livh/livk in EPS production, P. gingivalis was labeled with Syto-17, and EPS was stained with fluorescently labeled lectin concanavalin A and wheat germ agglutinin (Figure 2C). Thereafter, the level of EPS was normalized to that of P. gingivalis, and it was observed that the rates of production of EPS in Δlivh and Δlivk were not significantly different from those in the parental strain (Figure 2D).




Figure 2 | Role of livh/livk in the growth, invasion efficiency, and EPS production of P. gingivalis. (A) Growth curve of P. gingivalis ATCC 33277 WT, Δlivh, and Δlivk strain. (B) Invasion efficiency of P. gingivalis Δlivh/Δlivk compared with that of the parental strain. (C) Representative CSLM images of EPS (green) labeled with FITC-labeled concanavalin A and wheat germ agglutinin and P. gingivalis (red) wild-type, Δlivh and Δlivk. Scale bar = 50 μm. (D) Quantitative determination of EPS using Volocity software version 6.3. CSLM, confocal laser scanning microscopy, EPS, exopolysaccharide, FITC, fluorescein isothiocyanate isomer-I. The results are the average of three independent experiments and are presented as mean ± SD, ***P ≤ 0.001.





Eukaryotic Targets of P. gingivalis Enriched in the NAFLD Pathway

To gain insight into the pathways corresponding to the endothelial cells targeted by bacteria, we analyzed the DEGs and enriched KEGG pathways corresponding to HUVECs challenged with P. gingivalis. It was observed that the transcriptional landscapes of the infected and uninfected HUVECs showed two independent clusters, indicating distinct gene expression patterns (Figure 3A). Additionally, a total of 838 DEGs were detected in P. gingivalis-infected HUVECs compared with their uninfected counterparts, and of these, 297 and 541 genes were upregulated and downregulated, respectively (Figure 3B). The complete list of DEGs corresponding to the HUVECs is shown in Table S4. Further, we annotated the DEGs identified during the comparison of the infected and uninfected HUVECs based on the KEGG pathway. It was observed that both the upregulated and downregulated genes were enriched in pathways associated with chronic systemic diseases, including Parkinson’s disease, Huntington’s disease, NAFLD, and Alzheimer’s disease (Figures 3C, D). However, only the upregulated DEGs were found to be enriched in the taste transduction, metabolic, and hypoxia inducible factor 1 (HIF-1) signaling pathways (Figure 2C). Moreover, the downregulated DEGs were also enriched in pyrimidine metabolism, purine metabolism, RNA transport, RNA polymerase, viral carcinogenesis, transcriptional misregulation in cancer, systemic lupus erythematosus, and alcoholism pathways (Figure 3D). To corroborate the involvement of NAFLD-related genes in HUVECs challenged with P. gingivalis, the expression levels of MTCO2, MTCO3, UQCRB, and NDUFB10 were detected via qRT-PCR (Table 1). Consistent with the dual RNA sequencing results, MTCO2 and MTCO3 were significantly upregulated, whereas UQCRB and NDUFB10 were significantly downregulated in cells infected with P. gingivalis (Figure 3E).




Figure 3 | Transcriptional pattern of HUVECs in response to P. gingivalis infection. (A) Transcriptional pattern of HUVECs infected with P. gingivalis (infection) and uninfected cells (control) showing clear divergence as determined via PCA. (B) Volcano plot of differentially expressed genes in HUVECs. (C) KEGG analysis of upregulated genes in HUVECs during infection. (D) KEGG analysis of downregulated genes in HUVECs during infection. (E) Validation of RNA sequencing data via qRT-PCR. The expression of MTCO2, MTCO3, UQCRB, and NDUFB10 in endothelial cells. FC of the expression of each gene in HUVECs infected with P. gingivalis relative to that corresponding to uninfected cells. HUVECs, human umbilical vein endothelial cells; PCA, principal component analysis; FC, fold change; KEGG, Kyoto Encyclopedia of Genes and Genomes. The results are the average of three independent experiments and are presented as mean ± SD. **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.




Table 1 | Differentially expressed genes of the NAFLD pathway between infected and uninfected human umbilical vein endothelial cells (|log2 FC| ≥ 1 and FDR ≤ 0.05).





Bacteria Induces Increases in Circulating BCAA Levels and Liver Injury via livh/livk

To clarify the potential effect of P. gingivalis infection on NAFLD, an HFD-fed mouse model was used to confirm the transmission of P. gingivalis in the liver, and detect the effect of bacterial infection on circulating BCAA levels, FBG levels, and liver function. As expected, at the end of the experiment, it was observed that the HFD induced an increase in the body weight of the mice, which were unaffected by infection with P. gingivalis (Table S5). Additionally, the serum levels of FBG, ALT, and AST, as well as the AST/ALT ratios were significantly elevated in mice fed HFD compared with those in mice fed NC (Figure S3), suggesting that HFD resulted in impaired liver function in the mice. Consistent with the results of previous studies, P. gingivalis was detected in the liver tissue of WT + HFD mice (Figure 4A). Further, P. gingivalis infection also induced increased serum ALT and AST levels, elevated the AST/ALT ratio, and resulted in higher FBG levels in the HFD-fed mice, confirming that P. gingivalis can aggravate HFD-induced liver injury (Figures 4B–E).




Figure 4 | Influence of P. gingivalis infection on circulating BCAA levels and liver function. Six-week-old male C57BL/6 mice were infected with 1×109 P. gingivalis in 100 μL of PBS containing 2% CMC for 8 weeks. The NC and HFD groups were mock-treated with PBS containing 2% CMC. Four weeks after infection, the mice were euthanized, and liver and serum samples were harvested. (A) Colonization of P. gingivalis WT, Δlivh, and Δlivk detected via qPCR in the liver tissues of HFD-fed mice. Sera samples from mice were assayed for BCAA and FBG levels, and for the determination of selected liver-specific biochemistries. (B) Glucose level, (C) ALT level, (D) AST level, (E) AST/ALT ratio, and (F) BCAA level. CMC, carboxymethyl cellulose; BCAA, branched-chain amino acid; NC, normal chow, HFD, high-fat diet. All data represent the mean ± SD for five mice per group. **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.



Circulating BCAAs participate in the regulation of liver function, and livh/livk has been annotated as a BCAA ABC transporter permease or ABC-type BCAA transport system periplasmic component of P. gingivalis. Therefore, we measured serum BCAA levels in mice infected with different strains of P. gingivalis. The results showed that P. gingivalis infection induced increases in BCAA levels in HFD-fed mice (Figure 4F). However, this was compromised by either Δlivh or Δlivk (Figure 4F). Given that the reduced invasion efficiency of the Δlivk strain was confirmed via an invasion assay (Figure 2B), we further investigated the effect of Δlivh or Δlivk deficiency on P. gingivalis liver transmission. We observed that the liver of HFD-fed mice contained less Δlivk than the parental strain (Figure 4A). Interestingly, FBG, ALT, and AST levels, as well as the AST/ALT ratios in both the Δlivh + HFD and Δlivk + HFD groups were significantly lower than those in the WT + HFD group. This notwithstanding, the Δlivh + HFD and Δlivk + HFD groups showed no significant difference (Figures 4B–E).




Discussion

This study provides the transcriptional landscape of intracellular P. gingivalis as well as that of endothelial cells infected by this bacterium based on dual RNA sequencing. A comparison of the transcriptional profiles of the intracellular bacteria and the free-cultured bacteria cells revealed that P. gingivalis infection enhances the expression of BCAA ABC transporter permease (livh) and ABC-type BCAA transport system periplasmic component (livk) genes to facilitate their survival in host cells. Additionally, both livh and livk were identified as components of the LIV system, and were found to be responsible for the transport of BCAAs. By analyzing mutants with the deletion of individual genes, we observed that the growth rates of either Δlivh or Δlivk strains as well as the rate of EPS production in P. gingivalis-infected cells were comparable to those in the parental strain. Interestingly, Δlivk showed impaired invasion efficiency and in vivo colonization. A previous study also showed that livk, but not livh, is required for commensal colonization by Campylobacter jejuni (Ribardo and Hendrixson, 2011). Thus, a possible explanation for this observation is that livk may bind to amino acids other than BCAAs, whose transport is required for bacterial survival in vivo. To understand different invasion and colonization of Δlivk and Δlivh mutants, further study such as analyzing the transcriptional profiles of these mutants in HUVEC’s is needed.

Further, transcriptional profiling together with KEGG pathway analysis of HUVECs revealed that P. gingivalis induced the differential expression of NAFLD-related genes (e.g., MTCO2, MTCO3, UQCRB, and NDUFB10). NAFLD is a condition in which excess fat, not related to alcohol use, is stored in the liver. Further, NAFLD and its progressive inflammatory form, NASH, represent a growing cause of chronic liver injury (Huang et al., 2021), and increasing evidence suggests the existence of a correlation between P. gingivalis and NAFLD (Ding et al., 2019). Yoneda et al. first observed that the detection rate of P. gingivalis in the saliva is significantly higher in NAFLD patients than that in healthy controls (46.7% vs. 21.7%, odds ratio: 3.16) (Yoneda et al., 2012). Furusho et al. also reported the detection of P. gingivalis in 21 out of 40 liver biopsy specimens from NASH patients. They also reported that P. gingivalis-positive cases showed significantly higher fibrosis scores than P. gingivalis-negative cases (Furusho et al., 2013). Consistent with these previous findings, Nakahara et al. recently identified a significant correlation between NAFLD progression and the titer of serum antibodies against P. gingivalis (Nakahara et al., 2018).

Dual RNA-seq has the potential to provide novel insights into the host–pathogen interaction via simultaneously determining the transcriptomes of host and pathogen. However, dual RNA-seq is complex experiments. Factors such as heterogeneity in cell populations and infection, differences in transcriptome stabilization, RNA extraction, library preparation, and sequencing may induce batch effects. To obtain accurate representative genomes of the host and pathogen, high sequencing depth is required. Besides, dual RNA-seq crucially depends on proper statistical analysis to determine DEGs during infection. Currently, three popular analysis, EdgeR, DESeq2 and limma/voom, perform well. DESeq generally appears to be more conservative and edgeR more liberal in its p-value calculations. In this study, the unique molecular identifier sequences were introduced to optimize the de-duplication, and DEGs was identified using the edgeR package. In addition to the validation of the sequencing results through qRT-PCR for in vitro infection, Δlivk and Δlivh mutants was constructed and in vivo experiments were performed to demonstrate our hypothesis.

Animal studies have also shown that P. gingivalis accelerates NAFLD progression in HFD-fed mice. Specifically, Kuraji et al. showed that experimental periodontitis induced by P. gingivalis leads to the progression of NASH. It has also been reported that increased levels of endotoxins resulting from P. gingivalis infection possibly contribute to NASH progression (Kuraji et al., 2016). Nakahara et al. also observed that fibrosis and steatosis are more severe in HFD-fed mice infected with P. gingivalis than in mice without P. gingivalis infection, and their further metabolome analysis suggested that the alteration in fatty acid metabolism seems to play a considerable role in the fibrosis progression of NAFLD (Nakahara et al., 2018). Moreover, in HFD-fed mice, intravenous injection of sonicated P. gingivalis aggravates NAFLD and changes the expression levels of genes associated with lipid and glucose metabolism in the liver (Sasaki et al., 2018). Mechanistically, P. gingivalis odontogenic infection possibly aggravates NASH via the upregulation of the lipopolysaccharide and toll-like receptor pathway and free fatty acid-induced NOD-, LRR-, and pyrin domain-containing protein 3 inflammasome activation (Furusho et al., 2013). In this study, we identified LIV as a novel mechanism by which P. gingivalis induces increases in BCAA levels and exacerbates liver injury in HFD-fed mice. This finding is consistent with an earlier study, which showed that elevated circulating BCAA levels are significantly related to metabolic diseases, such as insulin resistance and NAFLD (Sunny et al., 2015). It has also been reported that periodontal infection with P. gingivalis results in increased circulating BCAA levels and aggravates insulin resistance in mice fed HFD (Tian et al., 2020). Moreover, BCAA aminotransferase deficiency reduces P. gingivalis-induced serum BCAA levels and insulin resistance in mice fed HFD (Tian et al., 2020). However, the data from this study should be interpreted with some caution. The repeated oral administration of P. gingivalis has also been shown to result in the alteration of gut microbiota, which reportedly, is associated with elevated serum BCAA levels (Saad et al., 2016; Yoon, 2016; Sato et al., 2017). Possibly, mice can also ingest plenty P. gingivalis that can affect gut microbiota. Therefore, we could not rule out the possibility that the oral administration of P. gingivalis possibly led to changes in gut microbiota characteristics, thus indirectly affecting serum BCAA levels. Moreover, whether P. gingivalis accelerates liver injury by enhancing the levels of circulating BCAAs still needs to be further confirmed in vivo.

Although this study as well as others showed that P. gingivalis induced upregulation of BCAA serum levels in mice, the underlying mechanism is still unclear. Reportedly, BCAA biosynthesis and transportation are key factors in the modulation of bacteria-related intracellular and extracellular BCAA concentrations (Cai et al., 2020; Wendisch, 2020). The overexpression of BCAA-related synthetic pathway genes and BCAA importer genes as well as the deletion of BCAA exporter genes can result in the accumulation of bacterial intracellular BCAAs (Chen et al., 2015; Zhu et al., 2018; Cai et al., 2020). For instance, it has been observed that Bacillus licheniformis DW2 YhdG acts as an exporter of BCAAs, and the deletion of the ydhG gene improves intracellular BCAA accumulation, while overexpression of the importer genes, yvbW and braB, increases and decreases intracellular and extracellular BCAA concentrations, respectively (Cai et al., 2020). According to KEGG database, P. gingivalis possesses a biosynthetic pathway and transport system (LivKHGMF) of BCAA. PGN_RS05180 encodes branched-chain amino acid aminotransferase (BCAT), a key enzyme of BCAA synthesis. Multiple sequence alignments show that P. gingivalis BCAT contains the conserved domains and active catalytic site of bacterial branched-chain amino acid transaminase. Tian et al. found that Δbcat strain loses this ability to increase plasma level of BCAAs. Moreover, P. copri and B. vulgatus, the major contributors to increased BCAA levels in humans, have a high potential for BCAA biosynthesis. The amino acid sequences of BCAT in P. gingivalis, P. copri and B. vulgatus are highly homologous. These findings suggest that P. gingivalis has a strong BCAA synthesis. Intriguingly, the results of this study showed an obvious upregulation of two components of the BCAA transportation system (livk and livh) of intercellular P. gingivalis, as well as different expression levels for the genes associated with the NAFLD pathway in HUVECs infected with P. gingivalis. More importantly, we observed that both livh and livk deletion reduced the ability of P. gingivalis to induce increases in serum BCAA, ALT, and AST levels in mice fed HFD. Thus, we speculated that the LIV system of P. gingivalis may aggravate NAFLD and NASH by inducing increases in circulating BCAA levels. It is likely that P. gingivalis elevate BCAA serum levels through biosynthesizing BCAAs, and then exporting the biosynthesized BCAAs to extracellular environments such as blood circulation. However, it is still unclear whether the effects of P. gingivalis on BCAA levels and liver injury are related to specific components of the LIV system. Therefore, the effects of LIV, especially livh and livk, on BCAA levels and NALFD signaling pathways still require further investigation. For instance, comparing the intracellular and extracellular BCAA concentrations in P. gingivalis mutants (Δbcat, Δlivk and Δlivh) under various stresses is needed to validate the role of BCAT and LIV system of P. gingivalis in modulating its intracellular and extracellular BCAA concentrations, as well as to explore the regulators of BCAA synthesis and transportation.
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