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Abstract: The liver plays a vital role in the defense against infections. Porphyromonas gingivalis
(P. gingivalis), a dominant etiologic oral bacterium implicated in periodontal disease (PD), has been
associated with various systemic diseases. This study aimed to investigate the influence of P. gingivalis
on alcohol-associated liver diseases (ALD). Mice were fed a Lieber–DeCarli liquid diet containing 5%
ethanol for 10 days after an initial adaptation period on a diet with lower ethanol content for 7 days.
Two days before tissue sample collection, the mice were administered P. gingivalis strain W83 (Pg)
through intraperitoneal injection (IP). Pair-fed mice with Pg infection (PF+Pg) exhibited an activated
immune response to combat infections. However, alcohol-fed mice with Pg infection (AF+Pg)
showed liver injury with noticeable abscess lesions and elevated serum alanine aminotransferase
(ALT) levels. Additionally, these mice displayed liver infiltration of inflammatory monocytes and
significant downregulation of proinflammatory cytokine gene expression levels; and AF+Pg mice also
demonstrated increased intrahepatic neutrophil infiltration, as confirmed by chloroacetate esterase
(CAE) staining, along with elevated gene expression levels of neutrophil cytosol factor 1 (Ncf1),
neutrophilic inflammation driver lipocalin 2 (Lcn2), and complement component C5a receptor 1
(C5ar1), which are associated with neutrophilic inflammation. Interestingly, compared to PF+Pg mice,
the livers of AF+Pg mice exhibited downregulation of gene expression levels of NADPH oxidase 2
(Cybb), the leukocyte adhesion molecule Cd18, and the Toll-like receptor adaptor Myd88. Consequently,
impaired clearance of P. gingivalis and other bacteria in the liver, increased susceptibility to infections,
and inflammation-associated hepatic necrotic cell death were observed in AF+Pg mice, which is likely
to have facilitated immune cell infiltration and contributed to liver injury. Furthermore, in addition
to the Srebf1/Fasn pathway induced by alcohol feeding, Pg infection also activated carbohydrate
response element-binding protein (ChREBP) in AF+Pg mice. In summary, this study demonstrates
that P. gingivalis infection, acting as a “second hit”, induces dysfunction of immune response and
impairs the clearance of bacteria and infections in alcohol-sensitized livers. This process drives the
development of liver injury.

Keywords: alcohol-associated liver disease; P. gingivalis; inflammatory monocyte infiltration;
intrahepatic neutrophil infiltration; hepatic steatosis; liver injury

1. Introduction

Alcohol-associated liver disease (ALD) is a significant global health concern, contribut-
ing to substantial morbidity, mortality, and healthcare costs. ALD encompasses a spectrum
of liver conditions resulting from excessive alcohol consumption, ranging from simple
fatty liver (steatosis) to more severe forms, such as alcohol-associated steatohepatitis (AH),
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cirrhosis, and even hepatocellular carcinoma [1,2]. In 2012, about 3.3 million deaths, or
5.9% of all global deaths, were attributed to alcohol consumption [2]. In 2017, an estimated
23.6 million people globally had alcohol-associated cirrhosis, with approximately 10% of
these having decompensated disease [3]. In the United States, up to 1% of the population
may have ALD [4]. ALD is often complicated by concomitant diseases, including viral in-
fections. Emerging evidence suggests an association between ALD and periodontal disease
(PD) [5]. In patients with ALD, viral and bacterial infections are frequently observed, acting
as potential “second hits” or multiple hits that contribute to the progression of ALD [6].

One of the major pathogens associated with PD is Porphyromonas gingivalis (P. gingivalis).
P. gingivalis has virulence factors, such as gingipains, capsular polysaccharide, fimbriae and
out membrane vesicles, which invade host immune responses [7,8]. This bacterium can
evade elimination by the complement system [9,10] and can translocate from dental plaque
to other organs, either through circulation or oral infection that exacerbates various dis-
eases, such as arthritis, cardiovascular disease, diabetes, and Alzheimer’s disease [11–13].
P. gingivalis has been considered a confounding risk factor for systemic diseases when
not efficiently eliminated by the host. Our previous study demonstrated an association
between P. gingivalis and the development/severity of acute alcohol-associated steatohep-
atitis (AAH) [14]. However, whether P. gingivalis infection directly causes liver damage
after alcohol consumption remains to be demonstrated.

In this current study, we aimed to investigate whether P. gingivalis infection, as a
“second hit”, could promote the development and progression of ALD. We also sought
to explore the underlying molecular mechanisms involved. Using a virulent strain of
P. gingivalis known as W83 (Pg), which is a key contributor to PD [15,16], we conducted
experiments in mice. We hypothesized that systemic Pg infection, likely to stem from
the dysbiosis of the oral microbiome, caused liver injury by inducing infiltration of im-
mune cells into the liver and exacerbated alcohol-induced liver inflammation in patients
with ALD.

2. Materials and Methods
2.1. Animals Fed with Alcohol

C57BL/6J male mice (age 8 weeks, weight 25–30 g) were purchased from Jackson
Laboratory (Bar Harbor, ME). They were maintained at 22 ◦C with a 12 h light/dark
cycle and had free access to a normal chow diet and tap water for one week. Afterwards,
mice were divided into 2 groups and fed with either a Lieber–DeCarli liquid diet or a
maltose–dextrin pair-fed diet. For alcohol-feeding (AF), mice were fed for one day with
control diet (BioServ, Flemington, NJ, USA), 3 days with 1.6% ethanol diet (1.6% ethanol
in ethanol diet BioServ), 3 days with 3.2% ethanol diet, and 10 days with 5% ethanol diet.
For pair-feeding (PF), mice were fed with isocaloric control diet (Figure 1) [17,18]. All mice
were treated according to the protocols reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Louisville (approval number: 18378), and all
the procedures were carried out in accordance with the approved guidelines.

2.2. Bacteria Preparation and Mouse Treatment

The P. gingivalis strain W83 (Pg) was purchased from the ATCC (Manassas, VA) and
re-suspended in sterile PBS at a concentration of 2 × 109 CFU (colony-forming units)/mL.
Two days before the end of experiment, mice were infected with the bacteria by intraperi-
toneal injection (IP) of 100 µL Pg (total 2 × 108 CFU/ animal). Mice in control groups
(non-infection groups) were injected with 100 µL PBS. Thirty mice were divided into
4 groups with each group containing 7–8: pair-fed (PF), pair-fed with P. gingivalis infection
(PF+Pg), alcohol-fed (AF) and alcohol-fed with P. gingivalis infection (AF+Pg). Due to mor-
tality loss during alcohol and Pg challenge, the final numbers of mice in each group were:
PF (7); PF+Pg (7), AF (6), and AF+Pg (6). The body weights of mice were measured daily.
Forty-eight hours after Pg infection, mice were anesthetized with avertin and sacrificed.
Mouse blood samples were collected and allowed to clot at room temperature for 30 min
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and were centrifuged at 1500× g for 30 min to collect serum. Mouse liver and spleen
samples were weighted and collected for various assays.
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Figure 1. Pg infection of alcohol-fed mice induced liver injury. (A) Experimental diagram. Mice
fed with the Lieber–DeCarli liquid diet with/without ethanol (EtOH) for total of 18 days; mice
infected with Pg on day 16 (shown by arrow) and sacrificed on day 18. (B) Representative images of
livers. (C–E) mice weight loss, liver weights and liver/body weight ratios. (F) Mice spleen weights.
(G) Serum ALT values. (H) Serum AST values. Data are expressed as mean ± SEM (n = 6–7). One-
way ANOVA with Tukey’s post-hoc test (marked as *) or Two-tailed unpaired t test (marked as #)
(* or # p < 0.05; ** p < 0.01).

2.3. RNA Isolation and Real-Time Polymerase Chain Reaction (Real-Time PCR)

Liver tissues were homogenized by sonication, and total RNA was isolated using
Trizol according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher, Waltham, MA, USA) was used
for cDNA reverse-transcription as follows: according to the manufacture protocol, a 20-µL
reaction system was composed of 2 µL 10× RT Buffer, 2 µL 10× RT Random Primers, 0.8 µL
25× dNTP Mix (100 mM), 1 µL MultiScribe™ Reverse Transcriptas (50 U/µL), and 14.2 µL
Nuclease-free H2O with 2 µg of total liver RNA; the reaction cycle included 25 ◦C for 10 min,
37 ◦C for 120 min, 85 ◦C for 5 min and 4 ◦C for holding. PCR primers for universal bacteria
and mouse 18S rRNA were obtained from previous studies [19,20], and other primers were
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designed (Table 1). Real-time PCR was performed on ABI StepOnePlus™ Real-Time PCR
System (ThermoFisher) with Power SYBR Green PCR Master Mix (ThermoFisher). Fold
change in gene expression was calculated using the formula 2−∆∆Ct. Dissociation curve
analysis was performed after PCR amplification to confirm the specificity of the primers.
Gene expression was normalized to the housekeeping gene, β-actin (Actb). For comparisons
of clearance of P. gingivalis and other bacterial infections, 16S rRNA of P. gingivalis and
universal bacteria were normalized to mouse 18S rRNA.

Table 1. Primers used in current study.

Gene Name Forward Primer (FW) Reverse Primer (RE)

Actb 5′-AGACTTCGAGCAGGAGATGG 5′-CGCTCGTTGCCAATAGTGAT

Ccr2 5′-GCCTGATCCTGCCTCTACTT 5′-GGCAAAGATGAGCCTCACAG

Ccr5 5′-CACACCCTGTTTCGCTGTAG 5’-ATTCCTGGAAGGTGGTCAGG

Ccl2 5′-GGCCTGCTGTTCACAGTTGC 5′-CCTGCTGCTGGTGATCCTCT

Myd88 5′-CAAGTTTGCACTCAGCCTGT 5′-AACCGCAGGATACTGGGAAA

Il6 5′-TCCAGTTGCCTTCTTGGGACT 5′-GCCTCCGACTTGTGAAGTGGT

Tnf 5′-CCAGCCGATGGGTTGTACCT 5′-TGACGGCAGAGAGGAGGTTG

Il1b 5′-GGCCTTGGGCCTCAAAGGAA 5′-GCTTGGGATCCACACTCTCCA

Ifng 5′-CAGGCCATCAGCAACAACAT 5′-GACCTGTGGGTTGTTGACCT

Ncf1 5′-CTTCAGACCTATCGGGCCAT 5′-CGCTTTGTCTTCATCTGGCA

Lcn2 5′-ATGTCACCTCCATCCTGGTC 5′-GTGGCCACTTGCACATTGTA

C5ar1 5′-TCCTGCTGCTGGCTACCATT 5′-GCTAAGACCCAGGCCACTCC

Cybb 5′-TTGCTGTGCACCATGATGAG 5′-GGGTGTTCACTTGCAATGGT

Sod2 5′-CCGAGGAGAAGTACCACGAG 5′-TAGGGCTCAGGTTTGTCCAG

Cd18 5′-GCCCTCAACGAGATCACCGA 5′-CTGGCAGGCCTTCTCCTTGT

Pg 16S rRNA 5′-CTGACACTGAAGCACGAAGG 5′-CTTAACGCTTTCGCTGTGGA

Universal 16S 5′-ACTCCTACGGGAGGCAGCAGT 5′-ATTACCGCGGCTGCTGGC

18S rRNA 5′-CCGGACACGGACAGGATTGA 5′-GCATGCCAGAGTCTCGTTCG

C5ar2 5′-CCTGGCTCACAGTGCTCTCA 5′-TGGTCACCGCACTTTCCTCA

Tlr9 5′-AGCCTGAGCCACACCAACAT 5′-GTCACCTTCACCGCTCCTGT

Il18 5′-TTTCTGGACTCCTGCCTGCT 5′-TGGAAGGTTTGAGGCGGCTT

Hmgb1 5′-AATCAAAGGCGAGCATCCTG 5′-TCAGCTTGGCAGCTTTCTTC

Tgfb1 5′-CCCGTGGCTTCTAGTGCTGA 5′-ACAGGATCTGGCCACGGATG

ChREBP 5′-GACAGCGGAGTACATCCTGA 5′-AAGTTGATGGCAGCGTTGAG

Srebf1 5′-GCAAGGCCATCGACTACATC 5′-CTGACACCAGGTCCTTCAGT

Fasn 5′-AAGTTGCCCGAGTCAGAGAA 5′-TTCCAGACCGCTTGGGTAAT

2.4. Western Blot Analysis, Serum Lcn2 ELISA Assay and Serum AST/ALT
Activity Measurement

Hepatic tissues were lysed with cold cell lysis buffer containing phosphatase inhibitor
and protease inhibitor and centrifuged for 15 min at 12,000× g at 4 ◦C. The protein concen-
tration was measured using a BCA assay kit (Pierce, Rockford, IL, USA). Proteins (50 µg)
were separated by SDS-PAGE, blotted onto a polyvinylidene difluoride membrane (PVDF),
and blocked with 5% bovine serum albumin in Tris-buffered saline with 0.1% Tween 20.
Blots were reacted for 16 h with primary antibody Lipocalin-2/NGAL (R&D systems,
Minneapolis, MN, USA) at 4 ◦C for 1 h with the secondary antibody (Abcam, Boston, MA,
USA) at room temperature. The membrane was developed by using Luminata™ Western
horseradish peroxidase (HRP) substrate (ThermoFisher). β-actin (Sigma, St. Louis, MO)
was used as a loading control. Mouse serum Lcn2 was measured by using Lipocalin-2
(Lcn2) ELISA Kit (ThermoFisher). Serum alanine aminotransferase (ALT) assay and aspar-
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tate aminotransferase (AST) were performed by using ALT (ThermoFisher) and AST assay
kit (Fisher Sci. Waltham, MA, USA) according to the manufacturer’s instructions.

2.5. Immunohistochemistry Staining

Liver frozen tissue were sectioned at 5 µm thickness. Slides were washed with PBS
and fixed with 4% PFA at RT for 10 min. After permeabilization, slides were blocked with
5% goat serum for 1 h at RT and incubated with primary antibody anti-F4/80 (Abcam 1:100
dilution) overnight. After washing with TBST (0.1%) 4 times for 5 min each, a secondary
antibody (Alexa Fluor 555 labeled donkey anti-rat IgG, Abcam, 1:1000 dilution) was applied
for 1 h at room temperature. After washing with TBST (0.1%) for 4 × 5 min, slides were
mounted with antifade mounting media (Vector Laboratories, Newark, CA, USA) and
pictures were taken under a fluorescent microscope.

2.6. Liver Tissue Hematoxylin and Eosin Staining (H&E Staining) [21]

Paraffin-embedding live tissue were sectioned at 6 µm thickness. After deparaffiniza-
tion and re-hydration, slides were stained with hematoxylin for 1 min. After washing for
10 min in tap water, slides were stained with eosin for 30 s to 1 min. After dehydration,
slides were mounted at Permount medium (Fisher Sci.) and covered with coverslips.

2.7. Naphthol AS-D Chloroacetate Esterase (CAE) Staining

Neutrophil infiltration was detected by using chloroacetate esterase (CAE) staining
(Sigma) according to manufacturer’s instructions. Deparaffinized tissue slides were fixed
for 1 min in citrate-acetone-methanol fixative at room temperature, washed thoroughly
in deionized water and air dried for at least 20 min. Then slides were stained with pre-
warmed staining solution (37 ◦C) (50 mL TRIZMAL with 1 capsule Fast Corinth V Salt
plus 2 mL CAE solution) for 15 min. Slides were washed in deionized water for 3 min
and counterstained in acid hematoxylin solution for 1 min. Slides were mounted with an
aqueous mounting media after being washed in tap water for 10 min.

2.8. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

Cell death was analyzed by using apoptag peroxidase in situ apoptosis detection kit
(Chemicon, Temecula, CA, USA) according to manufacturer’s instructions. Liver cryosec-
tions were fixed in 1% paraformaldehyde in PBS (pH 7.4) for 10 min at RT. After washing
with PBS twice for 5 min each, slides were post-fixed in precooled ethanol: acetic acid
(2:1) for 5 min at −20 ◦C. After draining and washing twice in PBS, slides were quenched
in 3% hydrogen peroxide in PBS for 5 min at RT. After being rinsed twice with PBS or
dH2O (5 min each time), equilibration buffer was applied for at least 10 s at RT. Following
this, slides were incubated with working strength TdT enzyme in a humidified chamber
at 37 ◦C for 1 h and then with stop/wash buffer for 10 min at RT. After 3 times washing
with PBS (each wash for 1 min), slides were incubated with anti-digoxigenin peroxidase
conjugated at room temperature in a humidified chamber for 30 min. After 4 wash cycles
(2 min each wash), slides were incubated with TMB (Fisher Sci) for 3 to 6 min at room
temperature. After 3 times washing in dH2O (1 min each wash), slides were counterstained
in hematoxylin working solution for 1 min and washed for 10 min in ddH2O. Images were
taken, and data were analyzed.

2.9. Statistical Analysis

Due to mortality during alcohol feeding and Pg challenging, two mice died in the
alcohol feeding group; two mice died after Pg infection in AF+Pg group. Accordingly,
6–7 mice in each group were used to perform statistical analysis at the experimental end.
GraphPad Prism software 5.04 (GraphPad Software Inc., San Diego, CA, USA) was used
for data analyses. Data were expressed as mean ± SEM and analyzed by one-way analysis
of variance (ANOVA) with Tukey’s post-hoc correction (marked as *), or unpaired t tests
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(marked as #) where appropriate. Differences were considered statistically significant when
p < 0.05.

3. Results
3.1. Pg Infection of Alcohol-Fed Mice Induced Liver Injury

Mice were fed a liquid diet containing alcohol (AF) or a pair-fed isocaloric control
diet (PF) (Figure 1A). Two days before sacrifice, mice were injected with Pg. Pg infection
in PF mice resulted in a significant reduction in body weight but increased liver weight
(Figure 1C–E). Liver staining revealed pale appearances in Pg-challenged PF mice (PF+Pg
mice) (Figure 1B). In contrast, AF+Pg mice exhibited purulent infections with noticeable
liver abscess lesions (Figure 1B) and a significant reduction in spleen weight compared
to PF+Pg mice (Figure 1F). Serum ALT levels were significantly elevated in AF+Pg mice
compared to PF+Pg and AF mice (Figure 1G,H). These results suggest that immune system
mobilization in PF+Pg mice helped combat Pg infection effectively both in spleen and liver,
whereas AF+Pg mice experienced liver injuries and dysfunction of immune response due
to systemic immunosuppression.

3.2. Pg Infection of Alcohol-Fed Mice Induced Infiltration of Inflammatory
Monocytes/Macrophages but Repressed Expression of Inflammatory Cytokines

The mRNA levels of CC chemokine receptors 2 and 5 (Ccr2 and Ccr5) involved in liver
inflammation and macrophage recruitment were significantly upregulated in AF+Pg mice,
compared to AF and PF+Pg mice, while gene expression level of the ligand Ccl2 was not
changed (Figure 2A–C). AF+Pg mice exhibited downregulated mRNA expression levels of
the Tlr adaptor Myd88, as well as the inflammatory cytokines Tnf, Il1b, and interferon γ

(Ifng) compared to PF+Pg mice; in contrast, compared to all other groups, gene expression
level of Tnf was significantly upregulated in AF mice (Figure 2D,F–H).Interestingly, Pg
infection significantly suppressed Il6 expression, while there was increased Ifng expression
in both Pg infection of PF and AF mice; by contrast, compared to PF+Pg mice, the expression
level of Ifng, not Il6 was significantly downregulated in AF+Pg mice (Figure 2E,H). Liver
tissue analysis showed the presence of inflammatory monocyte/macrophage infiltration
and defective migration of inflammatory monocytes/macrophages in AF+Pg mice, as
indicated by piled-up F4/80-positive cells in the liver tissue (Figure 2I).

3.3. Pg Infection of Alcohol-Fed Mice Induced Neutrophil Infiltration and Defective
Bacterial Clearance

The mRNA levels of hepatic neutrophil cytosol factor 1 (Ncf1) and complement com-
ponent C5a receptor C5ar1 were significantly upregulated in AF+Pg mice compared to AF
and PF+Pg mice (Figure 3A,B). The neutrophilic inflammation driver lipocalin 2 (Lcn2)
mRNA level was elevated by Pg infection in both PF and AF mice; and, compared to
all other groups, gene expression level of Lcn2 was significantly upregulated in AF+Pg
mice (Figure 3C). Sod2 mRNA expression level was not affected by alcohol feeding or Pg
infection in PF mice, but significantly increased by Pg infection in AF mice compared to
the PF+Pg mice (Figure 3D). The mRNA expression levels of NADPH oxidase 2 (Cybb)
and complement receptor 3 (Cr3) component/ the leukocyte adhesion molecule Cd18 were
significantly increased in Pg infection of both PF and AF mice but decreased in AF+Pg
mice compared to PF+Pg (Figure 3E,F). Pg 16S rRNA and universal 16S rRNA expression
levels were significantly upregulated in AF+Pg mouse livers compared to PF+Pg mice,
indicating impaired bacterial (including Pg and other bacteria) clearances in livers of AF+Pg
mice (Figure 3G,H). Immuno-blot analysis demonstrated elevated Lcn2 protein levels in
Pg-infected mice (both AF and PF) and, compared to PF+Pg mice, stronger bands of Lcn2 in
AF+Pg mice(Figure 3I). Serum Lcn2 levels were significantly increased in Pg-infected mice
(Figure 3J). Liver staining showed prominent intrahepatic neutrophil infiltration in AF+Pg
mice and hypertrophic hepatocytes in PF+Pg mice (Figure 3K). These findings indicate
increased intrahepatic neutrophil infiltration and defective clearance of Pg in AF+Pg mice,
leading to neutrophilic inflammation and overt infections in liver.
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Figure 2. Pg infection of alcohol-fed mice induced liver infiltration of inflammatory mono-
cytes/macrophages and repressed inflammatory cytokine expression in mice livers. (A–H) Relative
gene mRNA expression levels in the livers. (I) Representative liver F4/80 macrophage staining;
white scale bar is 100 µm. Data are expressed as mean ± SEM (n = 6–7). Groups differ significantly
(* or # p < 0.05; ** or ## p < 0.01; *** or ### p < 0.001).
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Figure 3. Pg infection of alcohol-fed mice induced neutrophil infiltration to liver and defective
clearance of Pg and infections in mice livers. (A–F) Relative liver gene mRNA expression levels.
(G,H) Relative liver Pg and universal 16S rRNA levels. (I) Immuno-blot analysis of Lcn2 in the livers.
(J) Serum Lcn2 protein levels. (K) Representative liver CAE staining; pictures were taken under 20×
magnification power, black scale bar is 100 µm. Data are expressed as mean ± SEM (n = 6–7). Groups
differ significantly (* or # p < 0.05; ** p < 0.01; *** or ### p < 0.001).

3.4. Pg Infection of Alcohol-Fed Mice Induced Inflammasome Activation and Cell Death

The mRNA levels of inflammasome-related genes, including complement component
C5a receptor C5ar2, toll-like receptor 9 (Tlr9), interleukin-18 (Il18), and high mobility group
box 1 (Hmgb1), were significantly upregulated in AF+Pg mice compared to PF+Pg mice.
Alcohol feeding significantly increased the mRNA expression of Tlr9, but not C5ar2, Il18,
and Hmgb1(Figure 4A–D). In contrast, the mRNA level of the efferocytosis-related gene
Tgfb1 tended to be significantly decreased in PF and AF+Pg mice compared to PF+Pg mice
(Figure 4E). Liver histology revealed liver injury with necrotic cell death and increased
eosinophilia staining in AF+Pg mice (Figure 4F). TUNEL staining demonstrated prominent
apoptotic cell death in PF+Pg mice, whereas AF+Pg mice showed pyroptotic cell death
with TUNEL-positive staining [22] (Figure 4G). These results indicate that Pg infection in
PF mice induced apoptotic cell death, while in AF mice, in addition to apoptotic cell death,
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Pg infection activated inflammasome and led to inflammation-associated necrotic cell death
in liver [23].
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Figure 4. Pg infection of alcohol-fed mice induced inflammasome activation and cell death in mice
livers. (A–E) Relative liver gene mRNA expression levels. (F) Representative liver H and E staining
showing necrotic cell death with increased eosinophilia staining in AF+Pg mice (circle line); pictures
were taken under 10× magnification power, black scale bar is 100 µm. (G) Representative liver
TUNEL staining showing TUNEL-positive apoptosis (arrowheads) and TUNEL-positive pyroptotic
cells at a lower staining intensity (arrows); pictures were taken under 40 × magnification power,
black scale bar is 50 µm. Data are expressed as mean ± SEM (n = 6–7). Groups differ significantly
(* or # p < 0.05, ** or ## p < 0.01, ### p < 0.001).

3.5. Pg Infection of Alcohol-Fed Mice Induced Lipogenesis-Related Gene Expression

Alcohol feeding increased liver steatosis, and the mRNA expression of lipogenic genes
Srebf1 and Fasn was upregulated. However, Pg infection induced only minimal elevation
in these genes (Figure 5A,B). The mRNA level of ChREBP, another major lipogenic gene,
remained unchanged between PF and AF mice but was significantly increased only in
AF+Pg mice (Figure 5C). These findings suggest that alcohol feeding primarily contributes
to increased lipogenesis in Pg-infected AF mice livers.
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Figure 5. Pg infection of alcohol-fed mice induced lipogenesis-related gene expression in mice livers.
(A–C) Relative liver gene mRNA expression levels. Data are expressed as mean ± SEM (n = 6–7).
Groups differ significantly (* p < 0.05, * p < 0.01, *** p < 0.001).

4. Discussion

Our previous findings have demonstrated a correlation between levels of circulating
antibodies against Pg and the severity of alcoholic hepatitis (AH) in patients [14]. The
association between periodontitis and liver diseases is supported by growing evidence [24],
although the exact nature of this relationship remains unclear. To address this, we con-
ducted the present study to investigate whether systemic challenge with Pg, one of the
major pathogens associated with periodontitis, contributes to the development of ALD
in mice.

Several models have been utilized to study ALD in mice. Among these, the chronic
plus binge model has gained significant popularity in recent years [18,25]. In this model,
mice are subjected to a 10 day to 8 week regimen of a 5% EtOH-containing liquid diet,
followed by a binge dose of EtOH administered shortly before sacrificing the animals. This
model has demonstrated that chronic EtOH consumption sensitizes the liver, making it
more susceptible to subsequent challenges, either from alcohol or other “second” insults,
resulting in an exacerbated inflammatory response. It mimics ALD well, which is charac-
terized by steatosis and liver inflammation. In the current study, we aimed to investigate
whether Pg infection could serve as a “second hit” in this context.

Our mouse model holds relevance because patients with periodontitis are believed to
experience non-symptomatic bacteremia. Although the IP route of Pg inoculation does not
directly reflect the natural oral habitat of Pg, it does simulate the reaching of the liver for Pg
through the bloodstream following bacteremia in patients associated with periodontitis.
Therefore, we hypothesized that this systemic bacterial infection, in conjunction with
ethanol exposure, would synergistically promote the development of ALD.

Sepsis is a common complication in patients with ALD [26]. Previous studies have
reported that subcutaneous injection of Pg at a dose of 1 × 109 CFU/mouse can in-
duce abscess formation in the inguinal area [27]. In our current study, a lower dose
of 2 × 108 CFU/animal of Pg administered via IP injection to pair-fed (PF) mice resulted in
significant increases in liver weights and decreases in body weights. These changes, along
with hepatocyte hypertrophy, indicate that PF mice were able to mount an active response
to the infection [15,28]. In contrast, alcohol-fed (AF) mice challenged with Pg exhibited
reduced spleen weights, elevated serum ALT levels, and noticeable abscess lesions in the
liver, suggesting liver immune suppression [29,30], immune cell infiltration, and liver injury,
as decreased spleen weights in AF+Pg mice indicated that splenic macrophages were likely
to be unable to be activated for the removal of bacteria from the blood during systemic
infections [31]. The presence of pus, which consists of white blood cells and dead cells and
is formed during the body’s defense against bacterial infection [23], further supports the
notion of both systemic and liver immune suppression. Therefore, Pg infection complicates
alcohol-associated liver injury.

We further explored the mechanisms underlying P. gingivalis-induced ALD in our
mouse model. We observed recruitment of Ccr2+ inflammatory monocytes to the liver in
AF+Pg mice, as evidenced by upregulated gene expression levels of Ccr2 and Ccr5, as well
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as F4/80 macrophage staining. Ccr2 and Ccr5 are predominantly expressed on the surface
of inflammatory monocytes/macrophages [32,33]. Upregulated gene expression levels of
Tnf in AF mice indicate that alcohol can activate resident liver macrophages, known as
Kupffer cells (KC) [34]. However, this activation is suppressed in AF mice infected with
Pg, as demonstrated by downregulated gene expression levels of Myd88 [35], Tnf, Il1b, and
Infg [36]. Furthermore, compared to PF+Pg mice, AF+Pg mice showed upregulated gene
expression levels of complement 5a receptors C5ar1/C5ar2, indicating the activation of
C5ar-Tlr2 crosstalk signaling, and downregulated complement receptor Cr3 (Cd11b/Cd18)
in the macrophage lineage, which could contribute to immune response suppression with
downregulated gene expression levels of cytokines [9,37].

Additionally, intrahepatic neutrophil infiltration and neutrophilic inflammation were
confirmed in AF+Pg mice, as indicated by elevated gene expression levels of neutrophil
cytosol factor 1 (Ncf1), neutrophilic inflammation driver Lcn2, and positive liver CAE
staining [1,30]. We demonstrated that, after 2 days of Pg infection, liver injuries were
driven by intrahepatic neutrophils in AF+Pg mice, as evidenced by the upregulated gene
expression level of Ncf1 [1,38]. Comparing AF+Pg mice to PF+Pg mice, upregulated gene
expression levels of Lcn2, C5ar1, and C5ar2 indicate that neutrophils could be recruited by
“intermediate-target” signal Lcn2 [39] and “end-target” molecule C5a [40]. Alcohol feeding-
induced oxidized C5, converted by gingipains of Pg, is known to activate neutrophils and
promote their activation, including polarization, chemotaxis, and exocytosis. Thus, Pg
challenge induces hepatocytes to secrete Lcn2 [41], mobilizing neutrophils to the liver, and
the presence of neutrophils in the liver parenchyma, i.e., intrahepatic neutrophil infiltration,
is further guided by upregulated Lcn2 and oxidized C5 converted by gingipains.

We found that the neutrophil function of bacterial killing was compromised in AF+Pg
mice, as Pg infection subverted the major neutrophil functions [42]. Upregulated Pg 16S
rRNA and universal 16S rRNA in Pg-challenged AF mice indicate that the livers were
unable to effectively clear the Pg infection and bacterial translocation from the intestine.
This finding is further supported by the downregulation of gene expression levels of Myd88,
Tnf, Infg, and Cybb in AF+Pg mice. Myd88 is a Toll-like receptor (Tlr) adaptor protein [35],
Tnf and Infg are neutrophil priming factors [43,44], and Cybb mediates neutrophil NADPH
oxidase 2 oxidative killing [45]. Furthermore, neutrophils use two β2 integrins, Lfa-1
(Cd11a/Cd18) and Mac-1 (Cd11b/Cd18), to mediate firm adhesion to activated endothe-
lium [46]. Under the conditions of Pg infection in AF mice, downregulated gene expression
level of Cd18 [47] could impair the clearance of infection, as Cd18 is a leukocyte adhesion
molecule as well as a Cr3 component involved in neutrophil migration, and complement
C3-opsonized particle-mediated phagocytosis [48] and phagocytosis-induced cell death
(PICD) [49]. Additionally, Pg infection of AF mice modified neutrophil apoptosis [50], as
further evidenced by the upregulated gene expression levels of Sod2 [51,52] and Tlr9 [53],
and downregulated Cd18 [54] in AF+Pg mice. Meanwhile, neutrophil dysfunction may
induce neutrophils to limit infections by secreting Lcn2 for sequestering the iron-laden
siderophore, and the upregulated Lcn2 could drive further neutrophilic inflammation [30].

We further demonstrated that the inflammasome pathway could be activated in
macrophages in AF+Pg mice [55] as, compared to PF+Pg mice, gene expression levels of
C5ar2, Il18 and Hmgb1 were upregulated [56]. Extracellular mitochondrial DNA could
promote NLRP3 inflammasome activation in macrophages through Tlr9 [57]. Hmgb1
and P. gingivalis-derived outer membrane vesicles (OMVs) could lead to inflammasome
activation in macrophages, neutrophils, and hepatocytes [23]. Compared to PF+Pg mice,
downregulated gene expression levels of Tgfb1 in AF+Pg mice indicate inefficient efferocy-
tosis by KCs/macrophages, as the ingestion of apoptotic cells promotes M2 macrophages
to produce TGF-β1 [58]. Downregulated Cd18 in KCs/macrophages and gingipains [59,60]
could inhibit their migration to target sites in order to induce neutrophil apoptosis, which
could impair inflammation resolution. Consequently, inflammation-associated pyroptosis,
necroptosis, and delayed resolution of inflammation could induce secondary necrosis in
AF+Pg mice, further recruiting immune cells and contributing to liver injury.
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Furthermore, Pg infection of AF mice played a role in inflammation-induced hepatic
steatosis. Alcohol feeding induces liver steatosis in both AF and AF+Pg mice, as evidenced
by the upregulation of Fasn, Srebf1 and ChREBP. We also observed an upregulation of Ncf1
in AF+Pg mice. Ncf1 plays a role in immune cell infiltration that damages insulin receptor
substrate 1 (IRS1) [61] in hepatocytes and stimulates ChREBP expression, leading to lipoge-
nesis [34]. Collectively, Pg infection of alcohol-sensitized livers mediated the pathogenesis
of alcoholic liver steatosis in AF+Pg mice, likely through the alcohol feeding-induced
Srebf1/Fasn pathway and Pg infection of the AF-induced ChREBP/Fasn pathway [1,62,63].

In summary, the data suggest that systemic Pg infection exacerbates alcohol-induced
liver injury and steatosis with dysfunction of immune response. Although further exper-
imental study evaluating the role of Pg infection due to periodontal disease is needed
to reveal the correlation between oral microbiome and ALD, the current study provided
evidence that Pg can serve as the “second hit” in the development and progression of ALD.
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