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inhibits hepatic cytochrome P450
expression and disrupts the omega-3
epoxidation pathway in a murine model

Yoshino Daidouji, Shigeki Suzuki*, Xiuting Wang,
Rahmad Rifqi Fahreza, Eiji Nemoto, Satoru Yamada
Department of Periodontology and Endodontology, Tohoku University Graduate School of Dentistry,
Sendai, Japan
Received 3 May 2024; Final revision received 23 May 2024
Available online 29 May 2024
Introduction

Periodontitis is caused by irreversible breakdown of peri-
odontal epithelial and connective tissue attachment followed
by alveolar bone loss, which may be due to local pathogenic
bacterial infection and the host’s protective inflammatory
reactions.1 Epidemiological and animal model studies have
disclosed that various diseases and pathological conditions,
such as vascular disorders, diabetes, premature birth and low
birth weight in children, aspiration pneumonia, rheumatoid
arthritis, chronic kidney diseases, Alzheimer’s disease, and
non-alcoholic fatty liver disease (NAFLD-including non-
alcoholic fatty liver [NAFL] and non-alcoholic steatohepati-
tis [NASH]) were exacerbated by periodontitis.2e5

The liver has various roles for maintaining whole body
homeostasis, including lipid, carbohydrate, iron, vitamin,
copper, and drug metabolisms.6,7 Gut barrier destruction in-
creases gut permeability, thereby inducing the translocation
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ofmicrobiota from the gut to the liver via the portal vein; this
process activates natural immunity and thus contributes to
the progression of NASH.8 NASH poses high risks for cirrhosis
and hepatocellular carcinoma; therefore, its onset and pro-
gression is considered a life-threatening event.9 Similarly,
oral pathogenic bacteria, such as Porphyromonas gingivalis
(P.g.), can enter the systemic circulation and reach the liver,
thereby facilitating NASH progression.10

The pre-symptomatic state is defined as the state of
health prior to the clinical appearance of the signs and
symptoms of a disease; it is biologically regarded as “the
breakdown of homeostasis”.11,12 Therefore, appropriate
interventions during the pre-symptomatic disease state
may provide greater advantages in increasing healthy life
expectancy and reducing medical costs. From this point of
view, periodontal disease is one of the most common adult
inflammatory diseases.13 Periodontal disease establishes a
pre-symptomatic disease state in various tissues and organs
by circulating periodontal bacteria and toxins, periodontal
tissue-originated inflammatory cytokines, and immunolog-
ical cells, thereby causing dysbiosis.5,14 However, previous
studies mainly focused on the mechanistic link between
liver and periodontal diseases and were based on systemic
disease/condition models such as high-fat feeding and
diabetes mellitus.
Publishing services by Elsevier B.V. This is an open access article under
/4.0/).
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Table 1 Primer pairs used in this study.

Primer name Species Direction Sequence

TNF-a Human forward AGCCCATGTTGTAGCAAACC
reverse ATGAGGTACAGGCCCTCTGA

HPRT Human forward TGGCGTCGTGATTAGTGATG
reverse CGAGCAAGACGTTCAGTCCT

TNF-ɑ Z tumor necrosis factor-alpha; HPRT Z hypoxanthine
phosphoribosyltransferase 1.
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In this study, the transcriptome profiles of the peri-
odontal and liver tissues of ligature-induced periodontitis
and healthy mice were generated. The key molecules and
pathways of the liver and their roles in the onset of
periodontitis-induced, pre-symptomatic liver disease were
clarified.

Materials and methods

Reagents

Eicosapentaenoic (EPA) (HYeB0660) and docosahexaenoic
acids (DHA) (HYeB2167) were purchased from MedChem
Express (Monmouth Junction, NJ, USA). The 17,18-epoxy
eicosatetraenoic (EpETE) and 17,18-dihydroxy-
eicosatetraenoic acids (diHETE) were purchased from
Cayman Chemical Co. (Ann Arbor, MI, USA). Lipopolysac-
charides (LPS) (127e05141) was purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). Recom-
binant tumor necrosis factor (TNF)-a (210-TA-005) was ob-
tained from R&D Systems (Minneapolis, MN, USA).

Experimental animals

All experimental procedures conformed to the Regulations
for Animal Experiments and Related Activities at Tohoku
University, were reviewed by the Institutional Laboratory
Animal Care and Use Committee of Tohoku University, and
were approved by the President of the University (Permit
No. 2023DnA-008). Eleven-week-old male C57BL6/J mice
(specific pathogen-free grade) were purchased from CLEA
Japan, Inc. (Tokyo, Japan). The mice were randomly allo-
cated; five mice were housed per cage. The mice were fed
with standard rodent chow and water ad libitum under a
12:12-h, controlled light/dark photoperiod cycle (lights on
at 8:00 A.M.); mice were given 1 week to adapt to the new
environment before the experiments.

The mice were randomly allocated to experimental and
control groups. Each group comprised two mice for RNA-seq
and four mice for lipidomic analysis. The mice were anes-
thetized; silk ligatures (Elp Sterile Blade Silk, Black, 5e0,
Akiyama Medical MFG, Tokyo, Japan) were then tied around
their second maxillary molars and maintained for 14 days to
induce severe periodontal tissue breakdown, as described
previously.15e17 After the 14-day periodontal inflammation
period, the mice were anesthetized; the periodontal and
liver tissues were subsequently dissected and immediately
immersed in RNAiso Plus (Takara Bio Inc., Otsu, Japan) and
sonicated using a homogenizer (Tomy, Tokyo, Japan) for
RNA purification or immediately immersed in nitrogen and
used for lipidomic analysis.

Poly-A selected and strand-specific RNA-seq and
data analyses

Total RNA was purified from the dissected periodontal and
liver tissues, DNase-treated, and used in RNA-seq analyses,
as described previously.18,19 For the processing of the RNA-
seq data, adapter trimming was conducted using Trim
Galore version 0.6.5 (http://www.bioinformatics.
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babraham.ac.uk/projects/trim_galore/) with default
settings, and then aligned to a reference genome (mm10)
using HISAT2 version 2.2.1.20 Transcript expression at the
exons was quantified using the “analyzeRepeast.pl” com-
mand in HOMER21 with “-strand both” and “-count exons,”
considering periodontal and liver tissues collected from
periodontitis-affected mice as the target and those from
healthy mice as the background, respectively. The original
raw data of the RNA-seq analyses and the processed gene
expression profiles were deposited in the National Center
for Biotechnology Information Gene Expression Omnibus
(NCBI GEO) database22 under the accession number,
GSE264546.

Quantitative PCR analysis

Total RNA purification, complimentary DNA (cDNA) prepa-
ration, and quantitative polymerase chain reaction (qPCR)
were conducted, as described previously.23e25 Human hy-
poxanthine phosphoribosyltransferase 1 (HPRT ) was used
as an internal reference control. The PCR primer sequences
for the target genes are listed in Table 1.

Histology

Liver samples were removed and fixed in 4% para-
formaldehyde in phosphate-buffered saline (PBS) at 4 �C for
24 h. The sections were then dehydrated using a graded
ethanol series, placed in xylene, and embedded in paraffin.
Hematoxylin and eosin staining was performed on 5-mm-
thick paraffin sections, as described previously.26

Liquid chromatography coupled with tandem mass
spectrometry analysis of fatty acid metabolites

Liver fatty acid metabolites were identified by Lipidome
Lab Co. Ltd. (Akita, Japan). Fatty acid metabolites were
purified from the lipid fractions by solid-phase extraction
using Oasis HLB columns (Waters Corporation, Milford, MA,
USA). The purification and liquid chromatography methods
were the same as described previously.27 Briefly, fatty acid
metabolites were extracted from 50-mg frozen liver sam-
ples using internal standards (2 ng each of 12,13-dihydroxy-
octadecenoic acid-d4, 11,12-epoxy-eicosatrienoic acid-
d11, and 20 ng of arachidonic acid-d8; Cayman Chem-
icals). They were separated using a high-performance liquid
chromatography system (Nexera LC-30AD, Shimadzu Cor-
poration, Kyoto, Japan) equipped with an XBridge C18
column (particle size 3.5 mm, length 150 mm; inner diam-
eter 1.0 mm; Waters) and analyzed on a triple quadrupole
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mass spectrometer (LCMS-8040; Shimadzu Corporation).
The metabolites were then identified and quantified by
multiple reaction monitoring, as previously reported.27 For
quantification, calibration curves were prepared for each
compound; recoveries were monitored using deuterated
internal standards. Data analysis was performed using
LabSolutions software (Shimadzu Corporation).
Lipopolysaccharide or tumor necrosis factor-a
(TNF-a) challenge in HepG2 cells

Human hepatic HepG2 cells were obtained from the RIKEN
Cell Bank (Tsukuba, Japan). Cells were maintained in low-
glucose Dulbecco’s Modified Eagle Medium (DMEM; Thermo
Fisher Scientific, Carlsbad, CA, USA) supplemented with 100
units/ml penicillin, 100 mg/ml streptomycin, and a heat-
inactivated 10% fetal bovine serum. They were then culti-
vated at 37 �C under humidified atmospheric conditions (5%
CO2 and 95% air). For analyzing the roles of omega-3 fatty
acids and their metabolites in the inflammatory response of
HepG2 cells, cells were cultured with the medium con-
taining a heat-inactivated 2.5% fetal bovine serum and
treated with or without LPS or TNF-a in the presence or
absence of EPA, DHA, 17,18-EpETE, or 17,18-diHETE for
24 h. Total RNAs were collected for qPCR analysis.
Figure 1 Enhanced expression of the genes coding extra-
cellular matrix proteins and chemokines in inflamed peri-
odontal tissue. (A, B) Total RNAs were collected from ligature-
induced inflamed and healthy periodontal tissues; whole-
genomic transcriptional changes were assessed using RNA-
Statistical analysis

Statistical analyses were performed using a two-tailed,
unpaired Student’s t-test (Fig. 3) and one-way analysis of
variance, followed by Tukey’s test (Fig. 4). Statistical sig-
nificance was considered at P � 0.05.
seq. The volcano plot shows a comparison of inflamed peri-
odontal (periodontitis) and healthy periodontal tissues
(healthy). The genes whose expression level is significantly
higher in healthy and periodontitis tissues are shown in green
and red, respectively. The genes whose expression level was
equivalent between healthy and periodontitis tissues are
shown in black (A). The top ten pathways of downregulated
(107 genes) and upregulated genes (133 genes) in the peri-
odontal tissue of periodontitis-affected mice (periodontitis)
compared with those of healthy mice (healthy) (B). (For
interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
Results

Genes associated with extracellular matrix proteins
and chemokines are upregulated in the ligature-
induced, inflamed periodontal tissue

Total RNA was collected from the periodontal tissues of
periodontitis-affected and healthy mice; whole-
transcriptome analyses were then conducted using RNA-
seq. In the inflamed periodontal tissues, 107 and 133 genes
were significantly downregulated and upregulated,
respectively, compared with healthy periodontal tissue
(Fig. 1A). The processed whole-transcriptome profiles ob-
tained from RNA-seq analyses were deposited in the NCBI
GEO database. Gene ontology analysis of the down-
regulated genes in the inflamed periodontal tissues identi-
fied terms associated with the erythrocytes; however, their
-logP scores were low. Conversely, gene ontology analysis
of upregulated genes in the inflamed periodontal tissues
identified enriched terms associated with extracellular
matrix (ECM) formation and degradation, such as “extra-
cellular matrix organization” and “collagen chain trimeri-
zation,” and with inflammatory responses, such as
“chemokine receptors bind chemokines” and “immune
system“ (Fig. 1B).
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Terms associated with cytochrome P450 are
enriched in the downregulated genes of the liver of
periodontitis-affected mice

Induced periodontal breakdown did not result in obvious
inflammatory responses, i.e., immunological cell infiltra-
tion in the liver (Fig. 2A). However, 61 and 71 genes were
identified in the livers of the periodontitis-affected mice as
significantly downregulated and upregulated, respectively,
compared with those of healthy mice (Fig. 2B). Gene
ontology analysis of downregulated genes indicated that all
ten top-ranked terms, such as “cytochrome P450-arranged
by substrate type” and “phase 1-functionalization of com-
pounds,” were associated with cytochrome P450 (CYP)



Figure 2 Suppressed expression of the genes coding cytochrome P450 enzymes in the liver of periodontitis-affected mice. (A)
Hematoxylin and eosin staining of the livers of healthy and periodontitis-affected mice. (B) Total RNAs were collected from the
liver of ligature-induced periodontitis-affected (periodontitis) and healthy mice (healthy); whole-genomic transcriptional changes
were assessed using RNA-seq. The volcano plot shows a comparison of the liver tissues of periodontitis-affected mice (periodontitis)
and healthy mice (healthy). The genes whose expression level was significantly higher in healthy and periodontitis tissues are shown
in green and red, respectively. The genes whose expression level was equivalent between healthy and periodontitis tissues are
shown in black. (C) The top ten pathways of downregulated (61 genes) and upregulated (72 genes) genes in the liver tissues of
periodontitis-affected mice (periodontitis) as compared with those of healthy mice (healthy). (D) FPKM values of the gene coding
for the CYP enzymes belonging to the Cyp4a subfamily in the liver tissues of periodontitis-affected (periodontitis) and healthy mice
(healthy) were extracted from the processed whole transcriptome profiles deposited in the NCBI GEO database (accession number,
GSE264546). FPKM ratios are shown as the quotient of the FPKM values in the liver tissues of periodontitis-affected mice (peri-
odontitis) by the FPKM values in the liver tissues of healthy mice (healthy). Scale bars correspond to 200 mm. NCBI GEO Z National
Center for Biotechnology Information Gene Expression Omnibus, FPKM Z fragments per kilobase of exon per million mapped reads,
N.D. Z not detected. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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enzymes (Fig. 2C). The processed whole-transcriptome
profiles obtained from RNA-seq analyses were deposited
in the NCBI GEO database. The ratio of fragments per
kilobase of exon per million mapped reads (FPKM) obtained
using RNA-seq analyses revealed that among the CYP-
447
coding genes, which were consisted of approximately 110
kinds in mice, Cyp4a12a and Cyp4a12b were the most
enriched; among the Cyp4a subfamily, only Cyp4a12a
(adjusted P value Z 1.21E-14) and Cyp4a12b (adjusted P
value Z 9.06E-18) were significantly downregulated



Figure 3 Comparative lipidomic analysis of the liver of periodontitis-affected and healthy control mice. (A) Hepatic EPA and EPA-
metabolites, 11,12-diHETE, 14,15-diHETE, and 17,18-diHETE, of periodontitis-affected (periodontitis) and healthy control mice
(healthy). (B) Hepatic DHA and DHA-metabolites, 10,11-diHDoPE, 13,14-diHDoPE, 16,17-diHDoPE, and 19,20-diHDoPE, of
periodontitis-affected (periodontitis) and healthy control mice (healthy). EPA metabolites, 5,6-EpETE, 8,9-EpETE, 11,12-EpETE,
14,15-EpETE, 17,18-EpETE, 5,6-diHETE, and 8,9-diHETE, and DHA metabolites, 4,5-EpDPA, 7,8-EpDPA, 10,11-EpDPA, 13,14-EpDPA,
16,17-EpDPA, and 19,20-EpDPA, and 7,8-diHDoPE, were below the detection limit. P < 0.05 significantly lower in periodontitis-
affected mice (n Z 4) than in healthy control mice (n Z 4). EPA Z eicosapentaenoic acid, diHETE Z dihydroxyeicosatetraenoic
acid, DHA Z docosahexaenoic acid, diHDoPE Z dihydroxydocosapentaenoic acid.

Y. Daidouji, S. Suzuki, X. Wang et al.
(threshold Z 0.5) in the livers of periodontitis-affected
mice (Fig. 2D).
Suppression of omega-3 fatty acids metabolism in
the livers of periodontitis-affected mice

CYPenzymes are required for theepoxidation of EPAandDHA
to generate epoxy eicosatetraenoic (EpETE) (5,6-EpETE, 8,9-
EpETE, 11,12-EpETE, 14,15-EpETE, and 17,18-EpETE) and
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epoxy docosapentaenoic acids (EpDPA) (4,5-EpDPA, 7,8-
EpDPA, 10,11-EpDPA, 13,14-EpDPA, 16,17-EpDPA, and
19,20-EpDPA). Epoxide hydrolases hydrolyze EpETE and
EpDPA to generate dihydroxyeicosatetraenoic (diHETE) (5,6-
diHETE, 8,9-diHETE, 11,12-diHETE, 14,15-diHETE, and
17,18-diHETE) and dihydroxydocosapentaenoic acids (diH-
DoPE) (7,8-diHDoPE, 10,11-diHDoPE, 13,14-diHDoPE, 16,17-
diHDoPE, and 19,20-diHDoPE). Quantification of EPA,
EpETEs, and diHETEs revealed that the uptake of EPA in the
liver tissues of periodontitis-affectedmicewas equivalent to



Figure 4 EPA metabolites inhibit inflammatory responses of
HepG2 cells. (A) HepG2 cells were stimulated with LPS (10 and
100 mg/ml) or recombinant TNF-a (10, 25, 50 ng/ml) for 24 h; total
RNAwascollected to analyze theexpressionchanges ofTNF-a. (B)
HepG2 cells were stimulated with recombinant TNF-a (25 ng/ml)
for 24 h in the presence or absence of EPA (1 and 10 mM), DHA (1
and 10 mM), 17,18-EpETE (1 and 10 mM), and 17,18-diHETE (1 and
10mM); total RNAwas collected to analyze theexpression changes
of TNF-a. Each column represents themean� SD; nZ 3 for each
group. *P< 0.05; **P< 0.01; ***P< 0.001 significantly higher than
non-stimulated cells (A) and lower than the cells stimulated with
recombinant TNF-a alone (B). LPS Z lipopolysaccharide, TNF-
a Z tumor necrosis factor-a, EPA Z eicosapentaenoic acid,
diHETE Z dihydroxyeicosatetraenoic acid, DHA Z docosahexa-
enoic acid, diHDoPE Z dihydroxydocosapentaenoic acid,
SDZ standard deviation.
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that in healthy control mice (Fig. 3A). However, 11,12-
diHETE, 14,15-diHETE, and 17,18-diHETE levels tended to
decrease in the periodontitis-affected mice. The levels of
5,6-EpETE, 8,9-EpETE, 11,12-EpETE, 14,15-EpETE, 17,18-
EpETE, 5,6-diHETE, and 8,9-diHETE were below the detec-
tion limits. Quantification of DHA, EpDPAs, and diHDoPEs
revealed that DHA uptake in the liver tissues of periodontitis-
affectedmicewas equivalent to that in healthy controlmice.
However, 19,20-diHDoPE, which was the most abundant
among five kinds of diHDoPEs, was significantly decreased
(P Z 0.0433) (Fig. 3B). The levels of 10,11-diHDoPE, 13,14-
diHDoPE, and 16,17-diHDoPE decreased in the
periodontitis-affected mice. The levels of 4,5-EpDPA, 7,8-
EpDPA, 10,11-EpDPA, 13,14-EpDPA, 16,17-EpDPA, 19,20-
EpDPA, and 7,8-diHDoPE were below the detection limits.

Eicosapentaenoic acid metabolites inhibits
inflammatory responses of HepG2 cells

Hepatic HepG2 cells were stimulated with recombinant
TNF-a (10, 25, 50 ng/ml) or LPS (10 and 100 mg/ml) for 24 h.
449
Inflammatory responses was then assessed by TNF-a
expression. Recombinant TNF-a at 10, 25, and 50 ng/ml
concentrations significantly induced TNF-a expression; in
contrast, LPS did not induce TNF-a expression. To examine
the biological functions of omega-3 fatty acids and their
metabolites, HepG2 cells were stimulated with recombi-
nant TNF-a at 25 ng/ml concentration in the presence or
absence of EPA (1 and 10 mM), DHA (1 and 10 mM), 17,18-
EpETE (1 and 10 mM) as the representatives of epoxidized
metabolites of omega-3 fatty acids, or 17,18-diHETE (1 and
10 mM) as the representative of hydrolyzed metabolites of
epoxidized omega-3 fatty acids. The 17,18-EpETE and
17,18-diHETE at 10-mM concentration significantly sup-
pressed recombinant TNF-a-induced TNF-a expression;
however, using EPA or DHA did not result in suppression.
Discussion

Ligature-induced, periodontal tissue breakdown increased
the expression of genes associated with ECM organization,
such as ECM formation and collagen trimerization, in
addition to genes associated with inflammatory responses
and immunological cell infiltration (Fig. 1). This indicates
that cells in the periodontal tissue strive to maintain tissue
homeostasis in an inflammatory environment.

In the liver, the top-ranked enriched terms associated
with downregulated genes in periodontitis-affected mice
were limited to CYP enzymes (Fig. 2). Humans and mice
have more than 50 and 100 kinds of CYP enzymes, respec-
tively.28 CYP enzymes mainly localize in the liver to facili-
tate drug metabolism.29 Particularly, Cyp4a12a and
Cyp4a12b participate in the metabolism of EPA and
DHA.30,31 Consistent with the suppressed expression of
Cyp4a12a and Cyp4a12b, the liver of periodontitis-affected
mice contained relatively lower amounts of diHETE and
diHDoPE in spite of equivalent EPA and DHA amounts
(Fig. 3). Lipidomic analysis successfully detected diHETE
and diHDoPE, which were generated by the hydrolysis of
EpETE and EpDPA (Fig. 3). However, EpETE and EpDPA were
not detected, presumably due to the metabolic instability
of the epoxidized metabolites in vivo.32 The epoxidation
pathway of omega-3 fatty acids is key for anti-inflammatory
effects.33,34 These results indicate that periodontal tissue
inflammation remains indispensable for developing a CYP-
dysregulated, pre-symptomatic state, thus triggering the
onset of inflammatory liver diseases and exacerbating
NAFLD by inhibiting the production of anti-inflammatory
metabolites, such as EpETE, EpDPA, diHETE, and diHDoPE.

The oral administration of P.g. suppressed the expres-
sion of hepatic anti-inflammatory factors such as peroxi-
some proliferator activated receptor gamma (Pparg),
enhanced the expression of hepatic various genes coding
for pro-inflammatory cytokines, increased serum endo-
toxin, and altered gut microbiota in mice.35 Moreover,
previous studies have shown that P.g. administered from
the pulp chamber was detectable in the liver.10,36 A limi-
tation of the present study involved the exploration of how
periodontal inflammation evokes the downregulation of
hepatic CYP enzymes in a ligature-induce periodontitis
mouse model. HepG2 cells induced TNF-a by recombinant
TNF-a stimulation, which supposed hematogenous arrival of
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periodontal tissue-derived cytokines at the liver, rather
than LPS, which supposed hematogenous arrival of peri-
odontal bacteria toxin and gut pathobionts at the liver.
Therefore, inflammatory cytokines secreted from peri-
odontal tissue may be the key for downregulating CYP en-
zymes in vivo (Fig. 4A).

Various signaling pathways, such as nuclear factor kB
(NF-kB), mitogen-activated protein kinases (MAPKs), and
CCAAT/enhancer binding protein (C/EBP), contribute in the
suppressed expression of the genes coding for CYP enzymes
in an inflammatory environment by regulating the tran-
scriptional activity of the CYP response element.37 More-
over, individual CYP exhibits distinct sensitivity to
inflammation, which implies that distinct mechanisms are
involved in downregulating individual CYP enzyme expres-
sion and activity.37 Future studies may be warranted to
investigate whether downregulating specific CYPs deeply
involved in omega-3 fatty acid epoxidation, such as
Cyp4a12a and Cyp4a12b, is unique to a periodontitis-
affected inflammatory environment.

In conclusion, by analyzing hepatic gene expression
profiles and conducting lipidomic analyses of EPA and DHA
metabolites, omega-3 fatty acid metabolism was sup-
pressed by periodontitis, despite invisible hepatic pheno-
typic changes. The relationship between periodontitis and
the development of liver disease has been the focus of
previous studies. Further studies are warranted to identify
the key periodontal tissue-delivered pathogenic factors
which directly link to the downregulation of hepatic CYP
enzymes. However, the murine model used in this study
may have demonstrated, for the first time, that periodon-
titis is sufficient to establish a hepatic pre-symptomatic
state, in which omega-3 fatty acid metabolism-induced
anti-inflammatory functions are eliminated. Therefore,
early interventions for periodontitis may contribute to the
prevention of inflammatory hepatic diseases.
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