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Abstract. The present study aimed to analyze the effects of 
Porphyromonas gingivalis infection on atherosclerosis caused 
by lipid metabolism disorders in apolipoprotein E‑knockout 
(ApoE‑/‑) mice. A total of 20 male ApoE‑/‑ mice were randomly 
divided into two groups (n=10/group). The mice in the ApoE‑/‑ 
infected group were orally inoculated with P. gingivalis for 
6  weeks, whereas those in the ApoE‑/‑ control group were 
orally administered PBS. Blood biochemistry was performed 
to determine the serum levels of total cholesterol (TC), triglyc‑
eride (TG), high‑density lipoprotein (HDL) and low‑density 
lipoprotein (LDL) in the mice. ELISA was used to determine 
the protein levels of monocyte chemotactic protein‑1 (MCP‑1), 
IL‑6 and oxidized LDL (ox‑LDL) in the serum of mice. In addi‑
tion, a comprehensive comparison of atherosclerotic plaques 
and pathological changes in the liver between the P. gingi‑
valis‑infected group and the control group was performed. 
Subsequently, reverse transcription‑quantitative PCR was 
performed to measure the expression levels of genes related to 
the peroxisome proliferator‑activated receptor γ (PPARγ)‑liver 
X receptor α (LXRα)‑ATP‑binding cassette transporter (ABC)
A1/ABCG1 pathway in the liver. A total of 6 weeks after P. 

gingivalis inoculation, the levels of TC, TG, LDL, ox‑LDL, IL‑6 
and MCP‑1 in the serum of the ApoE‑/‑ P. gingivalis‑infected 
group were significantly higher compared with those in the 
ApoE‑/‑ control group, whereas HDL levels were significantly 
lower. Furthermore, compared with in the ApoE‑/‑ control group 
and the C57B6/L with P. gingivalis infection group, the severity 
of atherosclerotic plaques in the ApoE‑/‑ group infected with P. 
gingivalis was more severe, and the vacuolar degeneration of 
liver cells was more pronounced, manifested by decreased levels 
of ABCA1, ABCG1, LXRα and PPARγ. In conclusion, P. gingi‑
valis may amplify lipid metabolism disorders and aggravate 
the symptoms of atherosclerosis through the CD36‑mediated 
PPARγ‑LXRα‑ABCA1/ABCG1 signaling pathway.

Introduction

Atherosclerotic cardiovascular disease is characterized by the 
thickening and hardening of the arterial wall, the formation 
or rupture of subendothelial plaques, and a reduction in the 
arterial blood supply due to stenosis or occlusion of the lumen, 
and is reported as the main cause of mortality worldwide (1). 
Periodontitis is an independent risk factor for atherosclerosis, 
and its molecular mechanism involves a number of inflam‑
matory cytokines and signaling pathways. Lipoplysaccharide 
(LPS) from Porphyromonas gingivalis activates Toll‑like 
receptor (TLR)4, inducing IL‑6 release and stimulating 
hepatic C‑reactive protein production, which subsequently 
upregulates vascular endothelial adhesion molecule expres‑
sion; this promotes monocyte adhesion and foam cell 
formation, accelerating the progression of atherosclerosis (2). 
P. gingivalis is a gram‑negative bacterium commonly found at 
sites with severe loss of periodontal tissue attachment and in 
deep periodontal pockets, and is associated with the progres‑
sion of periodontal disease (3). P. gingivalis is closely related 
to the occurrence and development of periodontitis, as well 
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as coronary atherosclerotic heart disease. Infection with this 
bacterium can, for example, lead to lipid metabolism disor‑
ders, resulting in elevated total cholesterol (TC), triglyceride 
(TG) and low‑density lipoprotein (LDL) levels, and decreased 
high‑density lipoprotein (HDL) levels  (4,5). P. gingivalis 
promotes atherosclerosis by affecting lipid metabolism. 
Experimental studies have suggested that P. gingivalis can 
invade endothelial and phagocytic cells within the atheroma, 
leading to pathogenic changes and progression of the atheroma 
lesion (6,7). As the primary pathogens of chronic periodon‑
titis, P. gingivalis and related toxins can enter the bloodstream 
through the gingival epithelium, which causes vascular endo‑
thelial dysfunction, activates blood inflammatory factors and 
ultimately stimulates intravascular plaque formation (8).

Peroxisome proliferator‑activated receptor γ (PPARγ) has 
been reported to be highly expressed in the early and middle 
stages of human atherosclerotic lesions. In a previous study, in 
response to administration of 5 g/l garlic allicin, the expres‑
sion levels of PPARγ in the atherosclerotic lesions of the 
aortic root in ApoE‑/‑ mice were reported to be increased (9). 
In addition, PPARγ has been revealed to be highly expressed 
in RAW‑derived foam cells, whereas its expression may be 
reduced after Dansameum extract (DSE) treatment. PPARγ 
is also highly expressed in the atherosclerotic lesion area of 
apolipoprotein E‑knockout (ApoE‑/‑) mice, with its expression 
further increased in the aortic plaque of mice fed a high‑fat 
diet; by contrast, its expression can be reduced by DSE treat‑
ment (10). ATP‑binding cassette transporter (ABC)A1 is the 
key initiator protein that mediates reverse cholesterol trans‑
port (RCT) and it has been shown that macrophage‑specific 
overexpression of ABCA1 can reduce atherosclerotic plaque 
area (11). ABCG1 is a key member of the ABC superfamily, 
which serves a critical role in lipid metabolism. High expres‑
sion of ABCG1 in macrophages reportedly reduces cholesterol 
accumulation and inhibits foam cell formation, thereby 
decelerating the progression of atherosclerotic plaques (12). 
Liver X receptor α (LXRα) is a key member of the nuclear 
receptor superfamily and is involved primarily in the regula‑
tion of cholesterol metabolism (for example, promoting the 
expression of ABCA1 and ABCG1 to mediate RCT) and 
bile acid synthesis (13). The PPARγ‑LXRα‑ABCA1/ABCG1 
pathway regulates cholesterol efflux, whereas CD36 regulates 
cholesterol uptake during lipid metabolism (14). In the present 
study, a model of atherosclerosis and P. gingivalis infection 
was established, and the changes in lipid metabolism and 
inflammatory responses were observed. In addition, whether 
the expression of PPARγ‑LXRα‑ABCA1/ABCG1 and CD36 
served as the mechanism of lipid metabolism disorders caused 
by P. gingivalis was investigated. As illustrated in Fig. 1, 
P. gingivalis infection may disrupt lipid homeostasis by 
promoting cholesterol uptake via CD36 while simultaneously 
inhibiting cholesterol efflux through the downregulation of 
the PPARγ‑LXRα‑ABCA1/ABCG1 pathway. This imbalance 
leads to lipid accumulation in macrophages and hepatocytes, 
thereby accelerating the progression of atherosclerosis and 
hepatic steatosis.

Septin 4 is a member of the GTP‑binding protein family 
that serves an important role in preventing foam cell forma‑
tion through the activation of PPARγ/LXRα signaling and 
subsequent enhancement of ABCA1/ABCG1 expression (15). 

ABCA1 expression in endothelial cells protects against athero‑
sclerosis, and this atheroprotective effect partially contributes 
to enhancing ApoAI‑mediated cholesterol efflux. Notably, 
ABCA1 is a target gene for LXR and RXR (16); therefore, 
treating endothelial cells with LXR and/or RXR agonists may 
increase ABCA1 expression (17).

However, whether P. gingivalis is involved in cholesterol 
metabolism and its mechanism remains unclear. The present 
study examined the effects of long‑term, low‑dose intraoral 
infection of ApoE‑/‑ mice with P. gingivalis on lipid metabo‑
lism disorders, with the aim of providing further experimental 
evidence for the association between periodontitis and 
atherosclerosis.

Materials and methods

Bacterial culture. P. gingivalis (cat. no. 33277; American Type 
Culture Collection) was cultured in 30 g/l trypsin soybean 
broth supplemented with 1 g/l yeast extract, 50 mg/l heme 
chloride and 10 mg/l vitamin K3, inside an anaerobic tank, 
at 37˚C for 3 days. Subsequently, a PBS bacterial mixture 
with a P. gingivalis concentration of 109/ml (containing 20 g/l 
sodium carboxymethyl cellulose) was obtained for further use.

Mouse feeding. A total of 20 specific pathogen‑free ApoE‑/‑ 
male mice and 20 C57BL/6 wild‑type male mice (both 
acquired from the Model Animal Research Center of Nanjing 
University, Nanjing China) were randomly selected and fed 
a high‑fat diet (cat. no. 88137; Inotiv Inc.; 21% fat, 0.15% 
cholesterol, no cholate) from the age of 4 weeks. The initial 
body weight of ApoE‑/‑ mice was 14.5±1.5 g, whereas that of 
C57BL/6 mice was 15.0±1.5 g. The mice were maintained 
under specific pathogen‑free conditions, under a constant 
temperature (22±2˚C) and humidity (40‑70% relative 
humidity), with a 12‑h light/dark cycle. Both the high‑fat diet 
and autoclaved drinking water were provided ad libitum. At 
the age of 5 weeks, each mouse was intragastrically adminis‑
tered ampicillin and kanamycin (2 mg each per mouse) daily 
for 4 days. The present study received complete ethical clear‑
ance from the ethics committee of Hainan Medical University 
(approval no.  HYLL‑2021‑121; Haikou, China) and was 
conducted rigorously following the relevant guidelines estab‑
lished by the National Institutes of Health (18). Every effort 
was made to minimize the number of utilized mice and to 
mitigate any distress caused to the mice during experiments.

Experimental grouping and oral administration. ApoE‑/‑ 
mice were randomly divided into the following two groups 
(n=10/group): The infection group and the control group. The 
wild‑type mice were also randomly divided into an infection group 
and a control group (n=10/group). The sample size is consistent 
with that used in prior studies investigating P. gingivalis‑induced 
atherosclerosis in ApoE‑/‑ mice (19,20). From the age of 6 weeks, 
the abdominal area of each mouse was aseptically prepared 
with iodine, after which the mouse was subjected to anesthesia 
through an intraperitoneal (IP) injection of 1% pentobarbital 
sodium solution (60 mg/kg). The PBS bacterial mixture with a 
concentration of 109/ml P. gingivalis (containing 20 g/l sodium 
carboxymethyl cellulose) was smeared on the gingival region 
of each mouse in the infection group. The uninfected control 
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mice received 0.1 ml PBS with 20 g/l sodium carboxymethyl 
cellulose in the same manner. Oral inoculation with P. gingivalis 
was performed five times per week for 6 weeks (Fig. 2). At the 
end of week 6, the mice were euthanized using pentobarbital 
overdose (200 mg/kg IP), followed by cervical dislocation and 
collection of the mandibles. The remaining experimental mice 
(10 ApoE‑/‑ type and 10 wild‑type) were sacrificed at the 12th 
week for sample collection.

Microcomputed tomography (micro‑CT) analysis. The 
mandibles were fixed in 10% buffered formalin for 24  h 
at 4˚C, followed by storage in PBS at 4˚C prior to micro‑CT 
(USPECT‑II/CT; MILabs B.V.) analysis. The mandibles of 
mice were imaged using a voxel size of 25 µm, scan settings of 
70 kVp, 114 µA and 0.5 mm aluminum filter, and an integra‑
tion time of 500 msec. A 3D construction was created using 
Avizo software (version 9.1; Thermo Fisher Scientific, Inc.).

Determination of serum lipid and inflammatory factor levels. 
At the ages of 6 and 12 weeks, the weights of all mice were 
recorded, and each group of mice was subjected to pentobarbital 
overdose (200 mg/kg IP), followed by cervical dislocation for 
euthanasia. In week 6, 10 ApoE‑/‑ male mice and 10 C57BL/6 
wild‑type male mice were sacrificed, and in week  12, 10 
ApoE‑/‑ male mice and 10 C57BL/6 wild‑type male mice 
were sacrificed; within each group of mice, five were from the 
infection group and five were from the control group. After 
euthanasia, the height of the alveolar bone of each mouse 
was measured and blood samples (0.4  ml) were collected 
from the mouse eyeballs via the retro‑orbital vein and antico‑
agulated using heparin. After centrifugation at 4˚C for 10 min 

at 1,960 x g, the serum from the blood samples was collected 
and stored at ‑70˚C for further use in the measurement of the 
serum levels of TC (cat. no. 100051013), TG (cat. no. 100051014), 
HDL (cat. no. 100020235) and LDL (cat. no. 100020245) (all 
from Zhongsheng Beikong Biotechnology Co., Ltd.) using 
blood biochemical methods. In addition, the serum levels 
of oxidized LDL (ox‑LDL; cat.  no. C SB‑E07933m), IL‑6 
(cat. no. CSB‑E04639m) and monocyte chemotactic protein‑1 
(MCP‑1; cat. no. CSB‑ E07430m) (all from Cusabio Technology, 
LLC) were determined using ELISA.

Preparation of periodontal tissues, liver and aorta samples. 
Collection of atherosclerotic plaques: The heart and aorta were 
perfused slowly with normal saline at  4˚C through the left 
ventricle for 10 min, and the aorta (including the aortic arch, 
thoracic aorta and abdominal aorta) was identified. The connec‑
tive tissue around the artery was stripped, and the integrity of its 
bifurcation to the iliac bone was ensured. The isolated mouse 
aorta was washed with normal saline at 4˚C, and the excess 
liquid was dried using filter paper and immediately placed 
into liquid nitrogen for freezing, and preservation at  ‑80˚C. 
Meanwhile, the liver was removed for further use. The levels 
of PPARγ (cat. no. CSB‑E08625m; Cusabio Technology, LLC), 
ABCA1 (cat. no. LS‑F21311; LS Bio; Vector Laboratories, Inc.) 
and ABCG1 (cat. no. ASET‑2063; Ace Therapeutics), and LXRα 
(cat. no. MBS2020587; MyBioSource, Inc.), in periodontal tissues 
and plaque were detected by ELISA. The specific procedure 
was performed according to the corresponding kit instructions. 
After collection, the liver samples were washed with normal 
saline and fixed with 40 g/l neutral polycarboxylic acid at 4˚C 
for 24 h. Paraffin‑embedded sections (4‑5 µm) were subjected 

Figure 1. Mechanism through which P.g. causes lipid metabolism disorders and aggravates atherosclerosis via PPARγ‑LXRα‑ABCA1/ABCG1 and CD36. 
ABC, ATP‑binding cassette transporter; LXRα, liver X receptor α; P.g., Porphyromonas gingivalis; PPARγ, peroxisome proliferator‑activated receptor γ.
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to hematoxylin and eosin (H&E) staining at room tempera‑
ture (20‑25˚C) and observed under a bright‑field microscope. 
Collection of periodontal tissues: After the mice were sacrificed 
and fully perfused, the gingival and periodontal ligament soft 
tissues surrounding the maxillary molars were cut off, washed, 
frozen quickly and stored at ‑80˚C for later use in ELISA.

Oil red O staining of atherosclerotic plaques. The aortic 
tissues were first embedded with frozen embedding agent 
OCT (Thermo Fisher Scientific, Inc.) and were then sliced 
across the aorta at a thickness of 5 µm from the proximal end 
to the distal end. The sections were dried at room temperature 
and soaked in 60% isopropanol for 5 min. Dip dyeing with oil 
red O dye solution was performed for 30 min in the dark at 
room temperature. Under a light microscope, the area stained 
with oil red O was defined as the atherosclerotic lesion area.

Detection of the mRNA expression levels of ABCA1, ABCG1, 
PPARγ, LXRα and CD36 in the liver. Total RNA was 
extracted from mouse liver tissue using TRIzol® reagent 
(cat.  no.  15596026; Invitrogen; Thermo Fisher Scientific, 
Inc.), purified and reverse transcribed into cDNA using the 
PrimeScript™ RT reagent kit (cat. no. RR037A; Takara Bio, 

Inc.) according to the manufacturer's protocol. The RT reaction 
was performed at 37˚C for 15 min, followed by heat inactiva‑
tion at 85˚C for 5 sec. The cDNA was stored at ‑20˚C until 
further use. The mRNA expression levels of CD36, ABCA1, 
ABCG1, PPARγ and LXRα were determined using qPCR 
(StepOne; Applied Biosystems; Thermo Fisher Scientific, 
Inc.) with TB Green™ Premix Ex Taq™ II (Tli RNaseH 
Plus) (cat. no. RR820A; Takara Bio, Inc.) and were normal‑
ized to the levels of GAPDH. Primer sequence information 
is presented in Table I. The qPCR thermocycling conditions 
were as follows: Pre‑denaturation at 95˚C for 10 sec, followed 
by 40 cycles of heating at 95˚C for 5 sec and 62˚C for 20 sec. 
The product was slowly and evenly heated from 50˚C to 95˚C, 
and the melting product curve was automatically drawn using 
the qPCR equipment. The Cq value was determined using a 
computer program, the 2‑ΔΔCq value serves as the expression 
level of the target gene mRNA, and the software automatically 
generated the amplification and melting curves and calculated 
the relative mRNA expression levels (21,22).

Detection of oxidative stress molecules. Malondialdehyde 
(MDA) levels were determined as follows: The liver was placed 
into a mortar in an ice bath, and 2 ml 10% trichloroacetic acid 

Figure 2. Establishment of the mouse model. ApoE‑/‑, apolipoprotein E‑knockout; P.g., Porphyromonas gingivalis.



Molecular Medicine REPORTS  33:  170,  2026 5

(TCA; cat. no. T0699; Sigma‑Aldrich; Merck KGaA) and a 
small amount of quartz sand were added to it. The mixture was 
then crushed until it was homogenized and was subsequently 
centrifuged at 12,000 x g at 4˚C for 15 min, after which the super‑
natants were collected. The supernatant was further centrifuged 
at 5,000 x g for 10 min at 4˚C, and then adjusted to a volume 
of 1.5 ml with 10% TCA; the control group consisted of 1.5 ml 
10% TCA in the absence of a tissue sample. An equal volume of 
0.5% thiobarbituric acid (cat. no. T5500; Sigma‑Aldrich; Merck 
KGaA) solution was added, and the mixture was incubated in a 
boiling water bath for 30 min. After rapid cooling, the mixture 
was centrifuged at 3,000 x g for 10 min at room temperature. 
Again, the mixture was allowed to react in a boiling water bath 
for 30 min, and then cooled quickly and centrifuged at 3,000 x g 
at room temperature for 10 min. The absorbance of the superna‑
tant was measured at 532, 450 and 600 nm.

Superoxide dismutase (SOD) was detected using a kit 
(cat. no. 706002; Cayman Chemical Company), as follows: 
Organ homogenates from the liver were prepared in cold Tris 
buffer (5 mmol/l, containing 2 mmol/l EDTA, pH 7.4), utilizing 
a homogenizer with a 1,500 rotatory speed of piston/min. The 
homogenates were then centrifuged at 10,000 x g for 10 min 
at 4˚C, and the supernatants were collected. A total of 0.2 ml 
supernatant obtained after centrifugation (1,500 x g at 4˚C for 
10 min, followed by 10,000 x g at 4˚C for 15 min) of 10% 
liver homogenate was added to the reaction system containing 
xanthine oxidase, nitroblue tetrazolium and xanthine in 
phosphate buffer (pH 7.8) to form the reaction mixture. The 
enzyme reaction was initiated by adding 0.2  ml NADH 
(780 µmol/l) and stopped precisely after 1 min by adding 
1 ml glacial acetic acid. The amount of chromogen formed 
was measured at 560 nm. SOD activity was calculated from 
the percentage inhibition of formazan formation, with one unit 
defined as the amount of enzyme causing 50% inhibition of 
the color development.

To determine the glutathione (GSH) content, a kit 
(cat.  no.  703002; Cayman Chemical Company) was used. 

Briefly, 1 ml liver homogenate supernatant was mixed with 3 ml 
0.25 mol/l Tris‑HCl buffer (pH 8.0), and the mixture was shaken 
well. Subsequently, 1 ml 3% formaldehyde was added, and 
the mixture was shaken again. After being incubated at room 
temperature for 2 and 60 min, 1 ml was immediately collected, 
and 5 ml 5,5'‑Dithiobis(2‑nitrobenzoic acid) analytical solution 
was added to it in a water bath at a constant temperature of 
25˚C. After shaking well, the samples were allowed to stand for 
5 min, after which the absorbance was measured immediately 
at a wavelength of 412 nm. The difference between absor‑
bance value at the 2‑min time point and the absorbance value 
at the 60‑min time point was calculated and substituted into 
the regression equation to calculate the corresponding GSH 
concentration; the maximum error did not exceed 6%.

Statistical analysis. Data are presented as the mean ± SEM 
and each experimental procedure was conducted at least three 
times. Statistical analyses were carried out using SPSS software 
(version 22.0; IBM Corp.). Data were analyzed using one‑way 
ANOVA followed by Tukey's or Dunnett's post hoc tests for 
normally distributed data, or Kruskal‑Wallis test followed 
by Dunn's post hoc test for non‑normally distributed data. 
Normality was assessed using the Shapiro‑Wilk test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Comparison of the weights and alveolar bone heights of mice. 
There was no significant difference in weight between the 
ApoE‑/‑ infected group and the ApoE‑/‑ control group at the ages 
of 6 and 12 weeks (P>0.05; Table II). In addition, no signifi‑
cant difference in weight was observed between the wild‑type 
infected group and the wild‑type control group at the ages of 
6 and 12 weeks (P>0.05; Table II). Alveolar bone loss in response 
to P. gingivalis oral infection in both groups was determined 
using micro‑CT. Micro‑CT analysis of the mandibles revealed 
obvious alveolar bone resorption in both the P. gingivalis‑infected 
C57BL/6 group (Fig. 3B) and the P. gingivalis‑infected ApoE‑/‑ 
group (Fig. 3D) compared with in their respective uninfected 
controls (Fig. 3A and C). In addition, the levels of PPARγ, LXRα, 
ABCA1 and ABCG1 in the periodontal tissues of the ApoE‑/‑ 
infected group were lower than those in the ApoE‑/‑ control group 
and the C57BL/6‑P.g. group (P<0.05; Fig. 3E‑H).

Serum levels of MCP‑1 and IL‑6. IL‑6 has been shown to 
upregulate the expression of cell adhesion molecules (such as 
CD54, CD102 and CD31) and potentiate vascular permeability, 
whereas MCP‑1 can induce monocytes to penetrate the arterial 
wall, which leads to sustained loss of endothelial barrier func‑
tion (23,24). In order to confirm whether P. gingivalis infection 
could induce an inflammatory reaction, serum MCP‑1 and 
IL‑6 levels in ApoE‑/‑ and wild‑type mice were measured. As 
shown in Fig. 4C and D, the serum MCP‑1 and IL‑6 levels in 
the ApoE‑/‑ and wild‑type infected groups were significantly 
greater than those in the comparable control groups, indicating 
that P. gingivalis infection may trigger an effective systemic 
inflammatory response in the mice. Therefore, the effects of 
PPARγ‑LXRα‑ABCA1/ABCG1 and CD36 signaling on the 
development of atherosclerosis induced by P. gingivalis were 
investigated.

Table I. Sequences of the primers used for quantitative PCR.

Gene	 Primer sequence, 5'‑3'

CD36	 F: TGATTAACGGGACAGACGGAGAC
	R : ACGTTCTCAAAGCTGCTGAAAGTG
ABCA1	 F: AAAACCGCAGACATCCTTCAG
	R : CATACCGAAACTCGTTCACCC
ABCG1	 F: ATACAGGGGAAAGGTCTCCAA
	R : CCCCCGAGGTCTCTCTTATAGT
PPARγ	 F: GTACTGTCGGTTTCAGAAGTGCC
	R : ATCTCCGCCAACAGCTTCTCCT
LXRα	 F: GTTATAACCGGGAAGACTTTGCCA
	R : GCCTCTCTACCTGGAGCTGGT
GAPDH	 F: CATCACTGCCACCCAGAAGACTG
	R : ATGCCAGTGAGCTTCCCGTTCAG

ABC, ATP‑binding cassette transporter; LXRα, liver X receptor α; 
PPARγ, peroxisome proliferator‑activated receptor γ.

https://www.spandidos-publications.com/10.3892/mmr.2026.13880
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Figure 3. Effects of P.g. infection on the periodontium in mice. (A) C57B6/L: No notable alveolar bone resorption was observed. (B) C57B6/L‑P.g.: Compared 
with the C57B6/L group, there was marked alveolar bone resorption. (C) ApoE‑/‑ control group: Slight alveolar bone resorption was detected. (D) ApoE‑/‑‑P.g. 
infection group: Compared with the ApoE‑/‑ control group, alveolar bone resorption was markedly aggravated. Scale bars: 700 µm. The protein levels of 
(E) PPARγ, (F) LXRα, (G) ABCA1 and (H) ABCG1 in the periodontal tissues in the ApoE‑/‑ infected group were lower than those in the ApoE‑/‑ control group 
and the wild‑type infected group. Data are presented as the mean ± SEM (n=5). *P<0.05, **P<0.01 vs. ApoE‑/‑; †P<0.05 vs. C57B6/L‑P.g. Data for (E‑H) were 
not normally distributed (Shapiro‑Wilk test, P<0.05) and were analyzed using the Kruskal‑Wallis test followed by Dunn's post hoc test. ABC, ATP‑binding 
cassette transporter; ApoE‑/‑, apolipoprotein E‑knockout; LXRα, liver X receptor α; P.g., Porphyromonas gingivalis; PPARγ, peroxisome proliferator‑activated 
receptor γ.
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Effects of P. gingivalis on blood lipid metabolism in athero‑
sclerotic plaques in mice. As shown in Fig. 4A and B, the 
results of the histological analysis of the Oil Red O‑stained 
sections revealed irregularly elevated atherosclerotic plaques 
along the intimal surface in both ApoE ‑/‑ control and P. 
gingivalis‑infected groups. Notably, the plaques in the infected 
group were larger, exhibited greater protrusion into the intima, 
and led to a more pronounced compression of the underlying 
medial layer. The plaque was further elevated by the rupturing 
of new blood vessels within the plaque, leading to hematoma 
formation. In addition, P. gingivalis infection inhibited the 
levels of PPARγ, LXRα, ABCA1 and ABCG1 in plaque; this 
was manifested by the lower levels of PPARγ, LXRα, ABCA1 
and ABCG1 in the ApoE‑/‑ infected group compared with in 
the ApoE‑/‑ control group, and the levels in the ApoE‑/‑ infected 
group also lower than those in the wild‑type infected group 
(P<0.05) (Fig. 4J‑M). Next, the effects of P. gingivalis on 
lipid metabolism were evaluated by determining the levels 
of HDL, LDL, ox‑LDL, TG and TC. As shown in Fig. 4E‑I, 
there was no significant difference in these five blood lipid 
indices between the wild‑type control group and the wild‑type 
infected group, indicating that P. gingivalis infection cannot 
directly cause lipid metabolism disorders. Notably, the levels 
of LDL, ox‑LDL, TC and TG in the serum of the ApoE‑/‑ 
infected group were significantly greater compared with those 
in the serum of the ApoE‑/‑ control group, whereas the HDL 
levels were significantly lower (P<0.05). These results revealed 
that P. gingivalis could exacerbate lipid metabolism disorders.

Effects of oral infection with P. gingivalis on liver hepatocytes. 
As shown in Fig.  5A‑D, the images of the H&E‑stained 
sections revealed that compared with in the C57B6/L group, 
P. gingivalis infection in the wild‑type group resulted in a 
mild increase in hepatocyte volume with a small number 

of lipid droplets. Furthermore, compared with in the P. 
gingivalis‑infected C57B6/L group, the ApoE‑/‑ group showed 
moderately increased hepatocyte volume with increased lipid 
droplets, whereas the ApoE‑/‑ infection group displayed the 
most notable increase in hepatocyte volume, with numerous 
lipid droplets fusing into large vacuoles and nuclei displaced 
to the cell periphery, presenting obvious macrovesicular 
steatosis. These results indicated that P. gingivalis infec‑
tion may exacerbate hepatocyte steatosis in ApoE‑/‑ mice. 
Furthermore, the effects of P. gingivalis infection on the 
expression of PPARγ, LXRα, ABCA1, ABCG1 and CD36 in 
the liver were measured using RT‑qPCR. As shown in Fig. 
5E‑H, compared with in the ApoE‑/‑ control group, there was 
no significant difference in the mRNA levels of ABCG1 in 
the livers of mice in the ApoE‑/‑ P. gingivalis infection group 
(P>0.05), whereas the levels of ABCA1, PPARγ and LXRα 
were significantly decreased (P<0.05). In addition, the mRNA 
levels of CD36 were significantly increased in the ApoE‑/‑ 
infected group compared with those in the ApoE‑/‑ control 
group (P<0.05; Fig.  5I). Compared with in the wild‑type 
control group, the levels of ABCA1 in the wild‑type infected 
group were decreased, whereas the levels of ABCG1 and 
PPARγ were increased (P<0.05), and there was no significant 
difference in the levels of CD36 and LXRα between these two 
groups (P>0.05).

Effects of P. gingivalis on the levels of oxidative stress mole‑
cules. Compared with those in the ApoE‑/‑ control group, the 
levels of GSH and SOD were significantly lower in the livers 
of the ApoE‑/‑ infected group mice, whereas the levels of MDA 
were significantly greater (P<0.05; Table III). By contrast, 
there was no significant difference in the levels of GSH, SOD 
and MDA between the two groups of C57BL/6 wild‑type mice 
(P>0.05; Table III).

Table III. Oxidative stress molecules in the livers of C57BL6/6 and ApoE‑/‑ mice (n=5/group).

Parameter	 ApoE‑/‑	 ApoE‑/‑‑P.g.	 C57B6/L	C 57B6/L‑P.g.

GSH, µmol/gprot	 6.74±0.35	 5.21±0.33a	 8.62±0.41	 8.33±0.25
SOD, µ/mgprot	 3.12±0.21	 2.30±0.36b	 3.92±0.20	 3.62±0.36
MDA, µmol/gprot	 2.76±0.44	 3.55±0.39b	 1.86±0.20	 1.90±0.19

Data are presented as the mean ± SEM (n=5). aP<0.001, bP<0.01 vs. ApoE‑/‑. ApoE‑/‑, apolipoprotein E‑knockout; GSH, glutathione; MDA, 
malondialdehyde; SOD, superoxide dismutase; P.g., Porphyromonas gingivalis.

Table II. Weights of C57B6/L and ApoE‑/‑ mice at 6 and 12 weeks of age (n=5/group).

	 Weight, g
	--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Age	 ApoE‑/‑	 ApoE‑/‑‑P.g.	 C57B6/L	C 57B6/L‑P.g.

6 weeks	 23.32±2.23	 23.48±0.96	 26.27±0.60	 26.97±0.63
12 weeks	 24.67±2.66	 23.50±1.33	 28.23±1.19	 27.05±1.46

Data are presented as the mean ± SEM (n=5). ApoE‑/‑, apolipoprotein E‑knockout; P.g., Porphyromonas gingivalis. No significant differ‑
ence in weight was observed among the groups.

https://www.spandidos-publications.com/10.3892/mmr.2026.13880
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Figure 4. Effects of P.g. on blood lipid metabolism and atherosclerotic plaques in mice. (A) Oil red O staining of aortic root cross‑sections from ApoE‑/‑ mice 
(magnification, x200). The image shows scattered lipid deposits (red‑stained areas) in the aortic wall in the absence of P.G. infection, characteristic of early 
atherosclerotic lesions. (B) Oil red O staining of aortic root cross‑sections from ApoE‑/‑ mice following P.g. infection (magnification, x200). Compared with 
in the control, the atherosclerotic plaque area was markedly increased, with more extensive and densely distributed red‑stained regions indicating enhanced 
lipid deposition. Serum levels of (C) MCP‑1 and (D) IL‑6 were determined using ELISA. Levels of (E) HDL, (F) LDL, (H) TC and (I) TG were determined 
using blood biochemical methods. (G) Serum levels of ox‑LDL were determined using ELISA. Levels of (J) PPARγ, (K) LXRα, (L) ABCA1 and (M) ABCG1 
were determined using ELISA. Data are presented as the mean ± SEM (n=5). *P<0.05, **P<0.01 vs. ApoE‑/‑; †P<0.05, ††P<0.01 vs. C57B6/L‑P.g; #P<0.05 vs. 
C57B6/L. Data for (C, D, G and J‑M) were not normally distributed (Shapiro‑Wilk test, P<0.05) and were analyzed using the Kruskal‑Wallis test followed 
by Dunn's post hoc test. Data for (E, F, H and I) were normally distributed and analyzed using one‑way ANOVA followed by Tukey's or Dunnett's post hoc 
test. ABC, ATP‑binding cassette transporter; ApoE‑/‑, apolipoprotein E‑knockout; HDL, high‑density lipoprotein; LDL, low‑density lipoprotein; LXRα, liver 
X receptor α; MCP‑1, monocyte chemotactic protein‑1; ox‑LDL, oxidized LDL; P.g., Porphyromonas gingivalis; PPARγ, peroxisome proliferator‑activated 
receptor γ; TC, total cholesterol; TG, triglyceride.
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Discussion

Atherosclerotic plaque initiation and progression are charac‑
terized by massive deposition and accumulation of lipid‑loaded 
macrophages within arterial walls (12). Numerous studies have 
shown that the pathogenesis of atherosclerosis mainly involves 
inflammation, with bacteria serving the role of inflamma‑
tory initiators in this process (25,26). Periodontal pathogens 
and their products have been reported to interfere with lipid 
distribution and metabolism in macrophages  (27,28). Any 
disturbance in the cholesterol‑handling machinery in macro‑
phages, particularly the impairment of their cholesterol efflux 
capacity, is closely associated with foam cell formation, an 
aberrant serum lipid profile and reduced RCT efficiency, all of 
which contribute to the development of atherogenesis (29). In 
the present study, the effects of P. gingivalis infection on ather‑
omatous plaque formation in ApoE‑/‑ mice were investigated, 
and the involvement of the PPARγ‑LXRα‑ABCA1/ABCG1 
and CD36 signaling pathways as potential mechanisms under‑
lying the P. gingivalis‑induced lipid metabolism disorders was 
explored. For this, male ApoE‑/‑ mice were fed a high‑fat diet 
and were then injected with ampicillin and kanamycin at the 
age of 5 weeks to control for biological variables that may 
interfere with the establishment of a P. gingivalis infection 
model. According to previous studies, mice were treated with 
ampicillin and kanamycin (2 mg/mouse) daily for 4 days to 

suppress the native oral flora and promote subsequent colo‑
nization of P. gingivalis (30). An oral bacterial mixture was 
used to establish an atherosclerosis model of P. gingivalis 
infection. A comparison of the alveolar bone height and 
aortic plaque area between the infected and control groups 
confirmed that P. gingivalis infection promoted the formation 
of atherosclerotic plaques and decreased the alveolar bone 
height. In addition, P. gingivalis infection led to an imbalance 
of oxidation and antioxidation. Finally, it was revealed that 
PPARγ‑LXRα‑ABCA1/ABCG1 and CD36 signaling pathways 
may be involved in P. gingivalis‑induced lipid metabolism 
disorders in ApoE‑/‑ mice, which further exacerbated athero‑
sclerosis progression. The results indicated that in the liver 
samples of ApoE‑/‑ mice infected with P. gingivalis, the levels 
of the core molecules of the PPARγ‑LXRα‑ABCA1/ABCG1 
pathway were abnormally downregulated, whereas the levels 
of the key molecule for lipid uptake, CD36, were significantly 
upregulated. Together, CD36 upregulation and downregulation 
of the PPARγ‑LXRα‑ABCA1/ABCG1 pathway may mediate 
an imbalance between excessive lipid uptake and impaired 
cholesterol efflux in mice, leading to severe lipid metabolism 
disorders characterized by elevated serum TC, TG, LDL and 
ox‑LDL, and decreased HDL. This could further aggravate 
the pathological damage of atherosclerotic plaques in the 
mice, and simultaneously cause foamy fatty degeneration in 
the liver, resulting in severe damage to liver lipid metabolism.

Figure 5. Effects of P.g. infection on lipid metabolism disorders and liver cells. (A‑D) Representative images of hematoxylin and eosin staining in liver 
hepatocytes (magnification, x400). (A) Liver cells in the C57B6/L group had a regular shape, uniform size and uniform cytoplasm. There was no obvious lipid 
droplet deposition. The liver lobule structure was intact, and no hepatic cell fatty degeneration or morphological abnormalities were observed. (B) Compared 
with in the C57B6/L group, the liver cell volume in the C57B6/L‑P.g. group was slightly enlarged. A few scattered small lipid droplets can be seen in the 
cytoplasm, without obvious lipid droplet fusion or nuclear displacement. There was a slight change of hepatic cell fatty degeneration. (C) Liver cell volume in 
the ApoE‑/‑ group was moderately enlarged. The number of lipid droplets in the cytoplasm was more than that in the C57B6/L‑P.g. group. Some lipid droplets 
showed small‑scale fusion, and a few liver cells showed a slight displacement of the nucleus, presenting moderate characteristics of hepatic cell fatty degenera‑
tion. (D) Compared with in the ApoE‑/‑ control group, the liver cell volume in the ApoE‑/‑‑P.g. group was markedly enlarged. A large number of lipid droplets 
in the cytoplasm fused to form large vacuoles, occupying most of the cytoplasm. The nucleus was compressed to the edge of the cell, presenting typical large 
vacuolar fatty degeneration. The degree of hepatic cell fatty degeneration was severe. Effects of P.g. on the mRNA expression levels of (E) ABCA1, (F) ABCG1, 
(G) LXRα, (H) PPARγ and (I) CD36 in the liver were determined using reverse transcription‑quantitative PCR. Data for (E‑I) were not normally distributed 
(Shapiro‑Wilk test, P<0.05) and were analyzed using the Kruskal‑Wallis test followed by Dunn's post hoc test. Data are presented as the mean ± SEM (n=5). 
#P<0.05 vs. C57B6/L; *P<0.05 vs. ApoE‑/‑; †P<0.05 vs. C57B6/L‑P.g. ABC, ATP‑binding cassette transporter; ApoE‑/‑, apolipoprotein E‑knockout; LXRα, liver 
X receptor α; P.g., Porphyromonas gingivalis; PPARγ, peroxisome proliferator‑activated receptor γ.
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In chronic periodontitis, virulence factors, including LPS, 
fimbriae and outer membrane vesicles, continue to enter the 
circulatory system, increasing the number of inflammatory 
cells and the released cytokines. Notably, IL‑6 is abundantly 
released during the development of atherosclerosis. Moreover, 
an established connection exists among IL‑6 levels, endothe‑
lial dysfunction and subclinical atherosclerosis, and multiple 
studies have reported that IL‑6 signaling serves a role in 
atherothrombosis  (23,31). Smooth muscle cells in plaques 
induce MCP‑1, which promotes the inflammatory response to 
blood lipids (32). MCP‑1 has an important role in the process of 
monocyte accumulation at the lesion site of atherosclerosis and 
entry into the vascular wall through endothelial cells. Other 
studies have reported similar results: P. gingivalis infection 
has been shown to accelerate atherosclerotic plaque develop‑
ment in ApoE‑/‑ mice, which was revealed to be associated with 
increased serum levels of the atherosclerotic factors MCP‑1 and 
IL‑6 (33). The micro‑CT results in the current study showed 
that P. gingivalis infection exacerbated alveolar bone resorp‑
tion, and the ELISA results revealed that the levels of IL‑6, 
MCP‑1, TC, TG and LDL were significantly increased, whereas 
the levels of HDL were decreased in the serum of ApoE‑/‑ mice 
after stimulation with P. gingivalis, which aggravated the 
inflammatory response. These findings further confirmed that 
P. gingivalis infection stimulated the levels of IL‑6 and MCP‑1, 
and aggravated the atherosclerotic process in ApoE‑/‑ mice.

The accumulation of free cholesterol in the liver mito‑
chondria causes mitochondrial dysfunction, activating the 
unfolded protein response of the endoplasmic reticulum, and 
leading to endoplasmic reticulum stress and hepatocyte apop‑
tosis (34). H&E staining of the liver tissue samples from mice 
in the present study revealed an increase in hepatocyte volume 
and steatosis in the ApoE‑/‑ mice infected with P. gingivalis. 
Lipid deposition can also induce oxidative stress injury, and 
these two together accelerate the formation of lipid peroxida‑
tion products (35). By contrast, SOD is considered to have 
anti‑atherosclerosis effects. Studies have shown that carotid 
intimal‑medial thickness values are positively associated serum 
small dense LDL (sdLDL) and MDA levels, and are negatively 
associated with SOD activity, which is also in line with the 
protective mechanism of oxidative damage and antioxida‑
tion (36,37). In the present study, the levels of GSH and SOD 
in the livers of ApoE‑/‑ mice infected with P. gingivalis were 
significantly lower than those in non‑infected ApoE‑/‑ mice, 
whereas the levels of MDA were significantly increased. Some 
studies have shown that changes in the protein levels of SOD 
are not significant, but SOD activity still varies significantly 
across disease states (38,39). LDL is transformed into modified 
LDL under oxidative stress. Therefore, a study of the oxidative 
stress response in infected mice can further reveal the possible 
mechanism of P. gingivalis‑induced atherosclerosis.

The levels of TC, TG, LDL and HDL are commonly used 
to evaluate the blood lipid levels of patients. TC is the sum of 
free cholesterol and cholesterol esters in the blood, which are 
synthesized and stored in the liver. Serum TC, therefore, serves 
as an indicator of lipid metabolism in patients. TG primarily 
serves as an energy storage molecule. LDL is positively associ‑
ated with the incidence of atherosclerosis and is easily modified 
by reactive oxygen species to form ox‑LDL, which can activate 
endothelial cells. HDL is an anti‑atherosclerosis lipoprotein. 

With a decrease in plasma HDL levels, cholesterol metabolism 
becomes dysregulated; HDL can accept excessive cholesterol in 
the body and transport cholesterol from damaged plaques to the 
liver (a process known as RCT) (1,11). The liver inflammatory 
response can increase the levels of proinflammatory substances 
in systemic blood, which then exacerbates the development of 
atherosclerosis (40). Few studies have explored the effects of 
metabolic inflammation on lipid metabolism. For example, 
some experiments have shown that the endothelial protective 
function of HDL deteriorates sharply in patients with peri‑
odontitis (41). The inflammatory response also promotes the 
oxidation of LDL to ox‑LDL and the formation of atheroscle‑
rotic plaques (42). In the present study, the serum levels of LDL, 
ox‑LDL, TG and TC were significantly increased, whereas 
HDL levels were significantly decreased in ApoE‑/‑ mice 
infected with P. gingivalis compared with those in the unin‑
fected ApoE‑/‑ group. Additionally, the plaques that appeared on 
the intimal surface in the P. gingivalis‑infected ApoE‑/‑ group 
were larger than those in the uninfected ApoE‑/‑ group and 
protruded into the intimal surface, more deeply compressing 
the medial membrane. Different P. gingivalis strains vary in 
their virulence, adherence ability, invasion and survivability. 
Therefore, the variability in the effects of P. gingivalis on lipid 
metabolism needs to be confirmed by further studies. The 
present study indicated that inflammatory reactions and lipid 
metabolism disorders are important pathogenic mechanisms 
underlying atherosclerosis. The interrelationship between these 
two factors and the order of their effects after P. gingivalis 
infection need to be further investigated and confirmed in 
future studies investigating the progression of atherosclerosis.

The intake of modified LDL mediated by CD36 is an important 
mechanism of atherosclerosis induction by P. gingivalis. CD36 is 
a pattern recognition receptor that binds to multiple ionic ligands 
on both pathogens and host cells (43). CD36 effectively regulates 
lipid metabolism by promoting HDL synthesis in macrophages, 
participating in cholesterol efflux, and upregulating ABCA1 
expression (44). When CD36 uptake of ox‑LDL is unrestricted, 
macrophages transform into foam cells when intracellular lipid 
accumulation exceeds the ability of ABCA1 and ABCG1 to 
excrete excess cholesterol. The RT‑qPCR results of the present 
study indicated that the expression levels of CD36 were increased 
in ApoE‑/‑ infected group, whereas no significant change was 
observed in wild‑type mice following infection. This finding is 
consistent with those reported in previous studies. In a previous 
study, after periodontal inflammation was induced through peri‑
odontal ligation with P. gingivalis, periodontitis could promote 
CD36‑mediated fat deposition in the liver (45). Additionally, 
it has been shown that oral P. gingivalis infection can lead to 
notable TLR2‑CD36/Sr‑B2‑dependent IL‑1β release, resulting 
in increased foam cell formation and plaque development (46). 
Taken together, these findings suggested that oral P. gingivalis 
infection can promote CD36 fat deposition in the liver, affect 
lipid metabolism, increase the release of inflammatory factors 
and promote plaque enlargement. Further investigation suggested 
that targeting CD36 may be a feasible strategy for reducing the 
additional risk of atherosclerosis through factors that contribute to 
systemic inflammation, such as periodontal disease (47).

PPARs serve as fatty acid sensors, which regulate a number 
of pathways involved in lipid and glucose metabolism, as well 
as overall energy metabolism. LXRs are sterol sensors, which 
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predominantly regulate cholesterol, fatty acid and glucose 
homeostasis; these receptors can also inhibit the development 
of atherosclerosis (48). PPARγ, which is a key regulator of 
CD36, regulates lipid metabolism by activating LXRα and 
upregulating ABCA1 expression  (49). However, the genes 
involved in lipid efflux reportedly downregulate PPARγ and 
LXRα during P. gingivalis‑induced macrophage formation in 
foam cells. In the presence of LDL, this downregulation is 
dose‑dependent (50). In the current study, the levels of PPARγ 
and LXRα in P. gingivalis‑infected mice were determined, 
and it was revealed that LXRα levels were significantly lower 
in ApoE‑/‑ infected group mice than those in in wild‑type 
infected mice. Similarly, PPARγ levels were significantly 
lower in the ApoE‑/‑ infected group than in the wild‑type 
infected group. However, no significant difference in PPARγ 
levels was observed between the ApoE‑/‑ control group and 
the ApoE‑/‑ infected group. These findings suggested that P. 
gingivalis infection may further aggravate atherosclerosis by 
affecting the levels of PPARγ and LXRα. In addition, TLR4 
signaling contributes to P. gingivalis‑induced reduction in 
LXRα gene expression via the TRIF branch, whereas the 
IRF3 status affects P. gingivalis‑induced LXRα gene expres‑
sion in macrophages (51). These findings further confirmed 
that LXRα expression is downregulated in the inflammatory 
state. ABCA1 and ABCG1 are considered key proteins that 
mediate liver cholesterol output. The expression of these 
transporters is predominantly dependent on the activation 
of the PPARγ and LXRα transcription factors (52). In order 
to determine whether the expression levels of ABCA1/G1, 
downstream genes of PPARγ and LXRα, were also affected 
by P. gingivalis, the expression levels of ABCA1 and ABCG1 
in mice were determined in the current study. It was revealed 
that, compared with those in the wild‑type mice, the expres‑
sion levels of ABCG1 in the liver of P. gingivalis‑infected 
wild‑type mice were increased; this upregulation may be a 
protective reaction of wild‑type mice to a mild infection by 
P. gingivalis. High levels of PPARγ have been suggested to 
directly promote the expression of ABCG1, thereby enhancing 
the excretion of cholesterol in the liver (11). This finding was 
consistent with previous studies, which showed that treatment 
of THP‑1‑derived macrophages co‑cultured with LDL with 
LPS from P. gingivalis could inhibit ABCG1 expression in a 
time‑ and concentration‑dependent manner (26,53). Reduced 
ABCA1 and ABCG1 expression can mediate lipid accumula‑
tion. It has also been suggested that the activation of PPARγ 
facilitates cholesterol efflux mainly through ABCG1 but not 
through ABCA1 (54). However, compared with those in the 
uninfected ApoE‑/‑ group, the expression levels of ABCA1 and 
ABCG1 were not significantly decreased in the ApoE‑/‑ infec‑
tion group. This may be related to the regulation of ABCA1 
and ABCG1 by ILs in the inflammatory state; however, 
further experimental validation of this finding and inference 
is needed.

In conclusion, the present study revealed that oral 
P. gingivalis infection can exacerbate inflammatory responses 
and lipid metabolism disorders, further aggravating atheroscle‑
rosis. The PPARγ‑LXRα‑ABCA1/ABCG1 signaling pathway 
may serve a role in this process, although the specific interac‑
tion between the inflammatory response and lipid metabolism 
remains to be explored further.
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