
ABSTRACT
Purpose: The aim of this study was to evaluate the ability of Porphyromonas gingivalis (P. 
gingivalis) to induce oxidation of high-density lipoprotein (HDL) and to determine whether 
the oxidized HDL induced by P. gingivalis exhibited altered antiatherogenic function or 
became proatherogenic.
Methods: P. gingivalis and THP-1 monocytes were cultured, and the extent of HDL oxidation 
induced by P. gingivalis was evaluated by a thiobarbituric acid-reactive substances (TBARS) 
assay. To evaluate the altered antiatherogenic and proatherogenic properties of P. gingivalis-
treated HDL, lipid oxidation was quantified by the TBARS assay, and tumor necrosis factor 
alpha (TNF-α) levels and the gelatinolytic activity of matrix metalloproteinase (MMP)-9 were 
also measured. After incubating macrophages with HDL and P. gingivalis, Oil Red O staining 
was performed to examine foam cells.
Results: P. gingivalis induced HDL oxidation. The HDL treated by P. gingivalis did not reduce 
lipid oxidation and may have enhanced the formation of MMP-9 and TNF-α. P. gingivalis-
treated macrophages exhibited more lipid aggregates than untreated macrophages.
Conclusions: P. gingivalis induced HDL oxidation, impairing the atheroprotective function 
of HDL and making it proatherogenic by eliciting a proinflammatory response through its 
interaction with monocytes/macrophages.
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Porphyromonas gingivalis

INTRODUCTION

Chronic infectious diseases are known to increase the risk of atherosclerosis and cardiovascular 
disease [1]. Some reports have described a strong association between atherosclerosis and 
various infectious pathogens [2,3]. Therefore, infection-induced proatherogenic changes in 
the lipoprotein profile may be a mechanism underlying the increased risk of atherosclerosis 
in patients with chronic infections [4]. Several pathogens that cause chronic infections, such 
as Chlamydia pneumonia, Helicobacter pylori, and periodontal pathogens, may induce alterations 
in lipoprotein metabolism [5,6]. Periodontitis, a consequence of persistent bacterial infection 
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and chronic inflammation, has been suggested to be a predictor of coronary heart disease 
[7]. Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis, the major periodontal 
pathogens, were found to accelerate lipid peroxidation and the progression of atherosclerosis in 
apolipoprotein E-deficient, spontaneously hyperlipidemic mice [2].

Elevated plasma levels of low-density lipoprotein (LDL) cholesterol are a key risk factor 
for atherosclerosis, a major cardiovascular disease. Oxidation of LDL is a risk factor for 
atherogenesis [8]. In contrast, high-density lipoprotein (HDL) cholesterol levels are 
inversely correlated with the risk of coronary artery disease. HDL prevents atherosclerosis 
by reversing the stimulatory effect of oxidized LDL on monocyte infiltration. Thus, oxidized 
LDL and HDL are antagonists in the development of cardiovascular disease [9]. HDL 
protects against atherosclerosis by removing excess cholesterol from macrophages through 
pathways involving reverse cholesterol transport. HDL also inhibits lipid oxidation, restores 
endothelial function, and promotes anti-inflammatory and antiapoptotic mechanisms. Such 
properties may contribute considerably to the capacity of HDL to inhibit atherosclerosis [10].

Infection and inflammation alter lipoprotein distribution and the composition of 
lipoprotein subclasses, causing dramatic changes in both HDL and LDL composition [11]. 
It has been suggested that systemic and vascular inflammation induces the conversion of 
HDL to a dysfunctional form that has an impaired antiatherogenic effect [10]. Structural 
changes in HDL altering its functionality, including oxidation, result in an increased risk of 
cardiovascular disease. Oxidized HDL not only loses important protective functions, but also 
acquires severe proinflammatory and proatherosclerotic properties [12].

The objectives of this study were to evaluate the ability of P. gingivalis, a major periodontal 
pathogen, to induce oxidation of HDL, and to evaluate whether P. gingivalis-oxidized HDL had 
impaired antiatherogenic function or became proatherogenic.

MATERIALS AND METHODS

Bacteria culture and HDL preparation
P. gingivalis (ATCC 33277, American Type Culture Collection, Manassas, VA, USA) was cultured 
anaerobically in tryptic soy broth (Difco Laboratories, Detroit, MI, USA) supplemented with 
hemin and menadione. HDL was purchased from Biovision (Biovision Inc., Milpitas, CA, 
USA) and was used at a concentration of 100 μg/mL.

THP-1 cell lines and culture conditions
Human monocytic THP-1 (TIB-202) cells were grown in RPMI 1640 medium (2 mM 
L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM 4-[2-hydroxyethyl]-1-
piperazineethanesulfonic acid, and 1.0 mM sodium pyruvate) supplemented with 10% fetal 
bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C in a humidified 
atmosphere containing 5% CO2. The THP-1 cells were infected with live P. gingivalis at a 
multiplicity of infection of 1:100 for 24 hours at 37°C in 5% CO2. HDL was incubated with 
THP-1 cells and P. gingivalis for 24 hours. HDL was oxidized with 0.5 μM CuSO4, a strong 
oxidizing agent, as a positive control. Untreated HDL, in conditions with no bacteria or 
monocytes, was used as a negative control. Each experiment was conducted in RPMI 
1640 medium without human or fetal calf serum because those substances contain a high 
concentration of antioxidants that can hamper lipid oxidation assays.
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Thiobarbituric acid-reactive substances (TBARS) assay
In order to evaluate the oxidation of HDL or LDL, a TBARS assay (R&D Systems, Minneapolis, 
MN, USA) was used. Oxidizing agents can alter lipid structure, resulting in the formation of 
malondialdehyde (MDA), which can be measured using the TBARS assay, in which aldehydes 
formed during lipoprotein oxidation react with thiobarbituric acid (TBA) to produce measurable 
fluorimetric MDA-TBA adducts. The assay used in this experiment was capable of detecting small 
quantities of TBARS. Monocytes were plated in 96-well microtiter plates at a density of 5×104 cells/
well. Each well contained standard or sample (150 μL each) and 75 μL of TBA according to the 
manufacturer's instructions. The sample measured was the supernatant only. Baseline optical 
densities were measured at 532 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, 
USA). The plates were incubated for 2 to 3 hours between 45°C and 50°C, and the final optical 
densities were measured. The baseline optical density of each well was subtracted from the 
final reading to compensate for the contribution of standards or sample to the final absorption. 
The concentrations of lipoprotein oxidation products were calculated by comparing them to a 
standard curve. In order to measure the antioxidant potential of P. gingivalis-treated HDL, LDL 
(100 μg/mL) was treated with CuSO4 (0.5 μM) for 24 hours to induce LDL oxidation, and then the 
samples were washed with phosphate-buffered saline (PBS). The cells were then seeded at 5×104 
cells/well in a 96-well plate. The oxidized LDL and cells were treated with HDL and P. gingivalis.

Assay of tumor necrosis factor alpha (TNF-α)
The concentrations of TNF-α in cell culture supernatants were determined using enzyme-
linked immunosorbent assay (ELISA) kits (eBioscience, San Diego, CA, USA) according to the 
manufacturer's protocol. Optical density was measured at 450 nm using an ELISA microplate 
reader (Molecular Devices).

Activity of matrix metalloproteinases (MMPs, gelatinases)
The activity of gelatinases secreted by the cells into the culture medium was determined by 
gelatin zymography. Gelatin (1 mg/mL) was polymerized with 7.5% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). Cell culture supernatants normalized by protein 
concentration were electrophoresed at 120 V for 1.5 hours. The gels were treated with 2.5% 
Triton-X 100 for 30 minutes and subsequently incubated with substrate buffer (50 mM Tris-HCl, 
5 mM CaCl2, 0.02% NaN3, pH 7.5) at 37°C for 48 hours. The gels were stained with Coomassie 
blue R-250 and imaged using an image scanner (Amersham Biosciences, Hong Kong, China). 
Gelatinolytic activity was quantified using a specialized program (Quantity One program, BioRad 
Laboratories India Pvt. Ltd, Haryana, India). The image was inverted for efficient quantification.

Oil Red O staining
Oil Red O staining was used to examine oxidized HDL-laden macrophagic cells. THP-1 cells 
treated with 100 ng/mL phorbol-12-myristate-13-acetate were cultured for 7 days to induce 
differentiation into macrophages. Macrophages were incubated with HDL and P. gingivalis for 24 
hours, washed twice with PBS, and fixed with 4% paraformaldehyde. Intracellular lipid droplets 
were stained with Oil Red O solution (Sigma-Aldrich, St. Louis, MO, USA) for 1 hour and 
washed twice with distilled water for examination using light microscopy (×400 magnification).

Statistical analysis
Each experiment was repeated independently at least 3 times. Statistical analyses were carried out 
using SPSS Statistics for Windows, version 21.0 (IBM Corp., Armonk, NY, USA). For intergroup 
comparisons, statistical significance was determined by 1-way analysis of variance followed by 
the Tukey post hoc test. P values <0.05 were considered to indicate statistical significance.
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RESULTS

Monocyte-mediated oxidation of HDL incubated with P. gingivalis
The intensity of HDL oxidation was quantified by measuring the concentration of TBARS. 
When THP-1 cells were incubated with HDL (100 μg/mL) for 24 hours, P. gingivalis-induced HDL 
oxidation was observed, in contrast to the HDL-only sample without P. gingivalis (Figure 1). The 
difference was statistically significant (P<0.05).

Antioxidant ability of HDL and LDL incubated with P. gingivalis
In order to measure the antioxidant potential of P. gingivalis-treated HDL, lipid oxidation was 
measured by the TBARS assay (Figure 2). There was a significant reduction in TBARS when 
oxidized LDL was incubated with HDL; this result was independent of whether P. gingivalis 
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Figure 1. Quantification of Porphyromonas gingivalis-induced HDL oxidation using a TBARS assay. 
HDL: high-density lipoprotein, TBARS: thiobarbituric acid-reactive substances, Control: sample without HDL and 
Porphyromonas gingivalis, P.g.: Porphyromonas gingivalis. 
a)Statistically significant (P<0.01).
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Figure 2. TBARS analysis of LDL incubated with CuSO4 and HDL in the presence and absence of Porphyromonas 
gingivalis. 
LDL: low-density lipoprotein, HDL: high-density lipoprotein, Control: sample without LDL, HDL, and 
Porphyromonas gingivalis, P.g.: Porphyromonas gingivalis, TBARS: thiobarbituric acid-reactive substances. 
a)Statistically significant (P<0.05); b)Statistically significant (P<0.01); c)Statistically significant (P<0.001).
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was present (P<0.01). However, when P. gingivalis was present, in both the samples with 
oxidized LDL only and the samples with oxidized LDL and HDL, TBARS were present at a 
greater concentration than when P. gingivalis was not present (P<0.05). In the samples that did 
not contain HDL, there was an increase in TBARS when LDL was incubated with CuSO4 in the 
presence of P. gingivalis compared to samples without P. gingivalis (P<0.05).

Cytotoxic effects of HDL incubated with P. gingivalis
Under oxidative stress or proinflammatory stimuli, monocytes become activated and produce 
MMPs and proinflammatory cytokines such as TNF-α. Monocytes incubated with P. gingivalis 
in the presence of HDL produced significantly higher levels of TNF-α than monocytes treated 
with CuSO4. TNF-α levels were also higher in monocytes treated with HDL and P. gingivalis 
than in those treated with P. gingivalis alone (Figure 3A). The gelatinolytic activity of MMP-
9 was higher in monocytes treated with HDL and P. gingivalis than in those treated with P. 
gingivalis alone (Figure 3B).
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Figure 3. Proinflammatory activity by Porphyromonas gingivalis-induced oxidized HDL. (A) Monocytes incubated with Porphyromonas gingivalis in the presence 
of HDL produced significantly higher levels of TNF-α than monocytes treated with CuSO4 or with HDL alone. (B) Monocytes incubated with Porphyromonas 
gingivalis and HDL showed higher MMP-9 activity than cells incubated with HDL alone. 
HDL: high-density lipoprotein, TNF-α: tumor necrosis factor alpha, MMP: matrix metalloproteinase, P.g.: Porphyromonas gingivalis, Control: sample without 
Porphyromonas gingivalis. 
a) Statistically significant (P<0.05); b)Statistically significant (P<0.001).
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Microscopic analysis of foam cell formation by HDL incubated with P. gingivalis
Using light microscopy (×400 magnification), lipid-laden cells exhibited more extensive 
Oil Red O staining than control cells (Figure 4). These data indicate a high accumulation of 
oxidized HDL. P. gingivalis-treated macrophages exhibited higher levels of lipid aggregates 
than macrophages not treated with P. gingivalis. Lipids aggregated to a greater extent in P. 
gingivalis-treated macrophages than in untreated macrophages, suggesting that macrophages 
treated with P. gingivalis and HDL engulfed a greater amount of oxidized HDL.

DISCUSSION

Compelling evidence suggests that the circulating HDL levels are inversely related to the 
incidence of cardiovascular disease. HDL is believed to exert a protective function against 
the development of cardiovascular disease due to its role in mediating reverse cholesterol 
transport and preventing the oxidative modification of LDL, thus inhibiting cytotoxicity and 
the inflammatory responses triggered by cytokines, oxidized LDL, or oxidants [13]. HDL is 
susceptible to damaging structural modifications, including oxidation. Evidence has suggested 
that oxidized HDL exhibits a proatherogenic phenotype because oxidation markedly impairs 
the antiatherogenic function of HDL [14]. Thus, targeting defective HDL, rather than total 
circulating HDL, may be more effective for preventing and inhibiting atherosclerosis. Recent 
studies have also suggested that higher HDL levels may not always be cardioprotective because 
of the potential of HDL to become dysfunctional [15]. In order to investigate the mechanism 
linking the progression of atherosclerosis with periodontal bacteria, we investigated the ability 
of P. gingivalis to induce oxidation of HDL and whether the oxidized HDL induced by P. gingivalis 
showed altered antiatherogenic function or became proatherogenic.

Periodontal infection itself does not cause atherosclerosis, but rather accelerates it by 
inducing systemic inflammation and disrupting lipid metabolism. Chronic oral infection 
with P. gingivalis accelerates atheroma formation by shifting the lipid profile, with elevated 
levels of LDL and total cholesterol and reduced levels of HDL [16]. In atherosclerosis, 
macrophages stimulated by P. gingivalis drive the aggregation of fatty deposits in the 
vasculature and become foam cells, accelerating atheroma formation, in the presence of 
oxidized LDL [17]. In our previous study, we postulated that peptide 19 from P. gingivalis 
heat shock protein 60 has a distinct ability to induce native LDL oxidation as a plausible 
mechanism by which this peptide may drive epitope spreading to the neoantigen (i.e., 
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A B C

Figure 4. Macrophage foam cell formation assessed by Oil Red O staining. The uptake of oxidized HDL by macrophages treated with (A) HDL only, (B) HDL 
oxidized with Porphyromonas gingivalis, and (C) HDL oxidized with CuSO4 was determined by light microscopy (scale bar=200 μm). 
HDL: high-density lipoprotein.
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oxidized LDL) in the pathogenesis of atherosclerosis [18]. In this study, we have found that 
P. gingivalis might also induce HDL oxidation. Our results suggest that P. gingivalis stimulates 
qualitative changes in the lipid profile by inducing oxidation of LDL and HDL.

High lipid oxidation was observed in both P. gingivalis-treated HDL and oxidized LDL 
compared to the corresponding samples without P. gingivalis. Our data suggest that P. gingivalis 
impairs antioxidant function. It is also important to confirm that when HDL is oxidized, 
it not only has a reduced antioxidant ability, but also exerts proatherogenic properties. 
Atherosclerosis can be further exacerbated by the progressive incorporation of cytotoxic 
byproducts of lipid and phospholipid oxidation into a changing monocyte population at 
the cellular level of the arterial endothelium [19]. Oxidized HDL elicits a proinflammatory 
response by stimulating the release of TNF-α and gelatinases/MMP-9 from monocytes [20]. 
TNF-α is emerging as a key cytokine that exerts adverse effects during atherosclerosis. It can 
augment the local inflammatory response by altering lipid homeostasis and increasing the 
uptake of cholesterol ester [21]. MMPs are capable of extensively degrading all components 
of the extracellular matrix. Several lines of evidence support the potential role of MMPs in 
human atherosclerosis and plaque disruption [22,23]. Our data support the proposal that P. 
gingivalis-treated HDL induces the release of TNF-alpha and MMP-9 in monocytes, thereby 
promoting proatherogenic effects. However, although the P. gingivalis-treated HDL sample 
showed higher TNF-α levels, we do not know whether this was caused by other products of P. 
gingivalis that were affected by P. gingivalis-induced oxidized HDL or directly by the P. gingivalis-
induced oxidized HDL.

Oxidized LDL and HDL are endocytosed by macrophages to generate cholesterol-loaded 
foam cells. The formation of lipid-laden foam cells is an important pathophysiological 
process in atherosclerosis [24]. In this study, P. gingivalis-treated macrophages exhibited 
more lipid aggregates than macrophages not treated with P. gingivalis according to Oil Red 
O staining. The oxidized HDL fraction interacts with foam cells to enhance the delivery of 
free cholesterol to the cell surface. Thus, oxidized HDL increases the excess of arterial wall 
cholesterol [14]. In addition, oxidized HDL has been found in the intima of atheromatous 
plaques [25]. Oxidative modifications of HDL not only attenuate its beneficial properties, but 
also cause it to exert a direct proatherogenic effect.

In conclusion, this study suggests that P. gingivalis induces HDL oxidation, impairing 
the atheroprotective function of HDL and stimulating proatherogenic effects, via 
proinflammatory responses through its interaction with monocytes/macrophages.
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