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Abstract
Introduction: Cardiovascular diseases are positively correlated with periodontal disease. However, the molecular mechanisms linking atherosclerosis and periodontal infection are not clear. This study aimed to determine
whether Porphyromonas gingivalis lipopolysaccharide (Pg-LPS) altered the
expression of genes regulating cholesterol metabolism in macrophages in
the presence of low-density lipoprotein (LDL).
Material and methods: THP-1-derived macrophages were exposed to different concentrations (0.1, 1, 10 µg/ml) of LPS in the presence of 50 μg/ml
native LDL. Macrophages were also incubated with 1 µg/ml LPS for varying
times (0, 24, 48, or 72 h) in the presence of native LDL. Foam cell formation
was determined by oil red O staining and cholesterol content quantification.
CD36, lectin-like oxidized LDL receptor-1 (LOX-1), ATP-binding cassette G1
(ABCG1), and acetyl CoA acyltransferase 1 (ACAT1) expression levels were
measured by western blot and qRT-PCR.
Results: Foam cell formation was induced in a time- and concentration-dependent manner as assessed by both morphological and biochemical criteria. Pg-LPS caused downregulation of CD36 and ABCG1 but upregulation of
ACAT1, while LOX-1 expression was not affected (p = 0.137).
Conclusions: Pg-LPS appears to be an important link in the development of
atherosclerosis by mechanisms targeting cholesterol homeostasis, namely,
excess cholesterol ester formation via ACAT1 and reduced cellular cholesterol efflux via ABCG1.
Key words: periodontitis, macrophages, CD36, acetyl CoA acyltransferase 1,
ATP-binding cassette G1.

Introduction
In recent decades, infection and inflammation have been shown to
be involved in atherosclerosis initiation and progression [1]. Periodontal disease is one of the most prevalent infections found in humans [2].
Data from a meta-analysis [3] suggested that periodontal disease is
an independent risk factor for cardiovascular diseases. Porphyromonas
gingivalis (Pg), a major pathogen in periodontitis, is found in athero-
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sclerotic plaques [4]. Moreover, Pg lipopolysac
charide (Pg-LPS) infection may exacerbate athe
rosclerosis pathogenesis [5]. These data suggest
that Pg and Pg-LPS may invade the systemic
bloodstream through the disrupted basement
membrane, which is easily seen in severe periodontitis, thereby contributing to atherosclerosis
progression.
The process of atherosclerosis begins with the
recruitment of monocyte-derived macrophages
into the arterial intima and their transformation
into lipid-loaded foam cells through the uptake of
modified low-density lipoprotein (LDL) [6]. An in
vitro study [7] demonstrated that Pg and Pg-LPS
can induce foam cell formation in murine macrophages, partly by promoting the association of
LDL with macrophages and the modification of
LDL, indicating a causal relationship between PgLPS and atherosclerosis.
Macrophage cholesterol homeostasis, which
is regulated by cholesterol synthesis, influx, and
efflux, plays a vital role in foam cell formation [8].
The influx pathway occurs by uptake of modified
LDL mainly through scavenger receptors (SRs),
among which SR-A and CD36 have been identified as being responsible for 75–90% of the uptake [9]. Additionally, lectin-like oxidized LDL receptor-1 (LOX-1), a new member of the scavenger
receptor family, may also be involved in ox-LDL
uptake and foam cell formation [10]. Upon excess
free cholesterol (FC) delivery to the endoplasmic reticulum, FC is rapidly re-esterified by acetyl-CoA cholesterol acyltransferase 1 (ACAT1) and
then stored in cytoplasmic lipid droplets, creating
a characteristic “foamy” appearance [11]. Given
that ACAT1-regulated re-esterification is initially beneficial for cells for preventing cell toxicity
induced by FC, increased ACAT1 expression may
lead to the transformation of macrophages into
foam cells, accelerating atherosclerosis development in humans [12]. Apart from re-esterification,
the FC efflux pathway is another major mechanism for removing cellular cholesterol. Cholesterol efflux to lipid-poor ApoA occurs specifically
via ATP-binding cassette (ABC) transporter G1
(ABCG1) [13]. Pg-LPS alone has been demonstrated to induce foam cell formation by modifying cells at the level of gene expression [14, 15].
However, Pg-LPS-induced foam cell formation results from increased LDL uptake [7]. Despite the
extensive studies on these topics, the underlying
mechanisms responsible for foam cell formation
in cells infected with LPS in the presence of LDL
are not yet clear.
Here, we investigated the effects of Pg-LPS infection on the expression levels of key proteins
supporting foam cell formation in the presence of
native LDL in LPS-treated macrophages.
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Material and methods
Cell culture
Human THP-1 monocytes obtained from the
cell bank of Shanghai Institutes for Biological Sciences were seeded in 6-well plates at a density of
1 × 105 cells per well and cultured in RPMI1640
medium (Hyclone, USA) supplemented with 2 mM
l-glutamine, 10% fetal bovine serum (FBS), and
antibiotics at 37°C and 5% CO2. After the addition
of 160 nmol/l phorbol 12-myristate 13-acetate
(PMA) for 48 h, THP-1 cells were differentiated
into macrophages for further studies.

Pg-LPS infection of THP-1-derived
macrophages
Ultrapure LPS from Porphyromonas gingivalis (catalog #tlrl-pglps, version #10G20 MT) was
purchased from InvivoGen (USA), and human LDL
was purchased from Beijing Xiesheng Bio Company (China). To test the effects of Pg-LPS on foam
cell formation, THP-1-derived macrophages were
incubated with or without increasing concentrations of Pg-LPS (0.1, 1, 10 µg/ml) in the presence
of LDL (50 μg/ml) for 48 h. In our preliminary
experiments, macrophages were cultured in the
presence of 50 µg/ml LDL alone, and no significant changes were found in the amount of Oil Red
O-stained cells or in the content of cellular cholesterol after culture for as long as 72 h (data not
shown). These data showed that LDL alone (without stimulation by LPS or PMA) did not induce foam
cell formation. Therefore, cells were further stimulated with LDL (50 µg/ml) and Pg-LPS (1 µg/ml)
at different time intervals (0, 24, 48, or 72 h).

Oil Red O staining
THP-1-derived macrophages were washed
twice with phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde for 15 min. Cells
were then stained with Oil Red O (Sigma, USA) for
10 min and counterstained with hematoxylin for
1 min. The intracellular lipid droplets were stained
red, while cell nuclei were stained blue under light
microscopy. Macrophages with 10 or more Oil Red
O-positive lipid droplets were defined as foam
cells according to morphological criteria [16]. The
number of foam cells was scored in three fields
per well, and the percentage of foam cells was
calculated according to the total number of cells
counted.

Quantification of cellular cholesterol content
To further measure the formation of foam cells
according to biochemical criteria, the amounts of
total cholesterol (TC) and FC were quantified using the zymochemistry method as previously de-
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scribed [17]. Briefly, cells from each sample were
disrupted by ultrasonication. Then the TC and FC
contents were determined with a standard curve
and expressed as µg cholesterol/mg protein. The
cholesterol ester (CE) content was calculated by
subtracting FC from TC. Foam cells were defined
when the ratio of CE to TC was over 50% [18].

Table I. Primer sequences of target genes and β-actin for real-time PCR
Target gene
β-actin

RNA isolation and real-time RT-PCR
Total RNA from each sample was isolated with
TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s instructions. cDNA was synthesized with M-MuLV transcriptase (Fermentas,
Canada) in a 20-µl mixture containing 2 µg of
RNA. The sequences of forward and reverse primers are given in Table I. Real-time PCR was then
performed using SYBR premix EX Taq II buffer (Takara, Japan) on a LightCycler 480 system (Roche,
USA). The amplification was carried out as follows:
one cycle of 95°C for 30 s, followed by 40 cycles of
5 s at 95°C for denaturing, 20 s at 60°C for annealing, and 20 s at 75°C for extension. The relative
levels of CD36, LOX-1, ACAT1, and ABCG1 were
calculated according to the formula 2–ΔΔCt. The
data are presented as fold changes in target gene
expression normalized to b-actin and relative to
the untreated control.

Western blot analysis
After the cells were washed twice with PBS, they
were lysed in lysis buffer (Beyotime, China) and
incubated on ice for 30 min. The lysates were centrifuged at 12,000 rpm for 10 min at 4°C. The protein concentration was determined with the BCA
assay (Beyotime). Twenty micrograms of protein
from each sample was separated by electrophoresis on 10% sodium dodecyl sulfate (SDS) polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Bio-Rad, Hercules,
CA, USA). The membranes were then probed with
rabbit polyclonal anti-CD36 (1 : 2000), anti-LOX-1
(1 : 2000), anti-ACAT1 (1 : 1500), anti-ABCG1
(1 : 2000), or anti-β-actin (1 : 2000) antibodies
(Proteintech, China) overnight at 4°C. Subsequently, membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (1 : 2000; Proteintech Inc) for 60 min at room

F 5′-CATTGCCGACAGGATGCAG-3′
R 5′-CTCGTCATACTCCTGCTTGCTG-3′

CD36

F 5′-GGTGATGATGGAGAATAAGCC-3′
R 5′-AAGAGCCCAGAGTCGGAGTTG-3′

MTT assay
MTT assays were performed to determine the
cytotoxicity of LPS in cells. Briefly, after 4 h of incubation with 20 µl MTT (5 mg/ml; Sigma, USA),
culture medium was removed from each sample
and dissolved in 150 µl of DMSO (Sigma). The absorbance was measured at 490 nm, and the viability of cells was calculated as the relative ratio of
absorbance to that of control.

Sequences

LOX-1

F 5′-CTTGCTCGGAAGCTGAATG-3′
R 5′-CCGTCCTCCCAGAGCCAT-3′

ACAT1

F 5′-TTCTCATCCGCTGATCCGTT-3′
R 5′-TAGCGACATAACCCCATCTTACAG-3′

ABCG1

F 5′-CATTGCCGACAGGATGCAG-3′
R 5′-CTCGTCATACTCCTGCTTGCTG-3′

temperature. Immunoreactivity was detected by
enhanced chemiluminescence (ECL). The relative
expression levels of target genes were normalized
to the expression of β-actin.

Statistical analysis
All experiments were repeated at least three
times, and data were presented as means ± standard deviations (SDs). Student’s t tests were used
for direct comparisons between two groups, while
one-way analysis of variance (ANOVA) was used
for comparisons of three or more groups, followed
by Tukey’s post hoc test. Differences with p-values
of less than 0.05 (two-tailed) were considered statistically significant.

Results
Pg-LPS induced foam cell formation in
a concentration- and time-dependent
manner, according to morphological criteria
After treatment with 0.1 µg/ml Pg-LPS and LDL
(Figure 1 B), foam cell formation was minimal, but
was obviously higher than that obtained for the
control (LDL alone), as demonstrated by Oil Red
O staining of lipid droplets (Figure 1 A). However,
in cells treated with higher Pg-LPS and LDL concentrations, large lipid droplet masses were observed (Figures 1 C and D). The number of foam
cells significantly increased in all the Pg-LPS treated groups (Figure 1 I). These results indicated that
LPS exposure caused foam cell formation in a concentration-dependent manner.
Next, macrophages were stimulated with 1 µg/
ml Pg-LPS in the presence of LDL for increasing
times. Compared to the results for uninfected
macrophages (Figure 1 E), increasing numbers of
Oil Red O-stained cells were observed with longer durations of treatment (Figures 1 F–H), sug-

Arch Med Sci 5, October / 2016961

Fen Liu, Yi Wang, Jing Xu, Fangqiang Liu, Rongdang Hu, Hui Deng

gesting that Pg-LPS induced foam cell formation
in a time-dependent manner. Furthermore, the
number of foam cells increased significantly with
increase in infection times (Figure 1 J). MTT assays
showed that the cell viability was greater than
95% at the highest dose and longest treatment
time (data not shown), demonstrating that the
treatment did not alter macrophage viability.

Pg-LPS induced foam cell formation
in a concentration- and time-dependent
manner, according to biochemical criteria
Given that excessive CE accounted for the elevated amount of lipid droplets, the cellular CE
content was measured to investigate foam cell
formation according to biochemical criteria. Incubation of LDL-treated macrophages with Pg-LPS
caused a concentration-dependent increase in
CE and TC accumulation (Figure 2 A). Moreover,
treatment with 1 or 10 µg/ml LPS significantly
induced foam cell formation (Figure 2 B), as assessed when using CE/TC > 50% for identification
of foam cells [18]. As shown in Figures 2 C, Pg-LPS
exposure induced a time-dependent increase in CE
and TC content, and the CE/TC ratio was greater

than 50% after 24 h of LPS exposure (Figure 2 D),
which indicated foam cell formation according to
biochemical criteria.

CD36 was downregulated by Pg-LPS
treatment
Since CD36 and LOX-1 regulate lipoprotein uptake, CD36 and LOX-1 mRNA and protein expression levels were measured to investigate the cholesterol influx pathway during Pg-LPS exposure in
the presence of LDL. Pg-LPS treatment downregulated CD36 mRNA expression in a concentration-dependent manner, nearly reaching less than
50% of that of the control (10 µg/ml; Figure 3 A).
Western blot analysis (Figure 3 B) revealed similar downregulation of CD36, with a dramatic 90%
drop in comparison with that of the control at
the highest concentration (10 µg/ml). No significant changes were found in the mRNA or protein
expression of LOX-1, another SR family member,
even when cells were exposed to the highest concentration of Pg-LPS applied in our study (p > 0.05).
Because of treatment with Pg-LPS (1 μg/ml)
in the presence of LDL, we observed a significant
time-dependent decrease in CD36 expression.
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Figure 1. Pg-LPS induced foam cell formation, according to morphological criteria. THP-1-derived macrophages
were cultured with or without increasing concentrations of Pg-LPS in the presence of 50 µ g/ml LDL for 48 h.
A – Untreated macrophages as a control; B – 0.1 µ g/ml; C – 1.0 µg/ml; D – 10.0 µ g/ml. I – The number of foam cells
induced by different concentrations of LPS. Moreover, incubation of macrophages with LDL (50 µ g/ml) and Pg-LPS
(1.0 µg/ml) was performed for different durations. E – 0 h as a control; F – 24 h; G – 48 h; H – 72 h. J – The number
of foam cells induced by LPS for different durations. Black arrows indicate representative Oil Red O stained lipid
droplets. Original magnification of microphotographs: 400×; scale bar = 20 µm
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CD36 mRNA expression dropped to 40% of that
of the control (Figure 4 A), while the protein expression fell to less than 40% of that of the control (Figure 4 B). However, there was no significant
time-dependent difference in LOX-1 expression,
which was consistent with the results in cells
treated with different concentrations of Pg-LPS.

ACAT1 expression was upregulated, whereas
ABCG1 expression was downregulated in
response to Pg-LPS treatment
In order to determine the effects of Pg-LPS on
the esterification of FC into CE and the efflux of
FC [7] from macrophages co-cultured with LDL,
the expression levels of ACAT1 and ABCG1 were
analyzed. As shown in Figure 5 A, 10 μg/ml Pg-LPS
upregulated ACAT1 mRNA expression to 2.3-fold
that of the control, and this effect was concentration dependent. However, ABCG1 expression decreased to only 43% of that of the control when
used at the highest concentration (10 µg/ml).
Similar patterns of protein expression were observed by western blotting. At 0.1 µg/ml Pg-LPS,
no changes in either ABCG1 or ACAT1 levels were
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Discussion
Cumulative evidence published over the last
two decades suggests a causal relationship between periodontal infection and cardiovascular
diseases (CVDs). Chronic periodontitis is characterized by multiple but transient occurrences
of bacteremia, which may result in the systemic spread of LPS from the oral cavity to atherosclerotic plaques, leading to the formation of
foam cells. Because of the similarities between
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observed (p > 0.05). However, the highest concentration of Pg-LPS resulted in approximately 2-fold
upregulation in ACAT1 expression and 50% downregulation of ABCG1 expression (Figure 5 B).
The incubation of THP-1-derived macrophages
with 1 μg/ml Pg-LPS and LDL resulted in a maximal 4-fold change in ACAT1 mRNA expression and
a 3-fold change in ACAT1 protein expression compared with the control level (Figures 6 A and B). In
contrast, ABCG1 expression markedly decreased
in a time-dependent manner. Specifically, ABCG1
protein expression was almost completely inhibited, with 93% reduction at 72 h.
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Figure 2. Pg-LPS induced foam cell formation, according to biochemical criteria. Macrophages were exposed to
increasing concentrations (0, 0.1, 1, 10 µg/ml) of Pg-LPS for 48 h in the presence of 50 µg/ml LDL (A and B). To
measure time-dependent effects, cells were incubated with Pg-LPS (1.0 µg/ml) in the presence of LDL (50 µg/ml)
for 0, 24, 48, or 72 h (C and D). A and C – The content of intracellular total cholesterol (TC) and cholesterol ester
(CE) was normalized to protein levels and expressed as µg/mg. B and D – The ratios of CE to TC. Data are presented
as means ± SDs; *P < 0.05
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THP-1-derived macrophages and primary peripheral blood mononuclear cell-derived macrophages,
THP-1-derived macrophages were exposed to LPS
stimuli in the presence of low concentrations of
LDL in our study. Our results indicated that PgLPS induced macrophage foam cell formation in
a concentration- and time-dependent manner,
according to both morphological and biochemical criteria, suggesting that Pg-LPS treatment in-

creased the risk of cardiovascular damage. This
was consistent with a previous finding that LPS
purified from another Gram-negative bacterium,
Chlamydia pneumoniae, could induce cholesterol
ester accumulation and foam cell formation [19].
The LPS has been shown to increase LDL-R expression, which leads to excessive cholesterol ester accumulation [20]. Additionally, Pg-LPS can enhance
the binding of LDL with macrophages and modifi-
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Figure 3. Measurement of concentration-dependent
CD36 and LOX-1 expression in Pg-LPS-treated macrophages. Macrophages were exposed to increasing
concentrations (0, 0.1, 1, 10 µg/ml) of Pg-LPS for
48 h in the presence of 50 µg/ml LDL. A – qRT-PCR
data for CD36 and LOX-1 mRNA expression are presented as fold changes relative to the untreated control (0 µg/ml). B – Western blot analysis of CD36 and
LOX-1 protein expression. The protein levels were
normalized to those of β-actin. *P < 0.05
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Figure 4. Measurement of time-dependent CD36
and LOX-1 expression in Pg-LPS-treated macrophages. Cells were treated with Pg-LPS (1.0 µg/
ml) and LDL (50 µg/ml) for increasing durations
(0, 24, 48, or 72 h). A – qRT-PCR data of CD36 and
LOX-1 mRNA expression are presented as fold
changes relative to the untreated control (0 h).
B – Western blot analysis of CD36 and LOX-1 protein expression. The protein levels were normalized
to β-actin. *P < 0.05
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cation of LDL [7]. Collectively, these data may provide insights into the mechanisms of Pg-LPS-induced foam cell formation in the presence of LDL.
Interestingly, in our study, LDL alone did not induce foam cell formation, which was inconsistent
with a recent report. The different cell source may
cause this inconsistency [21]. Our observation
was consistent with another finding that PMA
stimulated human monocyte derived-macrophage

cholesterol accumulation, while there was no significant change in the total cholesterol content
without PMA stimulation [22].
Thus, we proceeded to investigate the molecular mechanisms responsible for Pg-LPS-induced
foam cell formation. Our study demonstrated that
Pg-LPS induced a linear decrease in both CD36
gene and protein expression in a time- and concentration-dependent manner, while no signifi-
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Figure 5. Measurement of concentration-dependent ACAT1 and ABCG1 expression in Pg-LPS-treated macrophages. Macrophages were exposed to
increasing concentrations (0, 0.1, 1, 10 µg/ml) of
Pg-LPS for 48 h in the presence of 50 µg/ml LDL.
A – ACAT1 and ABCG1 mRNA levels are presented
as fold changes relative to the untreated control
(0 µg/ml). B – Western blot analysis of ACAT1 and
ABCG1 protein expression. The protein levels were
normalized against b-actin as an internal control.
Data are presented as means ± SDs. *P < 0.05
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cant changes were observed in LOX-1 expression.
To our knowledge, this is the first study investigating the effects of Pg-LPS on LOX-1. On the other
hand, some inconsistent reports describing the effects of LPS on CD36 expression in monocytes and
macrophages have been published [14, 23]. The
discordance in CD36 expression found between
the previous study [14] and our study could be explained by the presence of LDL in our assays. First,
LPS-mediated oxidative stress is known to cause
LDL oxidation [24], and ox-LDL reduces LPS-mediated inflammatory effects [25], including CD36
upregulation [26]. Second, LPS has been shown to
stimulate LDL-R expression and macropinocytosis
in RAW264.7 cells to enhance foam cell formation
in the presence of LDL [21]. CD36 downregulation may work as a compensatory mechanism for
the excessive uptake of cholesterol-rich LDL via
LPS-mediated LDL-R upregulation.
Upon uptake of LDL, excess FC in foam cells
can either be re-esterified into CE by ACAT1 or removed from the cells through a receptor-mediated
FC efflux pathway regulated by ABCA1 and ABCG1
[8]. Therefore, we further investigated the roles of
ACAT1 and ABCG1 in Pg-LPS-induced foam cell formation. To the best of our knowledge, our study
is the first to show that in vitro Pg-LPS treatment
significantly increased ACAT1 mRNA and protein
expression, but inhibited ABCG1 expression in
a time- and concentration-dependent manner in
THP-1-derived macrophages cocultured with LDL.
More notably, LPS-induced foam cell formation and
CE accumulation appeared to be associated with
the upregulation of ACAT1 and downregulation of
ABCG1, implying that LPS-induced foam cell formation may be influenced by enhanced synthesis of
CE via ACAT1 and reduced efflux of cholesterol via
ABCG1. No effects of LPS were observed on ABCG1
expression in a previous report [14]. However, our
result was consistent with another previous study
demonstrating that LPS infection significantly repressed ABCG1 expression [15].
Our previous study demonstrated that Pg-LPS
can induce various pro-inflammatory cytokines
in macrophages, including tumor necrosis factor
(TNF)-α, interleukin (IL)-6, and IL-1 [27]. Many inflammatory components participate in atherosclerotic lesion development [28]. However, TNF-α has
been demonstrated to specifically enhance ACAT1
expression to promote atherosclerosis [29]. Therefore, we can speculate that LPS-induced upregulation of ACAT1 may contribute to the inflammatory
conditions produced by LPS.
Additionally, it is possible that ACAT1 upregulation and CD36 downregulation may be a defense
mechanism against excess LDL in the culture medium; CD36 downregulation would reduce LDL
uptake, and ACAT1 upregulation would help eliminate excess FC generated by LDL.
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In conclusion, our study showed that a periodontal infectious agent altered the expression of
key molecules regulating lipid uptake and cholesterol esterification and efflux, all of which facilitate
the perturbation of cholesterol homeostasis and
lead to CE accumulation and foam cell formation.
This in vitro evidence further supported the positive
correlation between periodontal disease and atherosclerosis via molecular mimicry. Therefore, the
prevention and treatment of periodontal infection
are of great importance for patients with CVDs.
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