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Abstract. Periodontitis is an independent risk factor for 
coronary heart disease. Porphyromonas gingivalis lipopoly‑
saccharide (Pg‑LPS) was considered to be one of the main 
virulence factors. In addition, vascular smooth muscle cells 
transform into osteoblast‑like cells in an arterial calcification 
process under chronic inflammatory conditions. The present 
study aimed to determine the calcification induced by Pg‑LPS 
in human umbilical artery smooth muscle cells (HUASMCs) 
co‑cultured with human periodontal ligament cells (HPDLCs). 
An in vitro co‑culture system was established using Transwell 
inserts. HUASMC proliferation and alkaline phospha‑
tase (ALP) activity were measured with a Cell Counting Kit‑8 
and an ALP kit, respectively. Calcium nodule formation was 
detected using alizarin red S staining. The effects of Pg‑LPS 
on the mRNA expression of the calcification genes of ALP, 
core‑binding factor α1 (Runx2) and bone sialoprotein (BSP) 
were assessed using reverse transcription‑quantitative PCR. 
The results indicated that Pg‑LPS increased HUASMC prolif‑
eration and ALP activity. Furthermore, among all of the groups, 
calcium nodule formation was most extensive in co‑cultured 
cells in the mineralization‑inducing medium containing 
Pg‑LPS. In addition, the expression of specific osteogenic 
genes (Runx2, ALP and BSP) significantly increased in the 
presence of Pg‑LPS and mineralization‑inducing medium, 
which was further enhanced in co‑culture with HPDLCs. In 
conclusion, co‑culture with HPDLCs increased the effect of 
Pg‑LPS to stimulate the calcification of HUASMCs. It was 
suggested that besides the inflammation, periodontitis may 

promote the occurrence of vascular calcification. The study 
indicated that periodontal treatment of subgingival scaling to 
reduce and/or control Porphyromonas gingivalis may decrease 
the occurrence or severity of vascular calcification.

Introduction

Periodontal disease is a chronic and non‑specific infectious 
disease of tooth‑supporting periodontal tissues mainly caused 
by Gram‑negative bacterial infection. Periodontal liga‑
ment (PDL) is a specialized soft connective tissue that connects 
the tooth root surface with the alveolar bone socket. It consists 
of different cell populations, including endothelial cells, 
fibroblasts, epithelial cells, osteoblasts, the rest of Malassez 
and cementoblasts (1). Porphyromonas gingivalis (Pg), a 
Gram‑negative bacterial species, has been extensively studied 
as one of the putative periodontal pathogens with sufficient 
evidence (2). Lipopolysaccharide (LPS) is the major patho‑
genic factor on the surface of Gram‑negative bacteria. LPS 
from Pg (Pg‑LPS), considered as one of the main virulence 
factors of Pg, may induce inflammatory cytokine secretion 
by periodontal cells (3,4), damaging periodontal tissue and 
leading to the resorption of the alveolar bone (5‑7).

Periodontitis is an independent risk factor for coronary 
heart disease (8). As a significant risk factor for cardiovascular 
disease, vascular calcification is commonly present in athero‑
sclerosis (9). In the past, vascular calcification was considered 
a passive regulator of aging‑related diseases; while it is now 
generally recognized as an actively regulated bone‑like forma‑
tion process with the transformation of vascular smooth muscle 
cells(VSMCs) into osteoblast‑like cells with the expression of 
osteogenesis‑related proteins (10). It has been indicated that 
vascular calcification is correlated with inflammation and 
is recognized as a procedural osteogenesis process initiated 
by endovascular inflammatory factors (11). The phenotype 
of VSMCs is transformed into osteoblast‑like cells in the 
arterial calcification process under chronic inflammatory 
conditions (12). Preliminary studies of our group suggested 
that Pg‑LPS promoted the abnormal proliferation and alka‑
line phosphatase (ALP) activity of rat aortic smooth muscle 
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cells; the expression of the calcification‑related genes ALP, 
core‑binding factor α1 (Runx2), bone sialoprotein (BSP) and 
osteopontin (OPN) increased, further suggesting that Pg‑LPS 
had a specific effect on calcification (13,14).

However, the microenvironment of the human body is 
complex, where the effects of VSMCs on vascular calcification 
in the setting of periodontal disease remained to be fully deter‑
mined. In the present study, a three‑dimensional co‑culture 
model of human periodontal ligament cells (HPDLCs) and 
human umbilical artery smooth muscle cells (HUASMCs) was 
established by using Transwell inserts to simulate the complex 
microenvironment including the coexistence of periodontitis 
and vascular calcification. The present study explored the 
effects of Pg‑LPS on the proliferation, ALP activity, formation 
of calcified nodules and mRNA expression of related calci‑
fication genes (ALP, Runx2 and BSP) in HUASMCs under 
co‑culture conditions.

Materials and methods

Cell culture and characterization. The present study was 
approved by the Medical Ethics Committee of the Affiliated 
Hospital of Qingdao University (Qingdao, China; no. 
QYFYWZLL26135). Written informed consent was obtained 
from each patient or from the parents/guardians of those partici‑
pants who were minors. To obtain HPDLCs, premolars (healthy 
orthodontic tooth extractions) without caries, periodontal 
disease nor periapical periodontitis freshly extracted between 
December 2017 and December 2018 were selected. The patients 
(20 males and 20 females) were between 12 and 25 years old. 
All the cells from 60 teeth were pooled for different assays. The 
primary culture of HPDLCs was established according to a 
method described previously (15). First, the cells were cultured 
in Dulbecco's Modified Eagle Medium (DMEM; HyClone; 
Cytiva) containing 20% fetal bovine serum (FBS) (Gibco; 
Thermo Fisher Scientific, Inc.) in an atmosphere under 5% CO2 
at 37˚C. The morphology and growth of the cells were observed. 
After the cells reached 80% confluency, they were passaged 
by trypsinization (Beijing Solarbio Science & Technology Co., 
Ltd.). After passaging, the medium was replaced with medium 
containing 10% FBS. The third‑generation cells were identified 
by vimentin (cat. no. PB9359; Boster Biological Technology) 
and keratin (cat. no. BM0031; Boster Biological Technology) 
staining with the streptavidin‑biotin complex (cat. no. SA1021, 
Boster Biological Technology) immunohistochemical method. 
Cells in the third to fifth generation with good viability were 
used for the subsequent experiments.

Primary HUASMCs (cat. no. 8030) were purchased 
from ScienCell Research Laboratories, Inc. and subcultured 
in DMEM (Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C with 5% CO2 after recovery. The third generation 
HUASMCs were prepared on cell slides at 1x104 cells/ml for 
α‑smooth muscle actin (α‑SMA; cat. no. BS70000; Bioworld 
Technology, Inc.) immunofluorescence staining. The cells in 
the exponential growth phase from the third generation to the 
eighth generation were used for the subsequent experiments.

Co‑culture. HUASMCs were seeded into six‑well micro‑
plates (Corning, Inc.) in DMEM containing 10% FBS at 

1x104 cells/ml. After 4 h, the cell took adhesion at 37˚C with 
5% CO2, fully expanded to a confluency of 70%. The medium 
was then refreshed and the HPDLCs were seeded into Transwell 
inserts in DMEM containing 10% FBS, at 1x104 cells/ml. 
The non‑contact HPDLCs‑HUASMCs co‑culture system was 
established using Transwell inserts (Corning, Inc.) with a pore 
size of 0.4 µm (16). Co‑cultured cells were not in direct contact 
but were able to interact with each other via the culture fluid 
for 48 h 37˚C with 5% CO2.

Cell viability assay. The cells were divided into four 
experimental groups as follows: i) HUASMC group, which 
was cultured normally (group C); ii) HPDLCs‑HUASMCs 
co‑culture group (group CO); iii) HUASMCs group 
cultured with Pg‑LPS (group CP; InvivoGen); and 
iv) HPDLCs‑HUASMCs co‑culture group cultured with 
Pg‑LPS (group CO‑P). In addition, the four groups as above 
were set up in calcification‑inducing culture medium (groups 
C‑C, CO‑C, CP‑C, CO‑CP, respectively). The final concentra‑
tion of Pg‑LPS added in the experiment was 1 µg/ml (13,17). 
The cells were inoculated according to the experimental 
groups. HUASMCs were inoculated in 24‑well microplates 
(Corning, Inc.) and Transwell inserts containing HPDLCs 
were placed on top of the 24‑well microplates to establish the 
HPDLCs‑HUASMCs co‑culture system. HUASMCs alone 
were first cultured without HPDLCs in DMEM containing 
10% FBS for 24 h, followed by synchronization in serum‑free 
medium for 12 h, and subsequently, culture was performed 
for 48 h according to each group's treatment requirements. 
The viability of the HUASMCs as a confluence of 70‑90% 
was measured by a Cell Counting Kit‑8 (Dojindo Molecular 
Technologies, Inc.). For the cell viability assay, 50 µl CCK‑8 
solution was added to each well containing 500 µl medium 
(volume ratio, 10%) for different doses or varying time points; 
air bubbles were avoided. The plates were incubated at 37˚C 
with 5% CO2 for 2 h, according to the manufacturer's protocol. 
The absorbance was measured with a spectrophotometer 
at a wavelength of 450 nm. The experimental results were 
expressed as the optical density.

ALP assay. The effects of normal medium or calcifica‑
tion‑inducing culture medium on ALP activity of HUASMCs 
were measured by an ALP kit (cat. no. A059‑2‑2, Nanjing 
Jiancheng Bioengineering Institute) according to the manu‑
facturer's protocol. The experimental groups and culture 
methods were the same as those in the above experiment; 
the cells for the relevant groups were inoculated and cultured 
for 48 h at 37˚C with 5% CO2. The ALP activity and protein 
concentration in the supernatant were measured using a 
microplate reader at a wavelength of 520 nm. The results 
were normalized to the total protein content per sample 
using a bicinchoninic acid protein assay kit (Pierce; Thermo 
Fisher Scientific, Inc.) and expressed in fold induction of ALP 
activity (18).

Calcification‑inducing culture. Calcification‑inducing culture 
medium was prepared as follows: β‑glycerophosphate, 
vitamin C and dexamethasone (all from Sigma‑Aldrich; 
Merck KGaA), with final concentrations of 1, 50 and 10 mM, 
respectively, were added to DMEM containing 5% FBS.
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This part of the experiment consisted of eight groups, 
which were all cultured in Transwell plates at 1x104 cells/ml. 
In four groups, the treatment was performed with normal 
culture medium (groups C, CO, CP and CO‑P) whereas the 
four other groups were cultured as follows: HUASMCs incu‑
bated with the calcification‑inducing culture medium (group 
CC) or with Pg‑LPS‑containing calcifying culture medium 
(group C‑CP); HPDLCs‑HUASMCs co‑cultured cultured in 
calcifying medium (group CO‑C) or with Pg‑LPS‑containing 
calcified medium (group CO‑CP). The cultured cells were 
inoculated to set up the groups and the medium was changed 
every 3 days up to 21 days.

Expression of calcification‑related factors (ALP, Runx2 
and BSP) determined by reverse transcription‑quantitative 
(RT‑q) PCR. The different groups were set up according 
to the pre‑set experimental conditions and cultured for 
48 h. The total cellular RNA was extracted using TRIzol® 
(Thermo Fisher Scientific, Inc.) according to the instruc‑
tions of the manufacturer. The concentration and purity of 
RNA were measured using NanoDrop spectrophotometer 
(Thermo Fisher Scientific, Inc.). For each group, 1.0 µg of 
RNA was reversely transcribed into complementary (c)
DNA in a 20‑µl reaction system using PrimerScript™ RT 
reagent Kit (cat. no. RR047A, Takara Bio, Inc.) a kit with 
gDNA Eraser. The total reaction mixture was incubated at 
50˚C for 15 min and 85˚C for 5 sec. The PCR amplification 
reaction was performed on 1.0 µl of cDNA in a 20‑µl reaction 
system using TB Green™ Premix Ex Taq™ Ⅱ(Tli RNaseH 
Plus) (cat. no. RR820A; Takara Bio, Inc.) on a 7500 qPCR 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The thermocycling conditions were as follows: Initial dena‑
turation at 95˚C for 10 min; followed by 40 cycles of 95˚C 
for 1 min and 60˚C for 1 min. Specific primer sequences for 
ALP, Runx2, BSP and GAPDH were designed and synthe‑
sized by Sangon Biotech, Co., Ltd. and their sequences are 
provided in Table I. The GAPDH gene expression levels were 
calculated using the 2‑ΔΔCq method (19).

Calcification‑specific alizarin red S staining and quantitative 
analysis of calcified nodules. After culturing for 3 weeks, 
the Transwell inserts were removed and the culture medium 
was discarded, followed by rinsing twice with pre‑warmed 
PBS, addition of 4% paraformaldehyde and keeping at room 
temperature for 30 min. The cells were rinsed with distilled 
water twice. Subsequently, 1% alizarin S red dye liquor (Beijing 
Solarbio Science & Technology Co., Ltd.) was added to cover 
the culture plate's bottom, with microscopic observation and 
gentle shaking by hands and keeping at room temperature for 
15 min. After rinsing with distilled water four times, the solu‑
tion was gently shaken for 5 min and incubated at ‑20˚C for 
10 min.

The results were observed under an inverted microscope. 
The quantitative analysis method for calcium nodules was 
according to Gregory et al (20), with 150 µl of the liquid 
pipetted from each tube and transferred to a 96‑well microplate 
(Corning, Inc.) to determine the absorbance at a wavelength of 
405 nm using a microplate reader.

Statistical analysis. Values are expressed as the mean ± stan‑
dard deviation from at least 3 independent experiments. 
One‑way analysis of variance was performed for comparisons 
among the groups and intergroup comparisons were performed 
using Bonferroni's correction using SPSS statistical software 
(version 22.0; IBM Corp.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Characterization of the cells. The HPDLCs were positive 
and negative for anti‑vimentin (Fig. 1A) and anti‑keratin 
staining (Fig. 1B), respectively. α‑SMA was highly expressed 
in HUASMCs (Fig. 1C). The HPDLCs in the Transwell 
inserts were adherent and they exhibited long spindle or radial 
arrangements after being inoculated for ~12 h (Fig. 2A). The 
HUASMCs in the culture plate were adherent and were polyg‑
onal or spindle‑shaped after inoculation for 16 h (Fig. 2B).

Table I. Primers used for real‑time PCR analyses.

Gene/sequence (5' to 3') Product length (bp) GenBank accession no.

Alkaline phosphatase 122 NM_001632.4
  Forward, AGAATCTGGTGCAGGAATGG
  Reverse, AGGCTCAAAGAGACCCATGA
Runx2 107 NM_004348.3
  Forward, GTGGACGAGGCAAGAGTTTC
  Reverse, TTCCCGAGGTCCATCTACTG
Bone sialoprotein 123 NM_004967.3
  Forward, CGGAGGAGACAATGGAGAAG
  Reverse, CCACCATTTGGAGAGGTTGT
GAPDH 138 NM_002046.6
  Forward, GTCTCCTCTGACTTCAACAGCG
  Reverse, ACCACCCTGTTGCTGTAGCCAA

Runx2, core‑binding factor α1.
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Pg‑LPS‑stimulated HUASMC proliferation is increased in 
the co‑culture system. The effect of Pg‑LPS treatment for 48 
h on HUASMCs to increase the proliferation of co‑cultured 
HUASMCs was greater than that of monoculture HUASMCs 
and the difference was statistically significant. However, there 
was no significant difference in the proliferation of HUASMCs 
in mono‑ vs. co‑culture without Pg‑LPS stimulation (Fig. 3A). 
The trends for the co‑culture system were similar in the 
calcification‑inducing culture medium (Fig. 3B).

Effects of normal medium and calcification‑inducing culture 
medium on ALP activity of HUASMCs. After Pg‑LPS stimula‑
tion for 48 h, the ALP activity in the supernatant of HUASMCs 

under co‑culture conditions was enhanced and higher than that 
of the HUASMCs in monoculture, with a significant difference. 
However, there was no significant difference in the ALP activity 
in the supernatant of HUASMCs in mono‑ vs. co‑culture without 
Pg‑LPS stimulation (Fig. 4A). This phenomenon was similar in the 
groups with Pg‑LPS stimulation as in the calcification‑inducing 
culture medium. However, co‑culturing the cells in calcifica‑
tion‑inducing culture medium exhibited significantly higher ALP 
activity compared with HUASMCs in calcification‑inducing 
culture medium, with a significant difference. (Fig. 4B).

Relative quantification of osteogenic gene induction by 
Pg‑LPS in HUASMCs in the co‑culture system. The relative 

Figure 1. HPDLCs and HUASMCs were characterized. (A) HPDLCs were positive for anti‑vimentin staining. (B) HPDLCs were negative for anti‑keratin 
staining. (C) HUASMCs expressed α‑smooth muscle actin. The DAPI staining image is superimposed with green fluorescence, with α‑SMA being fluorescent 
green and the nuclei blue (scale bars, 100 µm). HUASMCs, human umbilical artery smooth muscle cells; HPDLCs, human periodontal ligament cells.

Figure 2. HPDLC‑HUASMC co‑culture system was established with Transwell inserts. (A) HPDLCs, with micropores in the porous membrane visible. 
(B) HUASMCs, exhibiting a radial spindle‑shaped arrangement when attached to the plate (scale bars, 20 µm). HUASMCs, human umbilical artery smooth 
muscle cells; HPDLCs, human periodontal ligament cells.

Figure 3. Cell viability. (A) Effect of Pg‑LPS on HUASMC viability in the co‑culture system. (B) Cell viability in HUASMCs treated with or without Pg‑LPS 
in the calcified‑inducing culture medium. Values are expressed as the mean ± standard deviation of three independent experiments in each group. *P<0.05 
vs. HUASMCs (group C); #P<0.05. HUASMCs, human umbilical artery smooth muscle cells; PDLCs, periodontal ligament cells; Pg‑LPS, Porphyromonas 
gingivalis lipopolysaccharide; ALP, alkaline phosphatase.
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expression of calcification‑related factors was detected by 
RT‑qPCR in the different experimental groups after incuba‑
tion for 48 h. The expression of Runx2, ALP and BSP was 
significantly higher in the groups with calcification induction 
medium (C‑C, C‑CP, CO‑C and CO‑CP) than in the groups 
with normal culture medium (C, C‑P, CO and CO‑P, respec‑
tively) and significantly higher in groups with Pg‑LPS (C‑P, 
C‑CP, CO‑P and CO‑CP) than in the groups without Pg‑LPS 
(C, C‑C, CO and CO‑C, respectively). In addition, the expres‑
sion of those calcification‑related factors in group CO was 
slightly higher than that in group C, but the difference was 
not significant. The calcification effect in each co‑culture 
group (CO‑P, CO‑C and CO‑CP) was higher than that in each 
monoculture group (C‑P, C‑C and C‑CP, respectively; Fig. 5).

Effects of Pg‑LPS on calcified nodule formation by HUASMCs 
in the co‑culture system. The cells were co‑cultured with 
Pg‑LPS and calcification‑inducing medium and then stained 
with alizarin red S to detect the formation of calcified nodules. 
In the inverted phase‑contrast microscopy images, the calci‑
fied nodules were scattered in the C‑P and CO‑P groups 
and were almost absent in the C and CO groups. All of the 
groups under calcification induction or calcification induc‑
tion + Pg‑LPS (1 µg/ml) conditions exhibited many calcified 
nodules, whilst the co‑cultured CO‑C and CO‑CP groups had 
slightly more calcified nodules than those cultured in DMEM 
medium (Fig. 6).

The quantitative detection of calcified nodules indicated 
that calcium nodules formation in the group with general 

Figure 4. Induction of ALP activity. Effects of the normal medium (A) and the calcification‑inducing culture medium (B) on ALP activity of HUASMCs 
and the HUASMCs‑HPDLCs co‑culture system. Values are expressed as the mean ± standard deviation of three independent experiments in each group. 
*P<0.05 vs. HUASMCs in calcification‑inducing culture medium (group CC); #P<0.05. HUASMCs, human umbilical artery smooth muscle cells; PDLCs, peri‑
odontal ligament cells; Pg‑LPS, Porphyromonas gingivalis lipopolysaccharide; ALP, alkaline phosphatase; OD, optical density.

Figure 5. Induction of osteogenic gene transcription in HUASMCs. Transcript levels for the osteogenic genes (A) Runx2, (B) ALP and (C) BSP were determined 
at 48 h by reverse transcription‑quantitative PCR and normalized to the level of GAPDH transcript. Values are expressed as the mean ± standard deviation (n=3). 
The expression of Runx2, ALP and BSP was significantly higher in co‑culture groups treated with Pg‑LPS (1 µg/ml) and calcification‑inducing medium than 
in the control groups. *P<0.05 vs. HUASMCs (group C); #P<0.05. HUASMCs, human umbilical artery smooth muscle cells; PDLCs, periodontal ligament cells; 
Pg‑LPS, Porphyromonas gingivalis lipopolysaccharide; ALP, alkaline phosphatase; Runx2, core‑binding factor α1; BSP, bone sialoprotein; OD, optical density.
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culture in DMEM medium and Pg‑LPS was more extensive 
than that in the corresponding control group. Each calcifica‑
tion induction group exhibited significantly more calcium 
nodule formation than the corresponding general culture 
group in DMEM medium. In the normal culture medium, the 
extent of calcium nodule formation by HUASMCs in group C 
and group CO was not significantly different. However, under 
the calcification induction conditions, calcium nodule forma‑
tion in group CO‑C was more extensive than in group C‑C, 
whilst the largest amount of calcium nodules was detected in 
the CO‑CP group (Fig. 6).

Discussion

Vascular calcification is a common pathological process of 
aging and various conditions including atherosclerotic coro‑
nary artery disease and diabetes. As one of the primary risk 
factors and early signs of cardiovascular disease, it mainly 
includes intima and tunica media calcification, both of which 
frequently occur at the same time. VSMCs were identified as 

the major cell type involved in the process of vascular calcifica‑
tion, possessing the ability to differentiate into osteoblast‑like 
phenotype under the stimulation of pathological factors, 
and to synthesize and secrete related proteins and transcrip‑
tion factors promoting bone formation, as well as to express 
active ALP (21,22). The specific phenotypic transformation 
mechanism in VSMCs has remained to be fully elucidated, but 
inflammation and immune response may have an important 
role (23).

A comprehensive study suggested that periodontitis 
has a particular role in promoting vascular calcification of 
coronary heart disease, and coronary heart disease, in turn, 
aggravates the destruction of periodontal tissue to a certain 
extent (24‑28). As one of the major pathogenic bacteria in 
periodontitis, Pg has a higher detection rate in the athero‑
sclerotic plaques from patients with severe periodontitis and 
coronary heart disease than in patients with mild periodontitis 
and coronary heart disease. Yang et al (28) reported that Pg 
induced VSMC calcification and activity in mice and directly 
stimulated in vitro cultured aortic vessels to cause vascular 

Figure 6. Effect of Pg‑LPS on calcified nodule formation of HUASMCs in different groups. (AA) HUASMCs (group C); (AB) HUASMCs + Pg‑LPS (group 
C‑P); (AC) PDLCs‑HUASMCs (group CO); (AD) PDLCs‑HUASMCs + Pg‑LPS (group CO‑P); (AE) HUASMCs in calcification‑inducing culture medium 
(group C‑C); (AF) HUASMCs + Pg‑LPS in calcification‑inducing culture medium (group C‑CP); (AG) PDLCs‑HUASMCs in calcification‑inducing culture 
medium (group CO‑C); and (AH) PDLCs‑HUASMCs + Pg‑LPS in calcification‑inducing culture medium (group CO‑CP). The calcified nodules were scat‑
tered in the C‑P and CO‑P groups and were almost absent in the C and CO groups. All of the groups under calcification induction or calcification induction + 
Pg‑LPS (1 µg/ml) conditions exhibited many calcified nodules, whilst the co‑cultured CO‑C and CO‑CP groups had slightly more calcified nodules than those 
cultured in DMEM medium (scale bar, 100 μm). The quantified results of calcification based on alizarin red S staining three weeks after calcification induction 
(B). The calcified nodule formation was significantly higher in calcification‑inducing medium and co‑culture groups treated with Pg‑LPS (1 μg/ml) than in the 
control groups. Values are expressed as the mean ± standard deviation (n=3). #P<0.05, calcification‑inducing culture medium vs. normal culture medium (i.e. 
group C‑C vs. group C; group C‑CP vs. group C‑P; group CO‑C vs. group CO; group CO‑CP vs. group CO‑P); *P<0.05. HUASMCs, human umbilical artery 
smooth muscle cells; PDLCs, periodontal ligament cells; Pg‑LPS, Porphyromonas gingivalis lipopolysaccharide..
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wall calcinosis. Pg‑LPS is an important pathogenic factor of 
bacteria. Han et al (29) demonstrated that low concentrations 
(<100 µg/ml) of Escherichia coli LPS promoted the abnormal 
proliferation of VSMCs in rats. A previous study by our group 
suggested that one day of culture with Pg‑LPS at each concen‑
tration between 1 ng/ml and µg/ml was able to promote the 
abnormal proliferation and ALP activity of VSMCs, affecting 
the expression of calcification‑related genes (Runx2, ALP, 
BSP and OPN) (13). These results indicated that Pg‑LPS 
affected VSMC calcification and provided indirect evidence 
of Pg‑LPS promoting vascular tube calcification. Since the 
body's internal environment is complex, the effect of Pg‑LPS 
on VSMCs in vivo requires further study.

At present, co‑culture is a commonly used cell biology 
technique (30,31). Cell co‑culture using Transwell inserts is 
able to achieve the interaction effect of cells in the upper and 
lower culture medium through a porous membrane, which 
more fully simulates the in vivo environment. In the present 
experiments, HUASMCs were selected as a cell model, and 
they were more convincing in the study of the relationship 
between human periodontitis and cardiovascular disease than 
the rat VSMCs used in the past (13). The co‑culture system 
model of HPDLCs and HUASMCs using a Transwell chamber 
was selected to simulate the coexistence of periodontitis and 
vascular calcification in vivo. Of note, the morphology and 
growth rate of the two types of cells in the co‑culture system 
did not change significantly compared with HUASMCs 
in monoculture, and this model more fully simulated the 
environment in vivo. Pg‑LPS is an independent factor in peri‑
odontal disease and the co‑culture system was able to simulate 
the environment of periodontal disease more realistically. It 
was reported that Pg‑LPS stimulated HPDLCs to secrete 
IL‑6, IL‑8, TGF and other inflammatory factors (32‑34). 
Thammasitboon et al (35) indicated that macrophages had an 
important role in LPS‑induced osteoblast and PDLC apoptosis. 
Therefore, it was speculated in the present study that one of the 
reasons of co‑cultured HUASMCs exhibiting abnormal prolif‑
eration was due to the effect of the HPDLCs. Periodontitis may 
promote the abnormal proliferation of VSMCs, whereby the 
abnormal proliferation of VSMCs may result in the formation 
of new intima, arteriosclerosis and restenosis (21,36).

The expression of calcification‑related genes was detected 
in the present study to further investigate the effect of Pg‑LPS 
on HUASMC calcification. ALP is an early differentiation 
marker of osteoblasts and one of the confirmed phenotypic 
markers of osteoblast‑like cells. It is also indispensable for 
osteoblast activity and bone formation (37). BSP is one of the 
acid glycoproteins secreted mainly by osteoblasts. It is able to 
activate osteoblasts or guide them to promote calcification. Its 
expression is an essential marker of calcification and matrix 
deposition (38). Runx2 is the initiation factor regulating the 
differentiation of undifferentiated mesenchymal stem cells 
into osteoblasts. Studies have indicated that the cranial cells 
of Runx2‑/‑ mice are not able to differentiate into osteoblasts 
when cultured in vitro (39). Runx2 is also a key transcription 
factor regulating the directional differentiation of osteoblasts 
and chondrocytes and has a critical regulatory role in calcifica‑
tion. The expression of Runx2 in the atherosclerotic plaque 
is considered a sign for the initiation of vascular calcifica‑
tion (13,40).

The present study suggested that ALP activity in 
HUASMCs increased after the action of Pg‑LPS for 48 h, 
and the ALP activity of HUASMCs in the co‑culture group 
was stronger than that in the monoculture group. Pg‑LPS 
and calcification‑inducing medium promoted the expression 
of ALP, BSP and Runx2 in HUASMCs, and the calcifica‑
tion‑inducing medium had a more obvious promoting effect. 
In addition, when both factors were combined, the promo‑
tion effect was the strongest. This was similar to a previous 
study by our group, where Pg‑LPS promoted the abnormal 
proliferation and ALP activity of VSMCs and affected the 
expression of calcification‑related genes (Cbfα1, ALP, BSP 
and OPN). Yin et al (41) indicated that LPS stimulated VSMC 
proliferation via phenotypic modulation and LPS promoted 
VSMC proliferation through the Toll‑like receptor 4/Rac 
family small GTPase 1/Akt signaling pathway. ALP promotes 
ossification by dephosphorylation, destroying mineralization 
inhibitors and acting as a calcium‑binding protein or phos‑
phate transporter. Higher ALP activity suggests ossification 
and transformation (42). In addition, the promoting effect of 
Pg‑LPS and calcification‑inducing solution in the co‑culture 
group was significantly higher than that in the monoculture 
group. It may be speculated that HPDLCs have a synergistic 
effect with Pg‑LPS. HPDLCs may secrete certain inflam‑
matory factors under the effect of Pg‑LPS and aggravate the 
calcification of SMCs, and the calcification effect of co‑culture 
HUASMCs was not only due to Pg‑LPS but also because of 
the effect of HPDLCs. HPDLCs were able to promote the 
differentiation of HUASMCs into the osteoblast‑like pheno‑
type under the stimulation of Pg‑LPS, indicating that vascular 
calcification may be induced and aggravated by periodontitis. 
Further studies by our group will examine the specific regula‑
tory mechanism of LPS on ALP activity and the expression of 
calcification‑related factors.

Alizarin red S staining is an effective method for deter‑
mining the formation of calcified nodules. After 21 days of 
cell culture, calcium nodule staining and quantitative analysis 
indicated that both Pg‑LPS and calcification‑inducing solu‑
tion promoted the formation of calcified nodules. Regarding 
the groups cultured in calcification‑inducing medium, 
Pg‑LPS increased the calcium nodules in the co‑culture 
group compared to the HUASMCs in monoculture. These 
results indicated that Pg‑LPS was able to promote HUASMC 
calcification, and in the presence of Pg‑LPS and the calcifi‑
cation‑inducing medium, the co‑culture system had a more 
significant effect to stimulate HUASMC calcification. These 
results also confirmed that HPDLCs had a specific role in 
promoting HUASMC calcification under the effect of Pg‑LPS.

In the present study, under the inflammatory conditions due 
to Pg‑LPS stimulation, the proliferation and ALP activity of 
HUASMCs in the co‑culture group increased significantly and 
the expression of calcification‑related genes (ALP, Runx2 and 
BSP) was also higher compared to the HUASMCs in monocul‑
ture. The high immune activity of Pg‑LPS may explain these 
results. It changed the survival micro‑environment of the two 
cell types and caused them to produce various inflammatory 
factors, with a synergistic role of the pro‑inflammatory factors, 
aggravating the calcification of HUASMCs. The lack of western 
blot analysis being performed in the present study to investi‑
gate protein expression was a limitation of the present study 
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and future studies should perform this to verify the present 
results. However, the human body is a complex organism 
and the growth and reproduction of cells are affected by 
numerous factors, such as the microenvironment and intercel‑
lular interactions. Therefore, the in vitro culture environment 
differed significantly from the body's internal environment. 
The in vitro experiments alone were not able to fully explain 
the mechanisms and signaling pathways responsible for the 
effect of Pg‑LPS on VSMCs, necessitating further studies. 
The co‑culture system was used to simulate the environment 
in vitro, which has the advantage of laying a better foundation 
for subsequent in vivo experiments compared with single‑cell 
culture in vitro. Our group also considers constructing a better 
co‑culture system or animal model to study the relationship of 
periodontitis and vascular calcification. The co‑culture system 
may have an important role to stimulate HPDLCs to secrete 
IL‑6, IL‑8, TGF and other inflammatory factors. In the future, 
a better co‑culture system may be established to study the 
relationship of inflammation factors with Pg‑LPS in terms of 
protein and RNA expression.

In conclusion, Pg‑LPS was able to induce the prolifera‑
tion of HUASMCs and its effect was more significant in the 
HPDLCs‑HUASMC co‑culture system. Pg‑LPS may stimulate 
calcification by increasing the ALP activity of HUASMCs 
and upregulating the expression of its calcification‑related 
genes (ALP, Runx2 and BSP). This effect was greater in the 
co‑culture system. The present results also indirectly demon‑
strated that eliminating inflammation may be an influential 
factor to inhibit vascular calcification.
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