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Inhibition of lipopolysaccharide-induced 
NF-κB maintains osteogenesis of 
dental pulp and periodontal ligament 
stem cells

Abstract: Dental pulp stem cells (DPSCs) and periodontal ligament 
stem cells (PDLSCs) can differentiate into osteoblasts, indicating that 
both are potential candidates for bone tissue engineering. Osteogenesis 
is influenced by many environmental factors, one of which is 
lipopolysaccharide (LPS). LPS-induced NF-κB activity affects the 
osteogenic potencies of different types of MSCs differently. This study 
evaluated the effect of LPS-induced NF-κB activity and its inhibition in 
DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic 
medium, pretreated with/without NF-κB inhibitor Bay 11-7082, and 
treated with/without LPS. Alizarin red staining was performed to 
assess bone nodule formation, which was observed under an inverted 
light microscope. NF-κB and alkaline phosphatase (ALP) activities 
were measured to examine the effect of Bay 11-7082 pretreatment 
and LPS supplementation on osteogenic differentiation of DPSCs 
and PDLSCs. LPS significantly induced NF-κB activity (p = 0.000) 
and reduced ALP activity (p = 0.000), which inhibited bone nodule 
formation in DPSCs and PDLSCs. Bay 11-7082 inhibited LPS-induced 
NF-κB activity, and partially maintained ALP activity and osteogenic 
potency of LPS-supplemented DPSCs and PDLSCs. Thus, inhibition of 
LPS-induced NF-κB activity can maintain the osteogenic potency of 
DPSCs and PDLSCs.

Keywords: Stem Cells; Dental Pulp; Periodontal Ligament; 
Lipopolysaccharides; NF-kappa B.

Introduction

Several studies have reported that mesenchymal stem cells (MSCs) 
have potential uses in tissue engineering and regenerative medicine,1-3 
including the field of dentistry.4 Dental pulp stem cells (DPSCs) and 
periodontal ligament stem cells (PDLSCs) are oral tissue-derived stem 
cells that possess the properties of MSCs.4-6 Under specific culture 
conditions, DPSCs and PDLSCs can be differentiated into mesenchymal 
lineages, including osteoblasts.7-9 DPSCs and PDLSCs have higher 
growth potential compared with bone marrow mesenchymal stem 
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cells (BMMSCs),10 and possess immunomodulatory 
act ivity.2,3,11 Hence, DPSCs and PDLSCs are 
potential candidates for bone tissue engineering 
and regeneration applications, such as alveolar 
bone repair.4

The process of osteogenesis is influenced 
by several environmental factors, including 
inflammatory factors produced by bacteria.12,13 
Lipopolysaccharide (LPS) is the most common 
inf lammatory factor, which is continuously 
liberated from Gram-negative bacteria colonizing 
the periodontal tissues, and can cause inflammatory 
diseases, such as periodontitis.14 LPS activates the 
nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) signaling pathway and 
induces inflammatory responses.15,16 Several studies 
have reported that LPS-induced NF-κB activity in 
PDLSCs can be inhibited, enabling undisrupted 
osteogenesis.12,13 However, in other types of MSCs, 
such as BMMSCs, LPS induces NF-κB activity, 
but does not alter osteogenic differentiation.12 
In addition, in adipose-derived mesenchymal 
stem cells (AdMSCs), LPS induced NF-κB activity 
and st imulated osteogenic differentiat ion.17 
Therefore, NF-κB inhibition affects the osteogenic 
potency of different types of MSCs differently. 
The aim this study was to evaluate the effect of 
LPS-induced NF-κB activity, and its inhibition 
using a specific inhibitor, Bay 11-7082, in DPSCs  
and PDLSCs.

Methodology

Cells Thawing and Culture
Cryopreserved passage five DPSCs and PDLSCs 

reported in previous research6,11 were thawed and 
cultured in MesenCult MSC Basal Medium (StemCell 
Technologies, Vancouver, Canada) supplemented 
with MesenCult MSC Stimulatory Supplement 
(StemCell Technologies), 200 U/mL penicillin,  
200 µg/mL streptomycin, and 0.5 µg/mL amphotericin 
(Gibco, Grand Island, NY, USA). DPSCs and PDLSCs 
were harvested after reaching confluency and 
used in this study. This study was conducted 
in accordance with the Declaration of Helsinki. 

Approval was obtained from the Ethics Committee 
of Faculty of Dentistry Universitas Trisakti, 
Indonesia (No. #167/KE/FKG/11/2014). Written 
informed consent was obtained for the collection of  
human samples.

Flow Cytometric Analysis
Flow cytometric analysis was conducted using 

a BD Stemflow hMSC Analysis Kit (BD Biosciences, 
Franklin Lakes, USA) to confirm whether DPSCs 
and PDLSCs had MSC markers as previously 
described.11 DPSCs (1 × 107 cells) and PDLSCs  
(1 × 107 cells) were incubated with/without marker-
specific antibodies as well as their isotypes for positive 
(CD90, CD105, and CD73) and negative (CD45, CD34, 
CD11b, CD19, and HLA-DR) markers. FACSCanto II 
flow cytometer (BD Biosciences) was used to analyze 
labeled DPSCs and PDLSCs using the FACSDiva 
software (BD Biosciences). The characteristics of 
DPSCs and PDLSCs were confirmed using the 
minimal surface marker criteria for defining MSCs, 
proposed by the International Society for Cellular  
Therapy (ISCT).18

In vitro Osteogenic Functional Assay
In vitro  osteogenic funct ional assay was 

performed as previously described.6 DPSCs (8 × 
104 cells) and PDLSCs (8 × 104 cells) were cultured 
using osteogenic medium containing 10 mM 
β-glycerophosphate (Sigma-Aldrich, St. Louis, 
USA), 100 nM dexamethasone (Sigma-Aldrich), 
and 50 µg/mL L-ascorbic acid (Sigma-Aldrich) on 
a 6-well plate. DPSCs and PDLSCs were pretreated 
with/without 100 µM NF-κB inhibitor Bay 11-7082 
(Sigma-Aldrich) for 30 min and supplemented 
with/without 10 µg/mL Porphyromonas gingivalis 
LPS (Wako, Osaka, Japan) for 1, 2, or 3 weeks. 
After removing the medium, the plates were 
washed twice with PBS and fixed for 2 min in 4% 
paraformaldehyde (Wako) in phosphate buffer 
solution (PBS). This was followed by treatment 
with glycerol (Bio-Rad, Hercules, USA) at room 
temperature for 5 min. The cells were washed 
thrice with distilled water after removal of the 
fixative. The cells were then stained with 2% 
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alizarin red solution (Sigma-Aldrich) for 20 min. 
After removing the alizarin red stain, the plates 
were washed thrice with distilled water. The 
cells were finally observed and documented 
under an inverted light microscope (Zeiss, Jena, 
Germany). The experiment was performed twice  
in triplicate.

NF-κB Activity Assay
After pretreatment with Bay 11-7082 for 30 

min and LPS supplementation for three weeks, 
NF-κB activity in DPSCs (2 × 106 cells) and PDLSCs  
(2 × 106 cells) was determined using NF-κB p65 
Transcription Factor Assay Kit (Abcam, Cambridge, 
UK) in accordance with the manufacturer’s 
protocol. Nuclear extraction of the treated DPSCs 
and PDLSCs was performed using the Nuclear 
Extraction Kit (Abcam) in accordance with the 
manufacturer’s instructions, before determining 
NF-κB activity. The nuclear extracts containing 
NF-κB were loaded into 96-well plates containing 
dsDNA with NF-κB response element sequence, 
followed by the sequential addition of rabbit  
anti-NF-κB primary antibody and HRP-linked goat 
antirabbit IgG secondary antibody. Results were 
measured at OD450 nm using a spectrophotometer 
(Bio-Rad). The experiment was performed twice  
in triplicate.

Alkaline Phosphatase (ALP) Activity Assay
Following pretreatment with Bay 11-7082 for 

30 min and LPS supplementation with/without 
Bay 11-7082 for three weeks, ALP activity in 
DPSCs and PDLSCs was evaluated using the 
colorimetric Alkaline Phosphatase Assay Kit 
(Abcam) in accordance with the manufacturer’s 
protocol. Briefly, homogenized DPSCs or PDLSCs 
(1 × 105 cells) and p-nitrophenyl phosphate (pNPP) 
were loaded into 96-well plates. The plates 
were incubated in the dark. This was followed 
by the addition of the stopping solution, and 
measurement at OD405 nm using a spectrophotometer 
(Bio -Rad).  The act iv it y of  ALP (U/L) was 
calculated. The experiment was performed twice  
in triplicate.

Statistical Analysis
IBM SPSS Statistics version 26.0 (SPSS IBM, Armonk, 

USA) was used to conduct the statistical analyses. 
The Shapiro–Wilk test was used as a normality test. 
Comparison of NF-κB and ALP activities of DPSCs 
and PDLSCs in different treatment groups was 
accomplished using two-way analysis of variance 
(ANOVA) followed by Tukey’s honest significant 
difference (HSD). p-values < 0.05 were considered 
statistically significant.

Results

Phenotypic Characterization of DPSCs  
and PDLSCs

High expression of CD90, CD105, and CD73 
(>95%) was exhibited by DPSCs and PDLSCs, 
whereas expression of negative markers were  
< 2% (Figures 1 and 2). The characteristics of these 
surface biomarkers matched the standard criteria 
defining MSCs proposed by the ISCT, suggesting 
that the cultured DPSCs and PDLSCs had the 
properties of MSCs.

LPS Inhibited Osteogenic Differentiation of 
DPSCs and PDLSCs

Bone nodules, in the form of alizarin positive-
red mineralized deposits, were observed in DPSCs 
on the third-week culture and in PDLSCs on the 
second-week culture under an inverted light 
microscope. No bone nodules were observed in 
10 µg/mL LPS-supplemented DPSCs and PDLSCs 
after 1, 2, and 3 weeks (Figure 3).

LPS-Induced NF-κB Activity in DPSCs 
and PDLSCs

NF-κB activit ies of untreated DPSCs and 
PDLSCs were 0.236 ± 0.005 AU and 0.253 ± 0.008 
AU, respectively. Following three weeks of LPS 
supplementation, NF-κB activities of DPSCs and 
PDLSCs were 0.580 ± 0.029 AU and 0.667 ± 0.051 
AU. NF-κB activities of LPS-supplemented DPSCs 
and PDLSCs following pretreatment with Bay 
11-7082 were 0.349 ± 0.037 and 0.420 ± 0.022 AU  
(Figure 4).
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APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward scatter area; SSC-A: side scatter area;  
PE-A: phycoerythrin area; PerCP-Cy5-5-A: peridinin-chlorophyll-protein-cyanin 5.5 area.

Figure 1. Flow cytometry results of DPSCs. DPSCs were harvested and labeled with specific antibodies for MSC markers as 
described in the Methodology. (A) Granularity and size of DPSCs. (B) A dot plot for a negative cocktail (CD45, CD34, CD11b, 
CD19, and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibodies. (D) Histogram for CD90. (E) Histogram 
for the negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73.
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APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward scatter area; SSC-A: side scatter area; PE-A: 
phycoerythrin area; PerCP-Cy5-5-A: peridinin-chlorophyll-protein-cyanin5.5 area.

Figure 2. Flow cytometry results of PDLSCs. PDLSCs were harvested and labeled with specific antibodies for MSC markers as 
described in the Methodology. (A) Granularity and size of PDLSCs. (B) A dot plot for a negative cocktail (CD45, CD34, CD11b, 
CD19 and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) Histogram for CD90. (E) Histogram for 
the negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73.
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Figure 4. LPS induced NF-κB activity in DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic medium, pretreated 
with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS for 3 weeks. NF-κB activity was measured 
as described in the Methodology. The data are expressed as mean ± standard deviation (n = 6). *p < 0.05, Tukey’s HSD.

Figure 3. LPS inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic 
medium and treated with/without LPS for 1, 2, or 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in the 
Methodology. Black bar: 100 µm.
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No significant interaction between the types of stem 
cells and treatments on NF-κB activity was indicated 
by two-way ANOVA (p = 0.148). NF-κB activity 
significantly differed in different treatment groups 
(p = 0.000). The 3-week-LPS-supplemented NF-κB 

activities of DPSCs and PDLSCs were significantly 
higher than those of untreated DPSCs and PDLSCs 
(p = 0.000) as well as those of Bay 11-7082-pretreated 
LPS-supplemented DPSCs and PDLSCs (p = 0.000). The 
NF-κB activities of untreated DPSCs and PDLSCs were 

Figure 5. Bay 11-7082 prevented LPS-decreased ALP activity of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in 
an osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS for  
3 weeks. ALP activity was measured as described in the Methodology. The data are expressed as mean ± standard deviation (n = 6).  
*p < 0.05, Tukey’s HSD.
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Figure 6. Bay 11-7082 prevented LPS-inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured 
in an osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS and 
for 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in the Methodology. Black bar: 100 µm.

7Braz. Oral Res. 2024;38:e037



Inhibition of lipopolysaccharide-induced NF-κB maintains osteogenesis of dental pulp and periodontal ligament stem cells

significantly lower than those of Bay 11-7082-pretreated 
LPS-supplemented DPSCs and PDLSCs (p = 0.000). 
These results demonstrated that LPS-induced 
NF-κB activation in DPSCs and PDLSCs, and that 
Bay 11-7082 partially inhibited the LPS-induced  
NF-κB pathway.

LPS Reduced ALP Activity and Inhibited 
Bone Nodule Formation in DPSCs 
and PDLSCs

Two-way ANOVA did not indicate a significant 
interaction between stem cells and treatments on 
ALP activity (p = 0.148). Significant differences in 
ALP activity were observed in different treatment 
groups (p = 0.000). ALP activities of untreated 
DPSCs and PDLSCs were 60.893 ± 6.516 U/mL and  
70.637 ± 4.902 U/mL, respectively. The ALP activities 
of DPSCs (5.333 ± 0.323 U/mL) and PDLSCs  
(6.277 ± 2.026 U/mL) were significantly lower than 
those of untreated DPSCs and PDLSCs after three 
weeks of LPS supplementation (p = 0.000) (Figure 5). 
Lower ALP activity was associated with the absence 
of bone nodule formation in LPS-supplemented 
DPSCs and PDLSCs (Figure 6). Pretreatment with 
Bay 11-7082 resulted in significantly higher ALP 
activities of LPS-supplemented DPSCs (44.677 ± 5.193 
U/mL) and PDLSCs (55.530 ± 4.478 U/mL) compared 
with those supplemented with LPS (p = 0.000),  
but significantly lower than those of untreated  
(p = 0.000). These results showed that Bay 11-7082 
was responsible for the partial maintenance of ALP 
activity in DPSCs and PDLSCs (Figure 5). Moreover, 
pretreatment with Bay 11-7082 partially maintained the 
osteogenic potency of LPS-supplemented DPSCs and  
PDLSCs (Figure 6).

Discussion

LPS-induced NF-κB activation, was reported to 
play an important role in inflammatory responses and 
bone loss in periodontitis.12 This study demonstrated 
that P. gingivalis-derived LPS not only induced NF-κB 
activity but also inhibited bone nodule formation in 
DPSCs and PDLSCs. These findings are consistent 
with a previously conducted study that demonstrated 
that LPS-induced NF-κB activity impaired the 

osteogenic potency of gingival-derived mesenchymal 
stem cells (GMSCs).19 LPS supplementation also 
inhibited osteogenic differentiation in dental follicle 
stem cells (DFSCs).20

The activated NF-κB targeted the κB site and inhibit 
Smad in regulating Runx2,21 thereby inhibiting ALP 
production.22 In this study, bone nodule formation 
was clearly observed after 3 weeks of culturing with 
DPSCs and PDLSCs. In addition, ALP activity, which 
was observed in the 3-week culture, was reduced by 
LPS supplementation. Thus, NF-κB activity, which 
was induced by LPS, could reduce ALP activity in 
DPSCs and PDLSCs, leading to inhibition of bone 
nodule formation. This finding corroborates a previous 
study that revealed that LPS-induced NF-κB activity 
downregulated ALP mRNA and protein expressions 
in GMSCs.19 Furthermore, ALP activity was reported 
to be reduced by LPS in DFSCs.20

NF-κB signaling can be blocked by several 
substances and natural products,23,24 one of which 
is Bay 11-7082, which inhibits NF-κB activity in 
various types of stem cells, including BMMSCs,25,26 
AdMSCs,26 and neural stem cells (NSCs).27 This 
study highlighted the role of Bay 11-7082 and its 
mechanism in maintaining osteogenic differentiation 
in LPS-stimulated DPSCs and PDLSCs. Bay 11-7082 
supplementation led to the suppression of NF-κB 
activity, which was partially responsible for 
maintaining ALP activity and osteogenic potency 
in DPSCs and PDLSCs.

LPS could induce an inflammatory signaling 
pathway via NF-κB and other molecules, such as 
AP-1.28 Therefore, Bay 11-7082 was only able to partially 
suppress the inflammatory signaling pathway 
via NF-κB; however, AP-1 could still inhibit the 
osteogenic differentiation of DPSCs and PDLSCs. 
Consequently, further investigation of other inhibitors 
is necessary to enable complete suppression of the 
LPS-induced inflammatory signaling pathway,  
so that osteogenic differentiation of DPSCs and 
PDLSCs could be undisrupted.

Conclusion

Inhibition of LPS-induced NF-κB activity can 
maintain the osteogenic potency of DPSCs and PDLSCs.
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Abstract

Dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PLSCs) can be 

differentiated into osteoblasts, suggesting that both stem cells are potential candidates for 

bone tissue engineering. Osteogenesis process is influenced by many environmental factors, 

including lipopolysaccharide (LPS). The role of LPS in regulating osteogenic differentiation 

of mesenchymal stem cells (MSCs) is still unclear. LPS might affect osteogenic 

differentiation of both stem cells through different mechanisms. The present study aimed to 

investigate and compare the effect of LPS supplementation on the osteogenic differentiation 

in DPSCs and PLSCs. Passage 5 DPSCs and PLSCs were harvested and characterized using 

flow cytometer. DPSCs and PLSCs were then cultured in an osteogenic medium with/without 

LPS and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) inhibitor 

Bay 11-7082. Bone nodule formation was assessed by alizarin red staining and documented 

under an inverted light microscope. NF-κB p65 transcription factor binding assay was 

performed to determine NF-κB induction by LPS. Measurement of alkaline phosphatase 

(ALP) activity was performed to examine the effect of LPS supplementation on bone nodule 

formation by DPSCs and PLSCs. LPS significantly increased NF-κB activity (p<0.05) and 

significantly reduced ALP activity (p<0.05), which impaired bone nodule formation in both 

DPSCs and PLSCs. Bay 11-7082 inhibited LPS-induced NF-κB activity, partially improved 

ALP activity, and reversed osteogenic differentiation ability of DPSCs and PLSCs. Taken 

together, NF-κB pathway plays a key role in osteogenesis and should be inhibited to achieve 

optimal osteogenesis.

Keywords: Stem Cells; Dental Pulp; Periodontal Ligament; Lipopolysaccharides; NF-kappa 

B.
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Introduction

Mesenchymal stem cells (MSCs) have been reported to have potential uses in tissue 

engineering and regenerative medicine1–3, including in the field of dentistry.4 Dental pulp 

stem cells (DPSCs) and periodontal ligament stem cells (PLSCs) are oral tissue-derived stem 

cells that have MSCs properties.4–6 Under specific culture conditions, DPSCs and PLSCs can 

be differentiated into various cell lineages, including osteoblasts.7,8 DPSCs and PLSCs have 

higher growth potential compared to bone marrow mesenchymal stem cells (BMMSCs).9 

Moreover, DPSCs and PLSCs have been reported to have an immunomodulatory 

activity.2,3,10 Hence, DPSCs and PLSCs are suggested as potential candidates for bone tissue 

engineering and regeneration applications, such as alveolar bone repair.4

Osteogenesis process is influenced by many environmental factors, including 

inflammatory factors produced by bacteria. The most common inflammatory factors 

produced by bacteria is lipopolysaccharide (LPS). LPS is an essential cell wall component of 

Gram-negative bacteria and it is known to induce inflammatory responses in the oral cavity 

with insufficient dental hygiene.11 LPS is generally recognized by host toll-like receptor 4 

(TLR4). LPS binding to TLR4 recruits myeloid differentiation primary response gene 88 

(MyD88) to activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

signaling pathway, which leads to overexpression of genes encoding proinflammatory 

cytokines, such as interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor (TNF).12–14

LPS has been reported to inhibit bone tissue formation by MSCs.15,16 In contrast, 

other studies also showed that LPS did not alter or even stimulate the osteogenic ability of 

MSCs.17,18 Therefore, the role of LPS in regulating osteogenic differentiation of MSCs is still 

unclear. LPS might affect osteogenic differentiation of DPSCs and PLSCs through different 

mechanisms. Study of LPS in inhibiting osteogenic differentiation in both DPSCs and PLSCs 
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has not been investigated. The present study aimed to investigate and compare the effect of 

LPS supplementation on the osteogenic differentiation in DPSCs and PLSCs.

Methodology

Cells Thawing and Culture

DPSCs and PLSCs cell culture was performed as previously described6 with 

modification. Cryopreserved passage 5 DPSCs and PLSCs reported in previous research6,10 

were thawed and cultured in MesenCult™ MSC Basal Medium (StemCell™ Technologies, 

Vancouver, Canada) supplemented with MesenCult™ MSC Stimulatory Supplement 

(StemCell™ Technologies), fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA), 200 

U/mL penicillin, 200 µg/mL streptomycin, and 0.5 µg/mL amphotericin (Gibco). The 

cultured DPSCs and PLSCs were used in the following experiments. Ethical approval of this 

project was obtained from the Ethics Committee of xxx (No. xxx). Written informed consent 

was obtained for the collection of human samples for this experiment.

Flow Cytometric Analysis

To confirm whether DPSCs and PLSCs had MSC markers, flow cytometric analysis 

was conducted using BD Stemflow hMSC Analysis Kit (BD Biosciences, Franklin Lakes, 

NJ, USA) as previously described.10 DPSCs or PLSCs (1 × 107 cells) were incubated 

with/without marker-specific antibodies as well as their isotypes for positive (CD90, CD105, 

and CD73) and negative (CD45, CD34, CD11b, CD19, and HLA-DR) markers. The labeled 

DPSCs and PLSCs were analyzed on FACSCanto II flow cytometer (BD Biosciences) using 

the FACSDiva software (BD Biosciences). Minimal surface marker criteria for defining 

MSCs proposed by the International Society for Cellular Therapy (ISCT) was used to 

confirm MSCs characteristics of DPSCs and PLSCs.19

In vitro Osteogenic Functional Assay
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In vitro osteogenic functional assay was performed as previously described6 with 

modification. DPSCs and PLSCs were cultured using osteogenic medium containing 10 mM 

β-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA), 100 nM dexamethasone (Sigma-

Aldrich), and 50 µg/mL L-ascorbic acid (Sigma-Aldrich). DPSCs and PLSCs cultured in the 

osteogenic medium added with 10 µg/mL LPS (Wako, Osaka, Japan) or 10 µg/mL LPS and 

100 µM NF-κB inhibitor Bay 11-7082 (Sigma-Aldrich) were used as the experimental group. 

The medium was aspirated from each plate on day 7, 14 and 21. The plates were washed 

twice with PBS and fixed for 2 min in 4% paraformaldehyde (Wako) in PBS, then treated 

with glycerol (Bio-Rad, Hercules, CA, USA) at room temperature for 5 min. After removing 

the fixative, the cells were washed three times with distilled water. After that, the cells were 

stained with 2% alizarin red solution (Sigma-Aldrich) for 20 min. The plates were washed 

three times with distilled water after alizarin red was removed. Finally, the cells were 

observed and documented under an inverted light microscope (Zeiss, Jena, Germany).

NF-κB p65 Transcription Factor Binding Assay

To determine NF-κB induction by LPS in DPSCs and PLSCs, NF-κB p65 

transcription factor binding assay was performed using NF-kB p65 Transcription Factor 

Assay Kit (Abcam, Cambridge, UK) following the procedure described in the instruction 

manual. DPSCs and PLSCs were nuclear extracted using Nuclear Extraction Kit (Abcam) 

according to the manufacturer’s instructions prior to determination of NF-κB activity. The 

nuclear extracts containing NF-kB were loaded into 96-well plates containing dsDNA with 

NF-κB response element sequence. After that, rabbit anti-NF-κB primary antibody and HRP-

linked goat anti-rabbit IgG secondary antibody were added sequentially. Results were 

measured at OD450 nm using a spectrophotometer (Bio-Rad). Each experimental group was 

measured in triplicate.
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Alkaline Phosphatase (ALP) Activity Assay

The effect of LPS supplementation on bone nodule formation by DPSCs and PLSCs 

after 3 weeks was examined by measuring alkaline phosphatase (ALP) activity with 

colorimetric Alkaline Phosphatase Assay Kit (Abcam) according to the manufacturer’s 

protocol. Briefly, homogenized DPSCs or PLSCs (1 × 105 cells) and p-nitrophenyl phosphate 

(pNPP) were loaded into 96-well plates. After incubating the plates in the dark, stop solution 

was added and the samples were measured at OD405 nm using a spectrophotometer (Bio-Rad) 

and activity of ALP (U/L) was calculated. Each experimental group was measured in 

triplicate.

Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics version 26.0 (SPSS 

IBM, Armonk, NY, USA). Shapiro-Wilk test was used as a normality test, while independent 

samples t-test were used to analyze differences between paired experimental groups. p-values 

<0.05 were considered statistically significant.

Results

Phenotypic Characterization of DPSCs and PLSCs

DPSCs and PLSCs showed high expression of CD90, CD105 and CD73 (>95%), 

while expressions of negative markers were <2% (Figure 1, Figure 2). These surface 

biomarkers characteristics matched the standard criteria to define MSCs proposed by ISCT, 

suggesting that the cultured DPSCs and PLSCs were having the property of MSCs.

LPS Impaired Osteogenic Differentiation of DPSCs and PLSCs

Under an inverted light microscope, bone nodules, which were displayed by Alizarin 

positive-red mineralized deposits, were observed in DPSCs on the third week culture, while 

bone nodules were observed in PLSCs on the second week culture. Upon supplementation of 

Page 5 of 22

https://mc04.manuscriptcentral.com/bor-scielo

Brazilian Oral Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

10 µg/mL LPS, DPSCs and PLSCs lost their osteogenic potential although cultured in 

osteogenic medium. No bone nodules were observed in LPS-supplemented DPSCs and 

PLSCs after 1, 2 and 3 weeks (Figure 3).

LPS Induced NF-κB Pathway in DPSCs and PLSCs

Average basal NF-κB DNA binding activity of DPSCs and PLSCs average that were 

measured at OD450 were 0.236±0.005 and 0.253±0.008, respectively. Upon supplementation 

of LPS, average OD450 values of DPSCs was 0.580±0.029, which significantly increased 

compared to the control group (p=0.000). Meanwhile, the average OD450 values of PLSCs 

after LPS supplementation was 0.667±0.051, which significantly increased compared to the 

control group (p=0.000). These results indicated an increase in NF-κB DNA binding activity 

that was associated with the activation of NF-κB. The elevated LPS-induced NF-κB activity 

was confirmed by addition of Bay 11-7082. The average OD450 values of DPSCs 

supplemented with LPS and Bay 11-7082 (0.349±0.037) was significantly lower compared to 

LPS only group (p=0.001), but significantly higher than control group (p=0.006). Similarly, 

the average OD450 values of PLSCs supplemented with LPS and Bay 11-7082 (0.420±0.022) 

was significantly lower compared to LPS only group (p=0.002), but significantly higher than 

control group (p=0.000) (Figure 4). This data suggested that Bay 11-7082 specifically 

inhibited NF-κB pathway activated by LPS.

LPS Reduced ALP Activity and Bone Nodule Formation in DPSCs and PLSCs

ALP activity of DPSCs and PLSCs were 60.893±6.516 U/mL and 70.637±4.902 

U/mL, respectively. ALP activity of DPSCs after LPS supplementation was 5.333±0.323, 

which significantly reduced after three weeks of culture with osteogenic medium compared to 

the control group (p=0.000). ALP activity of PLSCs (6.277±2.026) also significantly reduced 

compared to the control group (p=0.000) (Figure 5). Lower ALP activity was associated with 
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inhibited bone nodule formation in LPS-supplemented DPSCs and PLSCs (Figure 6). 

Supplementation with LPS and Bay 11-7082 significantly increased ALP activity of DPSCs 

compared to LPS only group (p=0.000). Similarly, PLSCs supplemented with LPS and Bay 

11-7082 exhibited a significant increase in ALP activity compared to LPS only group 

(p=0.000). ALP activity of Bay 11-7082-supplemented DPSCs was significantly lower than 

the control group (p=0.028). Furthermore, ALP activity of Bay 11-7082-supplemented 

PLSCs was also significantly lower than the control group (p=0.017). This data showed that 

Bay 11-7082 partially improved ALP activity in both DPSCs and PLSCs (Figure 5). 

Moreover, Bay 11-7082 also reversed osteogenic differentiation ability of LPS-supplemented 

DPSCs and PLSCs (Figure 6).

Discussion

Current study demonstrated that LPS inhibited bone nodule formation in both DPSCs 

and PLSCs by stimulating NF-κB activity and reducing ALP activity. It has been reported 

that NF-κB pathway induced by LPS is initiated by inhibitor of kappa-B kinase beta (IKK-β) 

activation. IKK-β catalyzes inhibitor of kappa-B alpha (IκBα) phosphorylation, which 

triggers polyubiquitination and degradation of IκBα by the 26S proteasome, hence allowing 

NF-κB translocation to nucleus.20,21 Meanwhile, one of the many pathways that is involved in 

bone tissue formation is bone morphogenetic protein/Smad (BMP/Smad). Crosstalk between 

BMP/Smad and NF-κB pathway has been reported. Thus, NF-κB pathway is involved in 

regulating bone tissue formation through BMP/Smad pathway modulation. Active NF-κB 

binds to common-partner Smad/receptor-regulated Smad (Co-Smad/R-Smad) complex 

formed in BMP/Smad pathway, preventing this complex from regulating the expression of 

target genes22, such as Runx2.23 Therefore, LPS-induced NF-κB pathway in this research 

could inhibit bone nodule formation.
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Runx2 encodes a transcription factor which regulates transcription of genes involved 

in osteoblast differentiation, such as ALP-encoding gene, which plays an important role in 

bone mineralization.24 Expression of this gene could be suppressed through the activation of 

LPS-induced NF-κB pathway. Downregulation of Runx2 causes reduction of ALP activity 

(Figure 5), which leads to failure of bone nodule formation (Figure 3).

NF-κB signaling can be blocked by several substances, such as Bay 11-7082. NF-κB 

in various types of stem cells, for instance BMMSCs25,26, adipose derived mesenchymal stem 

cells (AdMSCs)26, and neural stem cells (NSCs)27 has been reported to be inhibited by Bay 

11-7082. Present study discloses the role of Bay 11-7082 and its mechanism in reversing 

osteogenic differentiation regulated by NF-κB in both DPSCs and PLSCs. Upon Bay 11-7082 

supplementation, the NF-κB activity was suppressed, which simultaneously enhanced ALP 

activity and partially reversed osteogenic potential in DPSCs and PLSCs. Bay 11-7082’s 

inhibition of LPS-activated NF-κB pathway in both DPSCs and PLSCs could be targeted on 

IκBα phosphorylation, hence preventing NF-κB activation and translocation.28 The NF-κB 

inhibition by Bay 11-7082 might trigger upregulation of Runx2 expression, leading to 

elevation of ALP activity, which reverses the formation of mineralized bone nodules in 

DPSCs and PLSCs.

Extracellular LPS has been known to activate canonical TLR4-mediated NF-κB 

pathway.29 However, a study revealed that cytosolic LPS can also induce inflammatory 

responses via activation of caspase-4/5/11. Caspase-4/5/11 directly binds to cytosolic LPS, 

which comes from intracellular Gram-negative bacteria or possible extracellular LPS 

endocytosis by the host cell. This interaction induces oligomerization and activation of 

caspase-4/5/11, resulting in cell pyroptosis30 as well as IL-1β/18 production and release.31 

Thus, the TLR4-independent pathway might be involved in affecting osteogenic potential of 

LPS-supplemented DPSCs and PLSCs as well.
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Conclusion

Activation of NF-κB by LPS causes the reduction of ALP activity, hence inhibits 

osteogenic differentiation process in DPSCs and PLSCs. Inhibition of NF-κB activity can 

elevate ALP activity, hence reverse the osteogenic differentiation ability of DPSCs and 

PLSCs. Taken together, NF-κB pathway plays a key role in osteogenesis and should be 

inhibited to achieve optimal osteogenesis.
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Figure Legends

Figure 1. Flow cytometric results of DPSCs. DPSCs were harvested and labeled with 

specific antibodies for MSC markers as described in Methodology. (A) Granularity and size 

of DPSCs. (B) Dot plot for negative cocktail (CD45, CD34, CD11b, CD19 and HLA-DR) 

and CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) Histogram for CD90. 

(E) Histogram for negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73.

Figure 2. Flow cytometric results of PLSCs. PLSCs were harvested and labeled with specific 

antibodies for MSC markers as described in Methodology. (A) Granularity and size of 

DPSCs. (B) Dot plot for negative cocktail (CD45, CD34, CD11b, CD19 and HLA-DR) and 

CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) Histogram for CD90. (E) 

Histogram for negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73.

Figure 3. LPS inhibited osteogenic differentiation of DPSCs and PLSCs. DPSCs and PLSCs 

were cultured in osteogenic medium treated with/without LPS for 1, 2, or 3 weeks. DPSCs 

and PLSCs were stained with alizarin red as described in Methodology. Black bar: 100 µm.

Figure 4. LPS induced NF-κB activity in DPSCs and PLSCs. DPSCs and PLSCs were 

cultured in osteogenic medium and treated with/without 10 µg/mL LPS and 100 µM Bay 11-

7082 for 3 weeks.  NF-κB activity was measured as described in Methodology. The data are 

expressed as mean ± standard deviation (n = 3). *p-value <0.05, independent samples t-test.

Figure 5. LPS decreased ALP activity of DPSCs and PLSCs. DPSCs and PLSCs were 

cultured in osteogenic medium and treated with/without 10 µg/mL LPS and 100 µM Bay 11-

7082 for 3 weeks. ALP activity was measured as described in Methodology. The data are 

expressed as mean ± standard deviation (n = 3). *p-value <0.05, independent samples t-test.
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Figure 6. Bay 11-7082 regained osteogenic differentiation of DPSCs and PLSCs. DPSCs and 

PLSCs were cultured in osteogenic medium and treated with/without 10 µg/mL LPS and 100 

µM Bay 11-7082 for 3 weeks. DPSCs and PLSCs were stained with alizarin red as described 

in Methodology. Black bar: 100 µm.
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Figure 1. Flow cytometric results of DPSCs. DPSCs were harvested and labeled with specific antibodies for 
MSC markers as described in Methodology. (A) Granularity and size of DPSCs. (B) Dot plot for negative 
cocktail (CD45, CD34, CD11b, CD19 and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 

antibody. (D) Histogram for CD90. (E) Histogram for negative cocktail. (F) Histogram for CD105. (G) 
Histogram for CD73. 
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Figure 2. Flow cytometric results of PLSCs. PLSCs were harvested and labeled with specific antibodies for 
MSC markers as described in Methodology. (A) Granularity and size of DPSCs. (B) Dot plot for negative 
cocktail (CD45, CD34, CD11b, CD19 and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 

antibody. (D) Histogram for CD90. (E) Histogram for negative cocktail. (F) Histogram for CD105. (G) 
Histogram for CD73. 
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Figure 3. LPS inhibited osteogenic differentiation of DPSCs and PLSCs. DPSCs and PLSCs were cultured in 
osteogenic medium treated with/without LPS for 1, 2, or 3 weeks. DPSCs and PLSCs were stained with 

alizarin red as described in Methodology. Black bar: 100 µm. 
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Figure 6. Bay 11-7082 regained osteogenic differentiation of DPSCs and PLSCs. DPSCs and PLSCs were 
cultured in osteogenic medium and treated with/without 10 µg/mL LPS and 100 µM Bay 11-7082 for 3 

weeks. DPSCs and PLSCs were stained with alizarin red as described in Methodology. Black bar: 100 µm. 
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1

1 Inhibition of LPS-induced NF-κB Maintains Osteogenesis of Dental Pulp and 

2 Periodontal Ligament Stem Cells

3 Abstract

4 Dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs) can be 

5 differentiated into osteoblasts, suggesting that both stem cells are potential candidates for 

6 bone tissue engineering. Osteogenesis is influenced by many environmental factors, including 

7 lipopolysaccharide (LPS). LPS-induced NF-κB activity might give different effects on the 

8 osteogenic potency of different MSCs types. Therefore, the present study was conducted to 

9 evaluate the effect of LPS-induced NF-κB activity and its inhibition in DPSCs and PDLSCs. 

10 DPSCs and PDLSCs were cultured in an osteogenic medium, pretreated with/without NF-κB 

11 inhibitor Bay 11-7082, and treated with/without LPS. Bone nodule formation was assessed by 

12 alizarin red staining and documented under an inverted light microscope. NF-κB and alkaline 

13 phosphatase (ALP) activities were measured to examine the effect of Bay 11-7082 

14 pretreatment and LPS supplementation on osteogenic differentiation of DPSCs and PDLSCs. 

15 LPS significantly induced NF-κB activity (p=0.000) and significantly reduced ALP activity 

16 (p=0.000), which inhibited bone nodule formation in both DPSCs and PDLSCs. Bay 11-7082 

17 inhibited LPS-induced NF-κB activity, partially maintained ALP activity and osteogenic 

18 potency of LPS-supplemented DPSCs and PDLSCs. Taken together, inhibition of LPS-

19 induced NF-κB activity can maintain the osteogenic potency of DPSCs and PDLSCs.

20 Keywords: stem cells; dental pulp; periodontal ligament; lipopolysaccharides; NF-kappa B.
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2

21 Introduction

22 Mesenchymal stem cells (MSCs) have been reported to have potential uses in tissue 

23 engineering and regenerative medicine1–3, including in the field of dentistry.4 Dental pulp 

24 stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs) are oral tissue-derived 

25 stem cells that have MSCs properties.4–6 Under specific culture conditions, DPSCs and 

26 PDLSCs can be differentiated into mesenchymal lineages, including osteoblasts.7,8 DPSCs 

27 and PDLSCs have higher growth potential compared to bone marrow mesenchymal stem 

28 cells (BMMSCs).9 Moreover, DPSCs and PDLSCs have been reported to have an 

29 immunomodulatory activity.2,3,10 Hence, DPSCs and PDLSCs are suggested as potential 

30 candidates for bone tissue engineering and regeneration applications, such as alveolar bone 

31 repair.4

32 Osteogenesis process is influenced by many environmental factors, including 

33 inflammatory factors produced by bacteria.11,12 The most common inflammatory factor is 

34 lipopolysaccharide (LPS), which is continuously shed from Gram-negative bacteria 

35 colonizing the periodontal tissues and may cause inflammatory diseases, such as 

36 periodontitis.13 This substance induces inflammatory responses through the activation of 

37 nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling 

38 pathway.14,15 Inhibition studies on the LPS-induced NF-κB activity in PDLSCs have been 

39 reported, so that the osteogenesis could be undisrupted.11,12 However, in other types of MSCs, 

40 such as BMMSCs, LPS induced the NF-κB activity but did not alter the osteogenic 

41 differentiation.11 In addition, in adipose derived mesenchymal stem cells (AdMSCs), LPS 

42 induced NF-κB activity as well as stimulated the osteogenic differentiation.16 Therefore, NF-

43 κB inhibition might give different effects on the osteogenic potency of different MSCs types. 

44 The present study was conducted to evaluate the effect of LPS-induced NF-κB activity and its 

45 inhibition using a specific inhibitor, Bay 11-7082, in DPSCs and PDLSCs.

Page 2 of 61

https://mc04.manuscriptcentral.com/bor-scielo

Brazilian Oral Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

3

46 Methodology

47 Cells Thawing and Culture

48 Cryopreserved passage 5 DPSCs and PDLSCs reported in the previous research6,10 

49 were thawed and cultured in MesenCult MSC Basal Medium (StemCell Technologies, 

50 Vancouver, Canada) supplemented with MesenCult MSC Stimulatory Supplement (StemCell 

51 Technologies), 200 U/mL penicillin, 200 µg/mL streptomycin, and 0.5 µg/mL amphotericin 

52 (Gibco). Upon reaching confluency, DPSCs and PDLSCs were harvested and used in the 

53 following experiments. This study was performed in accordance with the Declaration of 

54 Helsinki. Approval was granted by the Ethics Committee of xxx (No. xxx). Written informed 

55 consent was obtained for the collection of human samples for this experiment.

56 Flow Cytometric Analysis

57 To confirm whether DPSCs and PDLSCs had MSC markers, flow cytometric analysis 

58 was conducted using BD Stemflow hMSC Analysis Kit (BD Biosciences, Franklin Lakes, 

59 NJ, USA) as previously described.10 DPSCs (1×107 cells) and PDLSCs (1×107 cells) were 

60 incubated with/without marker-specific antibodies as well as their isotypes for positive 

61 (CD90, CD105, and CD73) and negative (CD45, CD34, CD11b, CD19, and HLA-DR) 

62 markers. The labeled DPSCs and PDLSCs were analyzed on FACSCanto II flow cytometer 

63 (BD Biosciences) using the FACSDiva software (BD Biosciences). Minimal surface marker 

64 criteria for defining MSCs proposed by the International Society for Cellular Therapy (ISCT) 

65 was used to confirm MSCs characteristics of DPSCs and PDLSCs.17

66 In vitro Osteogenic Functional Assay

67 In vitro osteogenic functional assay was performed as previously described.6 DPSCs 

68 (8×104 cells) and PDLSCs (8×104 cells) were cultured in a 6-well plate using osteogenic 

69 medium containing 10 mM β-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA), 100 
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4

70 nM dexamethasone (Sigma-Aldrich), and 50 µg/mL L-ascorbic acid (Sigma-Aldrich). DPSCs 

71 and PDLSCs were pretreated with/without 100 µM NF-κB inhibitor Bay 11-7082 (Sigma-

72 Aldrich) for 30 min and supplemented with/without 10 µg/mL Porphyromonas gingivalis 

73 LPS (Wako, Osaka, Japan) for 1, 2, or 3 weeks. The medium was then removed, and the 

74 plates were washed twice with PBS and fixed for 2 min in 4% paraformaldehyde (Wako) in 

75 PBS, then treated with glycerol (Bio-Rad, Hercules, CA, USA) at room temperature for 5 

76 min. After removing the fixative, the cells were washed three times with distilled water. After 

77 that, the cells were stained with 2% alizarin red solution (Sigma-Aldrich) for 20 min. The 

78 plates were washed three times with distilled water after alizarin red was removed. Finally, 

79 the cells were observed and documented under an inverted light microscope (Zeiss, Jena, 

80 Germany). Experiment was performed twice in triplicate.

81 NF-κB Activity Assay

82 After Bay 11-7082 pretreatment for 30 min and LPS supplementation for 3 weeks, 

83 NF-κB activity in DPSCs (2×106 cells) and PDLSCs (2×106 cells) was determined using NF-

84 κB p65 Transcription Factor Assay Kit (Abcam, Cambridge, UK) according to the 

85 manufacturer’s protocol. Treated DPSCs and PDLSCs were nuclear extracted using Nuclear 

86 Extraction Kit (Abcam) according to the manufacturer’s instructions prior to determination of 

87 NF-κB activity. The nuclear extracts containing NF-κB were loaded into 96-well plates 

88 containing dsDNA with NF-κB response element sequence. After that, rabbit anti-NF-κB 

89 primary antibody and HRP-linked goat anti-rabbit IgG secondary antibody were added 

90 sequentially. Results were measured at OD450 nm using a spectrophotometer (Bio-Rad). 

91 Experiment was performed twice in triplicate.
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92 Alkaline Phosphatase (ALP) Activity Assay

93 After Bay 11-7082 pretreatment for 30 min and LPS supplementation with/without 

94 Bay 11-7082 for 3 weeks, ALP activity in DPSCs and PDLSCs was measured with 

95 colorimetric Alkaline Phosphatase Assay Kit (Abcam) according to the manufacturer’s 

96 protocol. Briefly, homogenized DPSCs or PDLSCs (1×105 cells) and p-nitrophenyl 

97 phosphate (pNPP) were loaded into 96-well plates. After incubating the plates in the dark, 

98 stop solution was added and the samples were measured at OD405 nm using a 

99 spectrophotometer (Bio-Rad) and activity of ALP (U/L) was calculated. Experiment was 

100 performed twice in triplicate.

101 Statistical Analysis

102 Statistical analyses were performed using IBM SPSS Statistics version 26.0 (SPSS 

103 IBM, Armonk, NY, USA). Shapiro-Wilk test was used as a normality test, while two-way 

104 analysis of variance (ANOVA) followed by Tukey’s honest significant difference (HSD) was 

105 used to compare NF-κB and ALP activities of DPSCs and PDLSCs in different treatment 

106 groups. p-values <0.05 were considered as statistically significant.

107 Results

108 Phenotypic Characterization of DPSCs and PDLSCs

109 DPSCs and PDLSCs exhibited high expression of CD90, CD105 and CD73 (>95%), 

110 while expressions of negative markers were <2% (Figure 1, Figure 2). These surface 

111 biomarkers characteristics matched the standard criteria to define MSCs proposed by ISCT, 

112 suggesting that the cultured DPSCs and PDLSCs were having the property of MSCs.

113 LPS Inhibited Osteogenic Differentiation of DPSCs and PDLSCs

114 Under an inverted light microscope, bone nodules, which were displayed by Alizarin 

115 positive-red mineralized deposits, were observed in DPSCs on the third week culture, while 
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116 bone nodules were observed in PDLSCs on the second week culture. Meanwhile, no bone 

117 nodules were observed in 10 µg/mL LPS-supplemented DPSCs and PDLSCs after 1, 2 and 3 

118 weeks (Figure 3).

119 LPS Induced NF-κB Activity in DPSCs and PDLSCs

120 NF-κB activities of untreated DPSCs and PDLSCs were 0.236±0.005 AU and 

121 0.253±0.008 AU, respectively. Upon three weeks of LPS supplementation, NF-κB activities 

122 of DPSCs and PDLSCs were 0.580±0.029 AU and 0.667±0.051 AU. By pretreatment of Bay 

123 11-7082, NF-κB activities of LPS-supplemented DPSCs and PDLSCs were 0.349±0.037 AU 

124 and 0.420±0.022 AU (Figure 4).

125 A two-way ANOVA did not show a significant interaction between the types of stem 

126 cells and treatments on the NF-κB activity (p=0.148). There were significant differences of 

127 NF-κB activity in different treatment groups (p=0.000). The 3-weeks-LPS-supplemented NF-

128 κB activities of both DPSCs and PDLSCs were significantly higher than those of untreated 

129 DPSCs and PDLSCs (p=0.000) as well as those of Bay 11-7082-pretreated LPS-

130 supplemented DPSCs and PDLSCs (p=0.000). The NF-κB activities of untreated DPSCs and 

131 PDLSCs were significantly lower than those of Bay 11-7082-pretreated LPS-supplemented 

132 DPSCs and PDLSCs (p=0.000). These results indicated that LPS induced NF-κB activation 

133 in both DPSCs and PDLSCs, and Bay 11-7082 partially inhibited LPS-induced NF-κB 

134 pathway.

135 LPS Reduced ALP Activity and Inhibited Bone Nodule Formation in DPSCs and 

136 PDLSCs

137 A two-way ANOVA did not show a significant interaction between the types of stem 

138 cells and treatments on the ALP activity (p=0.148). There were significant differences of 

139 ALP activity in different treatment groups (p=0.000). ALP activities of untreated DPSCs and 
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140 PDLSCs were 60.893±6.516 U/mL and 70.637±4.902 U/mL, respectively. After three weeks 

141 of LPS supplementation, ALP activities of both DPSCs (5.333±0.323 U/mL) and PDLSCs 

142 (6.277±2.026 U/mL) were significantly lower compared with those of untreated DPSCs and 

143 PDLSCs (p=0.000) (Figure 5). Lower ALP activities were associated with inhibition of bone 

144 nodule formation in LPS-supplemented DPSCs and PDLSCs (Figure 6). By pretreatment of 

145 Bay 11-7082, ALP activities of LPS-supplemented DPSCs (44.677±5.193 U/mL) and 

146 PDLSCs (55.530±4.478 U/mL) were significantly higher compared with those of 

147 supplemented with LPS merely (p=0.000), but significantly lower than those of untreated 

148 (p=0.000). These results showed that Bay 11-7082 partially maintained ALP activity in both 

149 DPSCs and PDLSCs (Figure 5). Moreover, Bay 11-7082 pretreatment partially maintained 

150 osteogenic potency of LPS-supplemented DPSCs and PDLSCs (Figure 6).

151 Discussion

152 NF-κB activation, which could be induced by LPS, has been reported to play an 

153 important role in inflammatory responses and bone loss in periodontitis.19 The present study 

154 demonstrated that P. gingivalis-derived LPS induced NF-κB activity and inhibited bone 

155 nodule formation in both DPSCs and PDLSCs. These findings are consistent with a previous 

156 study showed that LPS-induced NF-κB activity impaired the osteogenic potency of 

157 GMSCs.20 LPS supplementation could also inhibit osteogenic differentiation in dental follicle 

158 stem cells (DFSCs).21 

159 Not only targeting κB site, the activated NF-κB has been reported to inhibit Smad in 

160 regulating Runx222, thus ALP production could be inhibited.23 In the present study, bone 

161 nodule formation was observed clearly after 3 weeks culture for both DPSCs and PDLSCs. In 

162 accordance, ALP activity was observed in the 3-weeks-culture, which was reduced by LPS 

163 supplementation. Taken together, NF-κB activity induced by LPS, could reduce ALP activity 

164 in both DPSCs and PDLSCs, leading to the inhibition of bone nodule formation. This finding 
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165 is in accordance with a previous study revealed that LPS-induced NF-κB activity 

166 downregulated mRNA and protein expressions of ALP in GMSCs.20 Furthermore, LPS was 

167 reported to reduce ALP activity in DFSCs.21

168 NF-κB signaling can be blocked by several substances, one of which is Bay 11-7082. 

169 This substance has been reported to inhibit NF-κB activity in various types of stem cells, 

170 including BMMSCs24,25, AdMSCs25, and neural stem cells (NSCs)26. Present study disclosed 

171 the role of Bay 11-7082 and its mechanism in maintaining osteogenic differentiation in LPS-

172 stimulated DPSCs and PDLSCs. Upon Bay 11-7082 supplementation, the NF-κB activity was 

173 suppressed, which partially maintained ALP activity and osteogenic potency in DPSCs and 

174 PDLSCs. 

175 LPS could induce inflammatory signaling pathway via NF-κB and other molecules, 

176 such as AP-1.27 Therefore, Bay 11-7082 could only suppress the inflammatory signaling 

177 pathway partially via NF-κB, meanwhile AP-1 could still inhibit the osteogenic 

178 differentiation of DPSCs and PDLSCs. Consequently, other inhibitors should be investigated 

179 further to suppress LPS-induced inflammatory signaling pathway fully so that osteogenic 

180 differentiation of DPSCs and PDLSCs could be undisrupted.

181 Conclusion

182 Inhibition of LPS-induced NF-κB activity can maintain the osteogenic potency of 

183 DPSCs and PDLSCs. 
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282 Figure Legends

283 Figure 1. Flow cytometric results of DPSCs. DPSCs were harvested and labeled with 

284 specific antibodies for MSC markers as described in Methodology. (A) Granularity and size 

285 of DPSCs. (B) Dot plot for negative cocktail (CD45, CD34, CD11b, CD19 and HLA-DR) 

286 and CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) Histogram for CD90. 

287 (E) Histogram for negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73. 

288 APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward 

289 scatter area; SSC-A: side scatter area; PE-A: phycoerythrin area; PerCP-Cy5-5-A: peridinin-

290 chlorophyll-protein-cyanin5.5 area.

291 Figure 2. Flow cytometric results of PDLSCs. PDLSCs were harvested and labeled with 

292 specific antibodies for MSC markers as described in Methodology. (A) Granularity and size 

293 of PDLSCs. (B) Dot plot for negative cocktail (CD45, CD34, CD11b, CD19 and HLA-DR) 

294 and CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) Histogram for CD90. 

295 (E) Histogram for negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73. 

296 APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward 

297 scatter area; SSC-A: side scatter area; PE-A: phycoerythrin area; PerCP-Cy5-5-A: peridinin-

298 chlorophyll-protein-cyanin5.5 area.

299 Figure 3. LPS inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and 

300 PDLSCs were cultured in osteogenic medium and treated with/without LPS for 1, 2, or 3 

301 weeks. DPSCs and PDLSCs were stained with alizarin red as described in Methodology. 

302 Black bar: 100 µm.

303 Figure 4. LPS induced NF-κB activity in DPSCs and PDLSCs. DPSCs and PDLSCs were 

304 cultured in osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and 

305 treated with/without 10 µg/mL LPS for 3 weeks. NF-κB activity was measured as described 

Page 13 of 61

https://mc04.manuscriptcentral.com/bor-scielo

Brazilian Oral Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

14

306 in Methodology. The data are expressed as mean ± standard deviation (n=6). *p<0.05, 

307 Tukey’s HSD.

308 Figure 5. Bay 11-7082 prevented LPS-decreased ALP activity of DPSCs and PDLSCs. 

309 DPSCs and PDLSCs were cultured in osteogenic medium, pretreated with/without 100 µM 

310 Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS for 3 weeks. ALP activity 

311 was measured as described in Methodology. The data are expressed as mean ± standard 

312 deviation (n=6). *p<0.05, Tukey’s HSD.

313 Figure 6. Bay 11-7082 prevented LPS-inhibited osteogenic differentiation of DPSCs and 

314 PDLSCs. DPSCs and PDLSCs were cultured in osteogenic medium, pretreated with/without 

315 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS and for 3 weeks. 

316 DPSCs and PDLSCs were stained with alizarin red as described in Methodology. Black bar: 

317 100 µm.
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Figure 1. Flow cytometric results of DPSCs. DPSCs were harvested and labeled with specific antibodies for 
MSC markers as described in Methodology. (A) Granularity and size of DPSCs. (B) Dot plot for negative 
cocktail (CD45, CD34, CD11b, CD19 and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 

antibody. (D) Histogram for CD90. (E) Histogram for negative cocktail. (F) Histogram for CD105. (G) 
Histogram for CD73. APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward 

scatter area; SSC-A: side scatter area; PE-A: phycoerythrin area; PerCP-Cy5-5-A: peridinin-chlorophyll-
protein-cyanin5.5 area. 
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Figure 2. Flow cytometric results of PDLSCs. PDLSCs were harvested and labeled with specific antibodies for 
MSC markers as described in Methodology. (A) Granularity and size of PDLSCs. (B) Dot plot for negative 
cocktail (CD45, CD34, CD11b, CD19 and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 

antibody. (D) Histogram for CD90. (E) Histogram for negative cocktail. (F) Histogram for CD105. (G) 
Histogram for CD73. APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward 

scatter area; SSC-A: side scatter area; PE-A: phycoerythrin area; PerCP-Cy5-5-A: peridinin-chlorophyll-
protein-cyanin5.5 area. 
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Figure 3. LPS inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured 
in osteogenic medium and treated with/without LPS for 1, 2, or 3 weeks. DPSCs and PDLSCs were stained 

with alizarin red as described in Methodology. Black bar: 100 µm. 
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Figure 4. LPS induced NF-κB activity in DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in osteogenic 
medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS 
for 3 weeks. NF-κB activity was measured as described in Methodology. The data are expressed as mean ± 

standard deviation (n=6). *p<0.05, Tukey’s HSD. 

142x81mm (300 x 300 DPI) 

Page 18 of 61

https://mc04.manuscriptcentral.com/bor-scielo

Brazilian Oral Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 

Figure 5. Bay 11-7082 prevented LPS-decreased ALP activity of DPSCs and PDLSCs. DPSCs and PDLSCs 
were cultured in osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and treated 
with/without 10 µg/mL LPS for 3 weeks. ALP activity was measured as described in Methodology. The data 

are expressed as mean ± standard deviation (n=6). *p<0.05, Tukey’s HSD. 
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Figure 6. Bay 11-7082 prevented LPS-inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and 
PDLSCs were cultured in osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and 
treated with/without 10 µg/mL LPS and for 3 weeks. DPSCs and PDLSCs were stained with alizarin red as 

described in Methodology. Black bar: 100 µm. 
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Abstract 

Dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs) can be 

differentiated into osteoblasts, suggesting that both stem cells are potential candidates 

for bone tissue engineering. Osteogenesis is influenced by many environmental 

factors, including lipopolysaccharide (LPS). LPS-induced NF-κB activity might give 

different effects on the osteogenic potency of different MSCs types. Therefore, the 

present study was conducted to evaluate the effect of LPS-induced NF-κB activity and 

its inhibition in DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an 

osteogenic medium, pretreated with/without NF-κB inhibitor Bay 11-7082, and treated 

with/without LPS. Bone nodule formation was assessed by alizarin red staining and 

documented under an inverted light microscope. NF-κB and alkaline phosphatase 

(ALP) activities were measured to examine the effect of Bay 11-7082 pretreatment and 

LPS supplementation on osteogenic differentiation of DPSCs and PDLSCs. LPS 

significantly induced NF-κB activity (p=0.000) and significantly reduced ALP activity 

(p=0.000), which inhibited bone nodule formation in both DPSCs and PDLSCs. Bay 

11-7082 inhibited LPS-induced NF-κB activity, partially maintained ALP activity and 

osteogenic potency of LPS-supplemented DPSCs and PDLSCs. Taken together, 

inhibition of LPS-induced NF-κB activity can maintain the osteogenic potency of 

DPSCs and PDLSCs. 

Keywords: stem cells; dental pulp; periodontal ligament; lipopolysaccharides; NF-

kappa B.  
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Introduction 

Mesenchymal stem cells (MSCs) have been reported to have potential uses in 

tissue engineering and regenerative medicine1–3, including in the field of dentistry.4 

Dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs) are oral 

tissue-derived stem cells that have MSCs properties.4–6 Under specific culture 

conditions, DPSCs and PDLSCs can be differentiated into mesenchymal lineages, 

including osteoblasts.7,8 DPSCs and PDLSCs have higher growth potential compared 

to bone marrow mesenchymal stem cells (BMMSCs).9 Moreover, DPSCs and PDLSCs 

have been reported to have an immunomodulatory activity.2,3,10 Hence, DPSCs and 

PDLSCs are suggested as potential candidates for bone tissue engineering and 

regeneration applications, such as alveolar bone repair.4 

Osteogenesis process is influenced by many environmental factors, including 

inflammatory factors produced by bacteria.11,12 The most common inflammatory factor 

is lipopolysaccharide (LPS), which is continuously shed from Gram-negative bacteria 

colonizing the periodontal tissues and may cause inflammatory diseases, such as 

periodontitis.13 This substance induces inflammatory responses through the activation 

of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling 

pathway.14,15 Inhibition studies on the LPS-induced NF-κB activity in PDLSCs have 

been reported, so that the osteogenesis could be undisrupted.11,12 However, in other 

types of MSCs, such as BMMSCs, LPS induced the NF-κB activity but did not alter the 

osteogenic differentiation.11 In addition, in adipose derived mesenchymal stem cells 

(AdMSCs), LPS induced NF-κB activity as well as stimulated the osteogenic 

differentiation.16 Therefore, NF-κB inhibition might give different effects on the 

osteogenic potency of different MSCs types. The present study was conducted to 
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evaluate the effect of LPS-induced NF-κB activity and its inhibition using a specific 

inhibitor, Bay 11-7082, in DPSCs and PDLSCs. 

Methodology 

Cells Thawing and Culture 

Cryopreserved passage 5 DPSCs and PDLSCs reported in the previous 

research6,10 were thawed and cultured in MesenCult MSC Basal Medium (StemCell 

Technologies, Vancouver, Canada) supplemented with MesenCult MSC Stimulatory 

Supplement (StemCell Technologies), 200 U/mL penicillin, 200 µg/mL streptomycin, 

and 0.5 µg/mL amphotericin (Gibco). Upon reaching confluency, DPSCs and PDLSCs 

were harvested and used in the following experiments. This study was performed in 

accordance with the Declaration of Helsinki. Approval was granted by the Ethics 

Committee of xxx (No. xxx). Written informed consent was obtained for the collection 

of human samples for this experiment. 

Flow Cytometric Analysis 

To confirm whether DPSCs and PDLSCs had MSC markers, flow cytometric 

analysis was conducted using BD Stemflow hMSC Analysis Kit (BD Biosciences, 

Franklin Lakes, NJ, USA) as previously described.10 DPSCs (1×107 cells) and PDLSCs 

(1×107 cells) were incubated with/without marker-specific antibodies as well as their 

isotypes for positive (CD90, CD105, and CD73) and negative (CD45, CD34, CD11b, 

CD19, and HLA-DR) markers. The labeled DPSCs and PDLSCs were analyzed on 

FACSCanto II flow cytometer (BD Biosciences) using the FACSDiva software (BD 

Biosciences). Minimal surface marker criteria for defining MSCs proposed by the 

International Society for Cellular Therapy (ISCT) was used to confirm MSCs 

characteristics of DPSCs and PDLSCs.17 
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In vitro Osteogenic Functional Assay 

In vitro osteogenic functional assay was performed as previously described.6 

DPSCs (8×104 cells) and PDLSCs (8×104 cells) were cultured in a 6-well plate using 

osteogenic medium containing 10 mM β-glycerophosphate (Sigma-Aldrich, St. Louis, 

MO, USA), 100 nM dexamethasone (Sigma-Aldrich), and 50 µg/mL L-ascorbic acid 

(Sigma-Aldrich). DPSCs and PDLSCs were pretreated with/without 100 µM NF-κB 

inhibitor Bay 11-7082 (Sigma-Aldrich) for 30 min and supplemented with/without 10 

µg/mL Porphyromonas gingivalis LPS (Wako, Osaka, Japan) for 1, 2, or 3 weeks. The 

medium was then removed, and the plates were washed twice with PBS and fixed for 

2 min in 4% paraformaldehyde (Wako) in PBS, then treated with glycerol (Bio-Rad, 

Hercules, CA, USA) at room temperature for 5 min. After removing the fixative, the 

cells were washed three times with distilled water. After that, the cells were stained 

with 2% alizarin red solution (Sigma-Aldrich) for 20 min. The plates were washed three 

times with distilled water after alizarin red was removed. Finally, the cells were 

observed and documented under an inverted light microscope (Zeiss, Jena, Germany). 

Experiment was performed twice in triplicate. 

NF-κB Activity Assay 

After Bay 11-7082 pretreatment for 30 min and LPS supplementation for 3 

weeks, NF-κB activity in DPSCs (2×106 cells) and PDLSCs (2×106 cells) was 

determined using NF-κB p65 Transcription Factor Assay Kit (Abcam, Cambridge, UK) 

according to the manufacturer’s protocol. Treated DPSCs and PDLSCs were nuclear 

extracted using Nuclear Extraction Kit (Abcam) according to the manufacturer’s 

instructions prior to determination of NF-κB activity. The nuclear extracts containing 

NF-κB were loaded into 96-well plates containing dsDNA with NF-κB response element 

sequence. After that, rabbit anti-NF-κB primary antibody and HRP-linked goat anti-
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rabbit IgG secondary antibody were added sequentially. Results were measured at 

OD450 nm using a spectrophotometer (Bio-Rad). Experiment was performed twice in 

triplicate.  
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Alkaline Phosphatase (ALP) Activity Assay 

After Bay 11-7082 pretreatment for 30 min and LPS supplementation 

with/without Bay 11-7082 for 3 weeks, ALP activity in DPSCs and PDLSCs was 

measured with colorimetric Alkaline Phosphatase Assay Kit (Abcam) according to the 

manufacturer’s protocol. Briefly, homogenized DPSCs or PDLSCs (1×105 cells) and p-

nitrophenyl phosphate (pNPP) were loaded into 96-well plates. After incubating the 

plates in the dark, stop solution was added and the samples were measured at OD405 

nm using a spectrophotometer (Bio-Rad) and activity of ALP (U/L) was calculated. 

Experiment was performed twice in triplicate. 

Statistical Analysis 

Statistical analyses were performed using IBM SPSS Statistics version 26.0 

(SPSS IBM, Armonk, NY, USA). Shapiro-Wilk test was used as a normality test, while 

two-way analysis of variance (ANOVA) followed by Tukey’s honest significant 

difference (HSD) was used to compare NF-κB and ALP activities of DPSCs and 

PDLSCs in different treatment groups. p-values <0.05 were considered as statistically 

significant. 

Results 

Phenotypic Characterization of DPSCs and PDLSCs 

DPSCs and PDLSCs exhibited high expression of CD90, CD105 and CD73 

(>95%), while expressions of negative markers were <2% (Figure 1, Figure 2). These 

surface biomarkers characteristics matched the standard criteria to define MSCs 

proposed by ISCT, suggesting that the cultured DPSCs and PDLSCs were having the 

property of MSCs. 

LPS Inhibited Osteogenic Differentiation of DPSCs and PDLSCs 
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Under an inverted light microscope, bone nodules, which were displayed by 

Alizarin positive-red mineralized deposits, were observed in DPSCs on the third week 

culture, while bone nodules were observed in PDLSCs on the second week culture. 

Meanwhile, no bone nodules were observed in 10 µg/mL LPS-supplemented DPSCs 

and PDLSCs after 1, 2 and 3 weeks (Figure 3). 

LPS Induced NF-κB Activity in DPSCs and PDLSCs 

NF-κB activities of untreated DPSCs and PDLSCs were 0.236±0.005 AU and 

0.253±0.008 AU, respectively. Upon three weeks of LPS supplementation, NF-κB 

activities of DPSCs and PDLSCs were 0.580±0.029 AU and 0.667±0.051 AU. By 

pretreatment of Bay 11-7082, NF-κB activities of LPS-supplemented DPSCs and 

PDLSCs were 0.349±0.037 AU and 0.420±0.022 AU (Figure 4). 

A two-way ANOVA did not show a significant interaction between the types of 

stem cells and treatments on the NF-κB activity (p=0.148). There were significant 

differences of NF-κB activity in different treatment groups (p=0.000). The 3-weeks-

LPS-supplemented NF-κB activities of both DPSCs and PDLSCs were significantly 

higher than those of untreated DPSCs and PDLSCs (p=0.000) as well as those of Bay 

11-7082-pretreated LPS-supplemented DPSCs and PDLSCs (p=0.000). The NF-κB 

activities of untreated DPSCs and PDLSCs were significantly lower than those of Bay 

11-7082-pretreated LPS-supplemented DPSCs and PDLSCs (p=0.000). These results 

indicated that LPS induced NF-κB activation in both DPSCs and PDLSCs, and Bay 11-

7082 partially inhibited LPS-induced NF-κB pathway. 

LPS Reduced ALP Activity and Inhibited Bone Nodule Formation in DPSCs and 

PDLSCs 
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A two-way ANOVA did not show a significant interaction between the types of 

stem cells and treatments on the ALP activity (p=0.148). There were significant 

differences of ALP activity in different treatment groups (p=0.000). ALP activities of 

untreated DPSCs and PDLSCs were 60.893±6.516 U/mL and 70.637±4.902 U/mL, 

respectively. After three weeks of LPS supplementation, ALP activities of both DPSCs 

(5.333±0.323 U/mL) and PDLSCs (6.277±2.026 U/mL) were significantly lower 

compared with those of untreated DPSCs and PDLSCs (p=0.000) (Figure 5). Lower 

ALP activities were associated with inhibition of bone nodule formation in LPS-

supplemented DPSCs and PDLSCs (Figure 6). By pretreatment of Bay 11-7082, ALP 

activities of LPS-supplemented DPSCs (44.677±5.193 U/mL) and PDLSCs 

(55.530±4.478 U/mL) were significantly higher compared with those of supplemented 

with LPS merely (p=0.000), but significantly lower than those of untreated (p=0.000). 

These results showed that Bay 11-7082 partially maintained ALP activity in both 

DPSCs and PDLSCs (Figure 5). Moreover, Bay 11-7082 pretreatment partially 

maintained osteogenic potency of LPS-supplemented DPSCs and PDLSCs (Figure 6). 

Discussion 

NF-κB activation, which could be induced by LPS, has been reported to play an 

important role in inflammatory responses and bone loss in periodontitis.19 The present 

study demonstrated that P. gingivalis-derived LPS induced NF-κB activity and inhibited 

bone nodule formation in both DPSCs and PDLSCs. These findings are consistent with 

a previous study showed that LPS-induced NF-κB activity impaired the osteogenic 

potency of GMSCs.20 LPS supplementation could also inhibit osteogenic differentiation 

in dental follicle stem cells (DFSCs).21  

Not only targeting κB site, the activated NF-κB has been reported to inhibit 

Smad in regulating Runx222, thus ALP production could be inhibited.23 In the present 
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study, bone nodule formation was observed clearly after 3 weeks culture for both 

DPSCs and PDLSCs. In accordance, ALP activity was observed in the 3-weeks-

culture, which was reduced by LPS supplementation. Taken together, NF-κB activity 

induced by LPS, could reduce ALP activity in both DPSCs and PDLSCs, leading to the 

inhibition of bone nodule formation. This finding is in accordance with a previous study 

revealed that LPS-induced NF-κB activity downregulated mRNA and protein 

expressions of ALP in GMSCs.20 Furthermore, LPS was reported to reduce ALP 

activity in DFSCs.21 

NF-κB signaling can be blocked by several substances, one of which is Bay 11-

7082. This substance has been reported to inhibit NF-κB activity in various types of 

stem cells, including BMMSCs24,25, AdMSCs25, and neural stem cells (NSCs)26. 

Present study disclosed the role of Bay 11-7082 and its mechanism in maintaining 

osteogenic differentiation in LPS-stimulated DPSCs and PDLSCs. Upon Bay 11-7082 

supplementation, the NF-κB activity was suppressed, which partially maintained ALP 

activity and osteogenic potency in DPSCs and PDLSCs.  

LPS could induce inflammatory signaling pathway via NF-κB and other 

molecules, such as AP-1.27 Therefore, Bay 11-7082 could only suppress the 

inflammatory signaling pathway partially via NF-κB, meanwhile AP-1 could still inhibit 

the osteogenic differentiation of DPSCs and PDLSCs. Consequently, other inhibitors 

should be investigated further to suppress LPS-induced inflammatory signaling 

pathway fully so that osteogenic differentiation of DPSCs and PDLSCs could be 

undisrupted. 

Conclusion 

Inhibition of LPS-induced NF-κB activity can maintain the osteogenic potency of 

DPSCs and PDLSCs.  
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Figure Legends 

Figure 1. Flow cytometric results of DPSCs. DPSCs were harvested and labeled with 

specific antibodies for MSC markers as described in Methodology. (A) Granularity and 

size of DPSCs. (B) Dot plot for negative cocktail (CD45, CD34, CD11b, CD19 and 

HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) 

Histogram for CD90. (E) Histogram for negative cocktail. (F) Histogram for CD105. (G) 

Histogram for CD73. APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate 

area; FSC-A: forward scatter area; SSC-A: side scatter area; PE-A: phycoerythrin 

area; PerCP-Cy5-5-A: peridinin-chlorophyll-protein-cyanin5.5 area. 

Figure 2. Flow cytometric results of PDLSCs. PDLSCs were harvested and labeled 

with specific antibodies for MSC markers as described in Methodology. (A) Granularity 

and size of PDLSCs. (B) Dot plot for negative cocktail (CD45, CD34, CD11b, CD19 

and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) 

Histogram for CD90. (E) Histogram for negative cocktail. (F) Histogram for CD105. (G) 

Histogram for CD73. APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate 

area; FSC-A: forward scatter area; SSC-A: side scatter area; PE-A: phycoerythrin 

area; PerCP-Cy5-5-A: peridinin-chlorophyll-protein-cyanin5.5 area. 

Figure 3. LPS inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and 

PDLSCs were cultured in osteogenic medium and treated with/without LPS for 1, 2, or 

3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in 

Methodology. Black bar: 100 µm. 

Figure 4. LPS induced NF-κB activity in DPSCs and PDLSCs. DPSCs and PDLSCs 

were cultured in osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 

30 min, and treated with/without 10 µg/mL LPS for 3 weeks. NF-κB activity was 
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measured as described in Methodology. The data are expressed as mean ± standard 

deviation (n=6). *p<0.05, Tukey’s HSD. 

Figure 5. Bay 11-7082 prevented LPS-decreased ALP activity of DPSCs and PDLSCs. 

DPSCs and PDLSCs were cultured in osteogenic medium, pretreated with/without 100 

µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS for 3 weeks. ALP 

activity was measured as described in Methodology. The data are expressed as mean 

± standard deviation (n=6). *p<0.05, Tukey’s HSD. 

Figure 6. Bay 11-7082 prevented LPS-inhibited osteogenic differentiation of DPSCs 

and PDLSCs. DPSCs and PDLSCs were cultured in osteogenic medium, pretreated 

with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS 

and for 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in 

Methodology. Black bar: 100 µm. 
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Abstract 

Dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs) can 

differentiate into osteoblasts, indicating that both are potential candidates for bone 

tissue engineering. Osteogenesis is influenced by many environmental factors, one of 

which is lipopolysaccharide (LPS). LPS-induced NF-κB activity affects the osteogenic 

potencies of different types of MSCs differently. This study evaluated the effect of LPS-

induced NF-κB activity and its inhibition in DPSCs and PDLSCs. DPSCs and PDLSCs 

were cultured in an osteogenic medium, pretreated with/without NF-κB inhibitor Bay 

11-7082, and treated with/without LPS. Alizarin red staining was performed to assess 

bone nodule formation, which was observed under an inverted light microscope. NF-

κB and alkaline phosphatase (ALP) activities were measured to examine the effect of 

Bay 11-7082 pretreatment and LPS supplementation on osteogenic differentiation of 

DPSCs and PDLSCs. LPS significantly induced NF-κB activity (p = 0.000) and reduced 

ALP activity (p = 0.000), which inhibited bone nodule formation in DPSCs and PDLSCs. 

Bay 11-7082 inhibited LPS-induced NF-κB activity, and partially maintained ALP 

activity and osteogenic potency of LPS-supplemented DPSCs and PDLSCs. Thus, 

inhibition of LPS-induced NF-κB activity can maintain the osteogenic potency of 

DPSCs and PDLSCs. 

Keywords: stem cells; dental pulp; periodontal ligament; lipopolysaccharides; NF-

kappa B.  
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Introduction 

Several studies have reported that mesenchymal stem cells (MSCs) have 

potential uses in tissue engineering and regenerative medicine,1–3 including the field 

of dentistry.4 Dental pulp stem cells (DPSCs) and periodontal ligament stem cells 

(PDLSCs) are oral tissue-derived stem cells that possess the properties of MSCs.4–6 

Under specific culture conditions, DPSCs and PDLSCs can be differentiated into 

mesenchymal lineages, including osteoblasts.7–9 DPSCs and PDLSCs have higher 

growth potential compared with bone marrow mesenchymal stem cells (BMMSCs)10, 

and possess immunomodulatory activity.2,3,11 Hence, DPSCs and PDLSCs are 

potential candidates for bone tissue engineering and regeneration applications, such 

as alveolar bone repair.4 

The process of osteogenesis is influenced by several environmental factors, 

including inflammatory factors produced by bacteria.12,13 Lipopolysaccharide (LPS) is 

the most common inflammatory factor, which is continuously liberated from Gram-

negative bacteria colonizing the periodontal tissues, and can cause inflammatory 

diseases, such as periodontitis.14 LPS activates the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) signaling pathway and induces inflammatory 

responses.15,16 Several studies have reported that LPS-induced NF-κB activity in 

PDLSCs can be inhibited, enabling undisrupted osteogenesis.12,13 However, in other 

types of MSCs, such as BMMSCs, LPS induces NF-κB activity, but does not alter 

osteogenic differentiation.12 In addition, in adipose-derived mesenchymal stem cells 

(AdMSCs), LPS induced NF-κB activity and stimulated osteogenic differentiation.17 

Therefore, NF-κB inhibition affects the osteogenic potency of different types of MSCs 

differently. The aim this study was to evaluate the effect of LPS-induced NF-κB activity, 

and its inhibition using a specific inhibitor, Bay 11-7082, in DPSCs and PDLSCs. 
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Methodology 

Cells Thawing and Culture 

Cryopreserved passage five DPSCs and PDLSCs reported in previous 

research6,11 were thawed and cultured in MesenCult MSC Basal Medium (StemCell 

Technologies, Vancouver, Canada) supplemented with MesenCult MSC Stimulatory 

Supplement (StemCell Technologies), 200 U/mL penicillin, 200 µg/mL streptomycin, 

and 0.5 µg/mL amphotericin (Gibco). DPSCs and PDLSCs were harvested after 

reaching confluency and used in this study. This study was conducted in accordance 

with the Declaration of Helsinki. Approval was obtained from the Ethics Committee of 

xxx (No. xxx). Written informed consent was obtained for the collection of human 

samples. 

Flow Cytometric Analysis 

Flow cytometric analysis was conducted using a BD Stemflow hMSC Analysis 

Kit (BD Biosciences, Franklin Lakes, NJ, USA) to confirm whether DPSCs and 

PDLSCs had MSC markers as previously described.11 DPSCs (1 × 107 cells) and 

PDLSCs (1 × 107 cells) were incubated with/without marker-specific antibodies as well 

as their isotypes for positive (CD90, CD105, and CD73) and negative (CD45, CD34, 

CD11b, CD19, and HLA-DR) markers. FACSCanto II flow cytometer (BD Biosciences) 

was used to analyze labeled DPSCs and PDLSCs using the FACSDiva software (BD 

Biosciences). The characteristics of DPSCs and PDLSCs were confirmed using the 

minimal surface marker criteria for defining MSCs, proposed by the International 

Society for Cellular Therapy (ISCT).18 
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In vitro Osteogenic Functional Assay 

In vitro osteogenic functional assay was performed as previously described.6 

DPSCs (8 × 104 cells) and PDLSCs (8 × 104 cells) were cultured using osteogenic 

medium containing 10 mM β-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA), 

100 nM dexamethasone (Sigma-Aldrich), and 50 µg/mL L-ascorbic acid (Sigma-

Aldrich) on a 6-well plate. DPSCs and PDLSCs were pretreated with/without 100 µM 

NF-κB inhibitor Bay 11-7082 (Sigma-Aldrich) for 30 min and supplemented with/without 

10 µg/mL Porphyromonas gingivalis LPS (Wako, Osaka, Japan) for 1, 2, or 3 weeks. 

After removing the medium, the plates were washed twice with PBS and fixed for 2 

min in 4% paraformaldehyde (Wako) in phosphate buffer solution (PBS). This was 

followed by treatment with glycerol (Bio-Rad, Hercules, CA, USA) at room temperature 

for 5 min. The cells were washed thrice with distilled water after removal of the fixative. 

The cells were then stained with 2% alizarin red solution (Sigma-Aldrich) for 20 min. 

After removing the alizarin red stain, the plates were washed thrice with distilled water. 

The cells were finally observed and documented under an inverted light microscope 

(Zeiss, Jena, Germany). The experiment was performed twice in triplicate. 

NF-κB Activity Assay 

After pretreatment with Bay 11-7082 for 30 min and LPS supplementation for 

three weeks, NF-κB activity in DPSCs (2 × 106 cells) and PDLSCs (2 × 106 cells) was 

determined using NF-κB p65 Transcription Factor Assay Kit (Abcam, Cambridge, UK) 

in accordance with the manufacturer’s protocol. Nuclear extraction of the treated 

DPSCs and PDLSCs was performed using the Nuclear Extraction Kit (Abcam) in 

accordance with the manufacturer’s instructions, before determining NF-κB activity. 

The nuclear extracts containing NF-κB were loaded into 96-well plates containing 

dsDNA with NF-κB response element sequence, followed by the sequential addition of 
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rabbit anti-NF-κB primary antibody and HRP-linked goat antirabbit IgG secondary 

antibody. Results were measured at OD450 nm using a spectrophotometer (Bio-Rad). 

The experiment was performed twice in triplicate. 

Alkaline Phosphatase (ALP) Activity Assay 

Following pretreatment with Bay 11-7082 for 30 min and LPS supplementation 

with/without Bay 11-7082 for three weeks, ALP activity in DPSCs and PDLSCs was 

evaluated using the colorimetric Alkaline Phosphatase Assay Kit (Abcam) in 

accordance with the manufacturer’s protocol. Briefly, homogenized DPSCs or PDLSCs 

(1 × 105 cells) and p-nitrophenyl phosphate (pNPP) were loaded into 96-well plates. 

The plates were incubated in the dark. This was followed by the addition of the stopping 

solution, and measurement at OD405 nm using a spectrophotometer (Bio-Rad). The 

activity of ALP (U/L) was calculated. The experiment was performed twice in triplicate. 

Statistical Analysis 

IBM SPSS Statistics version 26.0 was used to conduct the statistical analyses 

(SPSS IBM, Armonk, NY, USA). The Shapiro–Wilk test was used as a normality test. 

Comparison of NF-κB and ALP activities of DPSCs and PDLSCs in different treatment 

groups was accomplished using two-way analysis of variance (ANOVA) followed by 

Tukey’s honest significant difference (HSD). p-values < 0.05 were considered 

statistically significant. 
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Results 

Phenotypic Characterization of DPSCs and PDLSCs 

High expression of CD90, CD105, and CD73 (>95%) was exhibited by DPSCs 

and PDLSCs, whereas expression of negative markers were <2% (Figure 1, Figure 2). 

The characteristics of these surface biomarkers matched the standard criteria defining 

MSCs proposed by the International Society for Cell and Gene Therapy (ISCT), 

suggesting that the cultured DPSCs and PDLSCs had the properties of MSCs. 

LPS Inhibited Osteogenic Differentiation of DPSCs and PDLSCs 

Bone nodules, in the form of alizarin positive-red mineralized deposits, were 

observed in DPSCs on the third-week culture and in PDLSCs on the second-week 

culture under an inverted light microscope. No bone nodules were observed in 10 

µg/mL LPS-supplemented DPSCs and PDLSCs after 1, 2, and 3 weeks (Figure 3). 

LPS-Induced NF-κB Activity in DPSCs and PDLSCs 

NF-κB activities of untreated DPSCs and PDLSCs were 0.236 ± 0.005 AU and 

0.253 ± 0.008 AU, respectively. Following three weeks of LPS supplementation, NF-

κB activities of DPSCs and PDLSCs were 0.580 ± 0.029 AU and 0.667 ± 0.051 AU. 

NF-κB activities of LPS-supplemented DPSCs and PDLSCs following pretreatment 

with Bay 11-7082 were 0.349 ± 0.037 and 0.420 ± 0.022 AU (Figure 4). 

No significant interaction between the types of stem cells and treatments on NF-

κB activity was indicated by two-way ANOVA (p = 0.148). NF-κB activity significantly 

differed in different treatment groups (p = 0.000). The 3-week-LPS-supplemented NF-

κB activities of DPSCs and PDLSCs were significantly higher than those of untreated 

DPSCs and PDLSCs (p = 0.000) as well as those of Bay 11-7082-pretreated LPS-

supplemented DPSCs and PDLSCs (p = 0.000). The NF-κB activities of untreated 
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DPSCs and PDLSCs were significantly lower than those of Bay 11-7082-pretreated 

LPS-supplemented DPSCs and PDLSCs (p = 0.000). These results demonstrated that 

LPS-induced NF-κB activation in DPSCs and PDLSCs, and that Bay 11-7082 partially 

inhibited the LPS-induced NF-κB pathway. 

LPS Reduced ALP Activity and Inhibited Bone Nodule Formation in DPSCs and 

PDLSCs 

Two-way ANOVA did not indicate a significant interaction between stem cells 

and treatments on ALP activity (p = 0.148). Significant differences in ALP activity were 

observed in different treatment groups (p = 0.000). ALP activities of untreated DPSCs 

and PDLSCs were 60.893 ± 6.516 U/mL and 70.637 ± 4.902 U/mL, respectively. The 

ALP activities of DPSCs (5.333 ± 0.323 U/mL) and PDLSCs (6.277 ± 2.026 U/mL) were 

significantly lower than those of untreated DPSCs and PDLSCs after three weeks of 

LPS supplementation (p = 0.000) (Figure 5). Lower ALP activity was associated with 

the absence of bone nodule formation in LPS-supplemented DPSCs and PDLSCs 

(Figure 6). Pretreatment with Bay 11-7082 resulted in significantly higher ALP activities 

of LPS-supplemented DPSCs (44.677 ± 5.193 U/mL) and PDLSCs (55.530 ± 4.478 

U/mL) compared with those supplemented with LPS (p = 0.000), but significantly lower 

than those of untreated (p = 0.000). These results showed that Bay 11-7082 was 

responsible for the partial maintenance of ALP activity in DPSCs and PDLSCs (Figure 

5). Moreover, pretreatment with Bay 11-7082 partially maintained the osteogenic 

potency of LPS-supplemented DPSCs and PDLSCs (Figure 6). 

Discussion 

LPS-induced NF-κB activation, was reported to play an important role in 

inflammatory responses and bone loss in periodontitis.12 This study demonstrated that 
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P. gingivalis-derived LPS not only induced NF-κB activity but also inhibited bone 

nodule formation in DPSCs and PDLSCs. These findings are consistent with a 

previously conducted study that demonstrated that LPS-induced NF-κB activity 

impaired the osteogenic potency of GMSCs.19 LPS supplementation also inhibited 

osteogenic differentiation in dental follicle stem cells (DFSCs).20 

The activated NF-κB targeted the κB site and inhibit Smad in regulating 

Runx221, thereby inhibiting ALP production.22 In this study, bone nodule formation was 

clearly observed after 3 weeks of culturing with DPSCs and PDLSCs. In addition, ALP 

activity, which was observed in the 3-week culture, was reduced by LPS 

supplementation. Thus, NF-κB activity, which was induced by LPS, could reduce ALP 

activity in DPSCs and PDLSCs, leading to inhibition of bone nodule formation. This 

finding corroborates a previous study that revealed that LPS-induced NF-κB activity 

downregulated ALP mRNA and protein expressions in GMSCs.19 Furthermore, ALP 

activity was reported to be reduced by LPS in DFSCs.20 

NF-κB signaling can be blocked by several substances and natural 

products23,24, one of which is Bay 11-7082, which inhibits NF-κB activity in various 

types of stem cells, including BMMSCs25,26, AdMSCs26, and neural stem cells 

(NSCs)27. This study highlighted the role of Bay 11-7082 and its mechanism in 

maintaining osteogenic differentiation in LPS-stimulated DPSCs and PDLSCs. Bay 11-

7082 supplementation led to the suppression of NF-κB activity, which was partially 

responsible for maintaining ALP activity and osteogenic potency in DPSCs and 

PDLSCs. 

LPS could induce an inflammatory signaling pathway via NF-κB and other 

molecules, such as AP-1.28 Therefore, Bay 11-7082 was only able to partially suppress 

the inflammatory signaling pathway via NF-κB; however, AP-1 could still inhibit the 
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osteogenic differentiation of DPSCs and PDLSCs. Consequently, further investigation 

of other inhibitors is necessary to enable complete suppression of the LPS-induced 

inflammatory signaling pathway, so that osteogenic differentiation of DPSCs and 

PDLSCs could be undisrupted. 

Conclusion 

Inhibition of LPS-induced NF-κB activity can maintain the osteogenic potency of 

DPSCs and PDLSCs. 
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Figure Legends 

Figure 1: Flow cytometry results of DPSCs. DPSCs were harvested and labeled with 

specific antibodies for MSC markers as described in the Methodology. (A) Granularity 

and size of DPSCs. (B) A Dot plot for a negative cocktail (CD45, CD34, CD11b, CD19, 

and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibodies. (D) 

Histogram for CD90. (E) Histogram for the negative cocktail. (F) Histogram for CD105. 

(G) Histogram for CD73. 

APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: 

forward scatter area; SSC-A: side scatter area; PE-A: phycoerythrin area; PerCP-Cy5-

5-A: peridinin-chlorophyll-protein-cyanin 5.5 area. 

Figure 2: Flow cytometry results of PDLSCs. PDLSCs were harvested and labeled 

with specific antibodies for MSC markers as described in the Methodology. (A) 

Granularity and size of PDLSCs. (B) A Dot plot for a negative cocktail (CD45, CD34, 

CD11b, CD19 and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 

antibody. (D) Histogram for CD90. (E) Histogram for the negative cocktail. (F) 

Histogram for CD105. (G) Histogram for CD73. 

APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: 

forward scatter area; SSC-A: side scatter area; PE-A: phycoerythrin area; PerCP-Cy5-

5-A: peridinin-chlorophyll-protein-cyanin5.5 area. 

Figure 3: LPS inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and 

PDLSCs were cultured in an osteogenic medium and treated with/without LPS for 1, 

2, or 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in the 

methodology. Black bar: 100 µm. 
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Figure 4: LPS induced NF-κB activity in DPSCs and PDLSCs. DPSCs and PDLSCs 

were cultured in an osteogenic medium, pretreated with/without 100 µM Bay 11-7082 

for 30 min, and treated with/without 10 µg/mL LPS for 3 weeks. NF-κB activity was 

measured as described in the methodology. The data are expressed as mean ± 

standard deviation (n = 6). *p < 0.05, Tukey’s HSD. 

Figure 5: Bay 11-7082 prevented LPS-decreased ALP activity of DPSCs and 

PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic medium, pretreated 

with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS 

for 3 weeks. ALP activity was measured as described in the methodology. The data 

are expressed as mean ± standard deviation (n = 6). *p < 0.05, Tukey’s HSD. 

Figure 6: Bay 11-7082 prevented LPS-inhibited osteogenic differentiation of DPSCs 

and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic medium, pretreated 

with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS 

and for 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in 

the methodology. Black bar: 100 µm. 
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Inhibition of lipopolysaccharide-induced 
NF-κB maintains osteogenesis of 
dental pulp and periodontal ligament 
stem cells

Abstract: Dental pulp stem cells (DPSCs) and periodontal ligament 
stem cells (PDLSCs) can differentiate into osteoblasts, indicating that 
both are potential candidates for bone tissue engineering. Osteogenesis 
is influenced by many environmental factors, one of which is 
lipopolysaccharide (LPS). LPS-induced NF-κB activity affects the 
osteogenic potencies of different types of MSCs differently. This study 
evaluated the effect of LPS-induced NF-κB activity and its inhibition in 
DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic 
medium, pretreated with/without NF-κB inhibitor Bay 11-7082, and 
treated with/without LPS. Alizarin red staining was performed to 
assess bone nodule formation, which was observed under an inverted 
light microscope. NF-κB and alkaline phosphatase (ALP) activities 
were measured to examine the effect of Bay 11-7082 pretreatment 
and LPS supplementation on osteogenic differentiation of DPSCs 
and PDLSCs. LPS significantly induced NF-κB activity (p = 0.000) 
and reduced ALP activity (p = 0.000), which inhibited bone nodule 
formation in DPSCs and PDLSCs. Bay 11-7082 inhibited LPS-induced 
NF-κB activity, and partially maintained ALP activity and osteogenic 
potency of LPS-supplemented DPSCs and PDLSCs. Thus, inhibition of 
LPS-induced NF-κB activity can maintain the osteogenic potency of 
DPSCs and PDLSCs.

Keywords: Stem Cells; Dental Pulp; Periodontal Ligament; 
Lipopolysaccharides; NF-kappa B.

Introduction

Several studies have reported that mesenchymal stem cells (MSCs) 
have potential uses in tissue engineering and regenerative medicine,1-3 
including the field of dentistry.4 Dental pulp stem cells (DPSCs) and 
periodontal ligament stem cells (PDLSCs) are oral tissue-derived stem 
cells that possess the properties of MSCs.4-6 Under specific culture 
conditions, DPSCs and PDLSCs can be differentiated into mesenchymal 
lineages, including osteoblasts.7-9 DPSCs and PDLSCs have higher 
growth potential compared with bone marrow mesenchymal stem 
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cells (BMMSCs),10 and possess immunomodulatory 
act ivity.2,3,11 Hence, DPSCs and PDLSCs are 
potential candidates for bone tissue engineering 
and regeneration applications, such as alveolar 
bone repair.4

The process of osteogenesis is influenced 
by several environmental factors, including 
inflammatory factors produced by bacteria.12,13 
Lipopolysaccharide (LPS) is the most common 
inf lammatory factor, which is continuously 
liberated from Gram-negative bacteria colonizing 
the periodontal tissues, and can cause inflammatory 
diseases, such as periodontitis.14 LPS activates the 
nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) signaling pathway and 
induces inflammatory responses.15,16 Several studies 
have reported that LPS-induced NF-κB activity in 
PDLSCs can be inhibited, enabling undisrupted 
osteogenesis.12,13 However, in other types of MSCs, 
such as BMMSCs, LPS induces NF-κB activity, 
but does not alter osteogenic differentiation.12 
In addition, in adipose-derived mesenchymal 
stem cells (AdMSCs), LPS induced NF-κB activity 
and st imulated osteogenic differentiat ion.17 
Therefore, NF-κB inhibition affects the osteogenic 
potency of different types of MSCs differently. 
The aim this study was to evaluate the effect of 
LPS-induced NF-κB activity, and its inhibition 
using a specific inhibitor, Bay 11-7082, in DPSCs  
and PDLSCs.

Methodology

Cells Thawing and Culture
Cryopreserved passage five DPSCs and PDLSCs 

reported in previous research6,11 were thawed 
and cultured in MesenCult MSC Basal Medium 
(StemCell Technologies, Vancouver, Canada) 
supplemented with MesenCult MSC Stimulatory 
Supplement (StemCell Technologies), 200 U/mL 
penicillin, 200 µg/mL streptomycin, and 0.5 µg/
mL amphotericin (Gibco). DPSCs and PDLSCs 
were harvested after reaching confluency and 
used in this study. This study was conducted 
in accordance with the Declaration of Helsinki. 

Approval was obtained from the Ethics Committee 
of Faculty of Dentistry Universitas Trisakti, 
Indonesia (No. #167/KE/FKG/11/2014). Written 
informed consent was obtained for the collection of  
human samples.

Flow Cytometric Analysis
Flow cytometric analysis was conducted using 

a BD Stemflow hMSC Analysis Kit (BD Biosciences, 
Franklin Lakes, USA) to confirm whether DPSCs 
and PDLSCs had MSC markers as previously 
described.11 DPSCs (1 × 107 cells) and PDLSCs  
(1 × 107 cells) were incubated with/without marker-
specific antibodies as well as their isotypes for positive 
(CD90, CD105, and CD73) and negative (CD45, CD34, 
CD11b, CD19, and HLA-DR) markers. FACSCanto II 
flow cytometer (BD Biosciences) was used to analyze 
labeled DPSCs and PDLSCs using the FACSDiva 
software (BD Biosciences). The characteristics of 
DPSCs and PDLSCs were confirmed using the 
minimal surface marker criteria for defining MSCs, 
proposed by the International Society for Cellular  
Therapy (ISCT).18

In vitro Osteogenic Functional Assay
In vitro  osteogenic funct ional assay was 

performed as previously described.6 DPSCs (8 × 
104 cells) and PDLSCs (8 × 104 cells) were cultured 
using osteogenic medium containing 10 mM 
β-glycerophosphate (Sigma-Aldrich, St. Louis, 
USA), 100 nM dexamethasone (Sigma-Aldrich), 
and 50 µg/mL L-ascorbic acid (Sigma-Aldrich) on 
a 6-well plate. DPSCs and PDLSCs were pretreated 
with/without 100 µM NF-κB inhibitor Bay 11-7082 
(Sigma-Aldrich) for 30 min and supplemented 
with/without 10 µg/mL Porphyromonas gingivalis 
LPS (Wako, Osaka, Japan) for 1, 2, or 3 weeks. 
After removing the medium, the plates were 
washed twice with PBS and fixed for 2 min in 4% 
paraformaldehyde (Wako) in phosphate buffer 
solution (PBS). This was followed by treatment 
with glycerol (Bio-Rad, Hercules, USA) at room 
temperature for 5 min. The cells were washed 
thrice with distilled water after removal of the 
fixative. The cells were then stained with 2% 
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alizarin red solution (Sigma-Aldrich) for 20 min. 
After removing the alizarin red stain, the plates 
were washed thrice with distilled water. The 
cells were finally observed and documented 
under an inverted light microscope (Zeiss, Jena, 
Germany). The experiment was performed twice  
in triplicate.

NF-κB Activity Assay
After pretreatment with Bay 11-7082 for 30 

min and LPS supplementation for three weeks, 
NF-κB activity in DPSCs (2 × 106 cells) and PDLSCs  
(2 × 106 cells) was determined using NF-κB p65 
Transcription Factor Assay Kit (Abcam, Cambridge, 
UK) in accordance with the manufacturer’s 
protocol. Nuclear extraction of the treated DPSCs 
and PDLSCs was performed using the Nuclear 
Extraction Kit (Abcam) in accordance with the 
manufacturer’s instructions, before determining 
NF-κB activity. The nuclear extracts containing 
NF-κB were loaded into 96-well plates containing 
dsDNA with NF-κB response element sequence, 
followed by the sequential addition of rabbit  
anti-NF-κB primary antibody and HRP-linked goat 
antirabbit IgG secondary antibody. Results were 
measured at OD450 nm using a spectrophotometer 
(Bio-Rad). The experiment was performed twice  
in triplicate.

Alkaline Phosphatase (ALP) Activity Assay
Following pretreatment with Bay 11-7082 for 

30 min and LPS supplementation with/without 
Bay 11-7082 for three weeks, ALP activity in 
DPSCs and PDLSCs was evaluated using the 
colorimetric Alkaline Phosphatase Assay Kit 
(Abcam) in accordance with the manufacturer’s 
protocol. Briefly, homogenized DPSCs or PDLSCs 
(1 × 105 cells) and p-nitrophenyl phosphate (pNPP) 
were loaded into 96-well plates. The plates 
were incubated in the dark. This was followed 
by the addition of the stopping solution, and 
measurement at OD405 nm using a spectrophotometer 
(Bio -Rad).  The act iv it y of  ALP (U/L) was 
calculated. The experiment was performed twice  
in triplicate.

Statistical Analysis
IBM SPSS Statistics version 26.0 was used to conduct 

the statistical analyses (SPSS IBM, Armonk, USA). 
The Shapiro–Wilk test was used as a normality test. 
Comparison of NF-κB and ALP activities of DPSCs 
and PDLSCs in different treatment groups was 
accomplished using two-way analysis of variance 
(ANOVA) followed by Tukey’s honest significant 
difference (HSD). p-values < 0.05 were considered 
statistically significant.

Results

Phenotypic Characterization of DPSCs  
and PDLSCs

High expression of CD90, CD105, and CD73 
(>95%) was exhibited by DPSCs and PDLSCs, 
whereas expression of negative markers were  
< 2% (Figures 1 and 2). The characteristics of these 
surface biomarkers matched the standard criteria 
defining MSCs proposed by the International Society 
for Cell and Gene Therapy (ISCT), suggesting that 
the cultured DPSCs and PDLSCs had the properties 
of MSCs.

LPS Inhibited Osteogenic Differentiation of 
DPSCs and PDLSCs

Bone nodules, in the form of alizarin positive-
red mineralized deposits, were observed in DPSCs 
on the third-week culture and in PDLSCs on the 
second-week culture under an inverted light 
microscope. No bone nodules were observed in 
10 µg/mL LPS-supplemented DPSCs and PDLSCs 
after 1, 2, and 3 weeks (Figure 3).

LPS-Induced NF-κB Activity in DPSCs 
and PDLSCs

NF-κB activities of untreated DPSCs and PDLSCs 
were 0.236 ± 0.005 AU and 0.253 ± 0.008 AU, respectively. 
Following three weeks of LPS supplementation, 
NF-κB activities of DPSCs and PDLSCs were 0.580 
± 0.029 AU and 0.667 ± 0.051 AU. NF-κB activities of 
LPS-supplemented DPSCs and PDLSCs following 
pretreatment with Bay 11-7082 were 0.349 ± 0.037 
and 0.420 ± 0.022 AU (Figure 4).
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APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward scatter area; SSC-A: side scatter area;  
PE-A: phycoerythrin area; PerCP-Cy5-5-A: peridinin-chlorophyll-protein-cyanin 5.5 area.

Figure 1. Flow cytometry results of DPSCs. DPSCs were harvested and labeled with specific antibodies for MSC markers as 
described in the Methodology. (A) Granularity and size of DPSCs. (B) A Dot plot for a negative cocktail (CD45, CD34, CD11b, 
CD19, and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibodies. (D) Histogram for CD90. (E) Histogram 
for the negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73.
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APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward scatter area; SSC-A: side scatter area; PE-A: 
phycoerythrin area; PerCP-Cy5-5-A: peridinin-chlorophyll-protein-cyanin5.5 area.

Figure 2. Flow cytometry results of PDLSCs. PDLSCs were harvested and labeled with specific antibodies for MSC markers as 
described in the Methodology. (A) Granularity and size of PDLSCs. (B) A Dot plot for a negative cocktail (CD45, CD34, CD11b, 
CD19 and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) Histogram for CD90. (E) Histogram for 
the negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73.
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Figure 4. LPS induced NF-κB activity in DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic medium, pretreated 
with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS for 3 weeks. NF-κB activity was measured 
as described in the methodology. The data are expressed as mean ± standard deviation (n = 6). *p < 0.05, Tukey’s HSD.

Figure 3. LPS inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic 
medium and treated with/without LPS for 1, 2, or 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in the 
methodology. Black bar: 100 µm.
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No significant interaction between the types 
of stem cells and treatments on NF-κB activity 
was indicated by two-way ANOVA (p = 0.148). 
NF-κB activity significantly differed in different 
treatment groups (p = 0.000). The 3-week-LPS-

supplemented NF-κB activities of DPSCs and PDLSCs 
were significantly higher than those of untreated 
DPSCs and PDLSCs (p = 0.000) as well as those of 
Bay 11-7082-pretreated LPS-supplemented DPSCs 
and PDLSCs (p = 0.000). The NF-κB activities of 

Figure 5. Bay 11-7082 prevented LPS-decreased ALP activity of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in 
an osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS for  
3 weeks. ALP activity was measured as described in the methodology. The data are expressed as mean ± standard deviation (n = 6).  
*p < 0.05, Tukey’s HSD.
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Figure 6. Bay 11-7082 prevented LPS-inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured 
in an osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS and 
for 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in the methodology. Black bar: 100 µm.
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untreated DPSCs and PDLSCs were significantly 
lower than those of Bay 11-7082-pretreated LPS-
supplemented DPSCs and PDLSCs (p = 0.000). 
These results demonstrated that LPS-induced 
NF-κB activation in DPSCs and PDLSCs, and that 
Bay 11-7082 partially inhibited the LPS-induced 
NF-κB pathway.

LPS Reduced ALP Activity and Inhibited 
Bone Nodule Formation in DPSCs 
and PDLSCs

Two-way ANOVA did not indicate a significant 
interaction between stem cells and treatments on 
ALP activity (p = 0.148). Significant differences in 
ALP activity were observed in different treatment 
groups (p = 0.000). ALP activities of untreated DPSCs 
and PDLSCs were 60.893 ± 6.516 U/mL and 70.637 
± 4.902 U/mL, respectively. The ALP activities of 
DPSCs (5.333 ± 0.323 U/mL) and PDLSCs (6.277 ± 
2.026 U/mL) were significantly lower than those of 
untreated DPSCs and PDLSCs after three weeks of 
LPS supplementation (p = 0.000) (Figure 5). Lower 
ALP activity was associated with the absence of bone 
nodule formation in LPS-supplemented DPSCs and 
PDLSCs (Figure 6). Pretreatment with Bay 11-7082 
resulted in significantly higher ALP activities of 
LPS-supplemented DPSCs (44.677 ± 5.193 U/mL) and 
PDLSCs (55.530 ± 4.478 U/mL) compared with those 
supplemented with LPS (p = 0.000), but significantly 
lower than those of untreated (p = 0.000). These 
results showed that Bay 11-7082 was responsible for 
the partial maintenance of ALP activity in DPSCs and 
PDLSCs (Figure 5). Moreover, pretreatment with Bay 
11-7082 partially maintained the osteogenic potency 
of LPS-supplemented DPSCs and PDLSCs (Figure 6).

Discussion

LPS-induced NF-κB activation, was reported to 
play an important role in inflammatory responses and 
bone loss in periodontitis.12 This study demonstrated 
that P. gingivalis-derived LPS not only induced NF-κB 
activity but also inhibited bone nodule formation in 
DPSCs and PDLSCs. These findings are consistent with 
a previously conducted study that demonstrated that 
LPS-induced NF-κB activity impaired the osteogenic 

potency of GMSCs.19 LPS supplementation also 
inhibited osteogenic differentiation in dental follicle 
stem cells (DFSCs).20

The activated NF-κB targeted the κB site and inhibit 
Smad in regulating Runx2,21 thereby inhibiting ALP 
production.22 In this study, bone nodule formation 
was clearly observed after 3 weeks of culturing with 
DPSCs and PDLSCs. In addition, ALP activity, which 
was observed in the 3-week culture, was reduced by 
LPS supplementation. Thus, NF-κB activity, which 
was induced by LPS, could reduce ALP activity in 
DPSCs and PDLSCs, leading to inhibition of bone 
nodule formation. This finding corroborates a previous 
study that revealed that LPS-induced NF-κB activity 
downregulated ALP mRNA and protein expressions 
in GMSCs.19 Furthermore, ALP activity was reported 
to be reduced by LPS in DFSCs.20

NF-κB signaling can be blocked by several 
substances and natural products,23,24 one of which 
is Bay 11-7082, which inhibits NF-κB activity in 
various types of stem cells, including BMMSCs,25,26 
AdMSCs,26 and neural stem cells (NSCs).27 This 
study highlighted the role of Bay 11-7082 and its 
mechanism in maintaining osteogenic differentiation 
in LPS-stimulated DPSCs and PDLSCs. Bay 11-7082 
supplementation led to the suppression of NF-κB 
activity, which was partially responsible for 
maintaining ALP activity and osteogenic potency 
in DPSCs and PDLSCs.

LPS could induce an inflammatory signaling 
pathway via NF-κB and other molecules, such as 
AP-1.28 Therefore, Bay 11-7082 was only able to 
partially suppress the inflammatory signaling 
pathway via NF-κB; however, AP-1 could still inhibit 
the osteogenic differentiation of DPSCs and PDLSCs. 
Consequently, further investigation of other inhibitors 
is necessary to enable complete suppression of the 
LPS-induced inflammatory signaling pathway, so 
that osteogenic differentiation of DPSCs and PDLSCs 
could be undisrupted.

Conclusion

Inhibition of LPS-induced NF-κB activity can 
maintain the osteogenic potency of DPSCs and 
PDLSCs.
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Inhibition of lipopolysaccharide-induced 
NF-κB maintains osteogenesis of 
dental pulp and periodontal ligament 
stem cells

Abstract: Dental pulp stem cells (DPSCs) and periodontal ligament 
stem cells (PDLSCs) can differentiate into osteoblasts, indicating that 
both are potential candidates for bone tissue engineering. Osteogenesis 
is influenced by many environmental factors, one of which is 
lipopolysaccharide (LPS). LPS-induced NF-κB activity affects the 
osteogenic potencies of different types of MSCs differently. This study 
evaluated the effect of LPS-induced NF-κB activity and its inhibition in 
DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic 
medium, pretreated with/without NF-κB inhibitor Bay 11-7082, and 
treated with/without LPS. Alizarin red staining was performed to 
assess bone nodule formation, which was observed under an inverted 
light microscope. NF-κB and alkaline phosphatase (ALP) activities 
were measured to examine the effect of Bay 11-7082 pretreatment 
and LPS supplementation on osteogenic differentiation of DPSCs 
and PDLSCs. LPS significantly induced NF-κB activity (p = 0.000) 
and reduced ALP activity (p = 0.000), which inhibited bone nodule 
formation in DPSCs and PDLSCs. Bay 11-7082 inhibited LPS-induced 
NF-κB activity, and partially maintained ALP activity and osteogenic 
potency of LPS-supplemented DPSCs and PDLSCs. Thus, inhibition of 
LPS-induced NF-κB activity can maintain the osteogenic potency of 
DPSCs and PDLSCs.

Keywords: Stem Cells; Dental Pulp; Periodontal Ligament; 
Lipopolysaccharides; NF-kappa B.

Introduction

Several studies have reported that mesenchymal stem cells (MSCs) 
have potential uses in tissue engineering and regenerative medicine,1-3 
including the field of dentistry.4 Dental pulp stem cells (DPSCs) and 
periodontal ligament stem cells (PDLSCs) are oral tissue-derived stem 
cells that possess the properties of MSCs.4-6 Under specific culture 
conditions, DPSCs and PDLSCs can be differentiated into mesenchymal 
lineages, including osteoblasts.7-9 DPSCs and PDLSCs have higher 
growth potential compared with bone marrow mesenchymal stem 
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cells (BMMSCs),10 and possess immunomodulatory 
act ivity.2,3,11 Hence, DPSCs and PDLSCs are 
potential candidates for bone tissue engineering 
and regeneration applications, such as alveolar 
bone repair.4

The process of osteogenesis is influenced 
by several environmental factors, including 
inflammatory factors produced by bacteria.12,13 
Lipopolysaccharide (LPS) is the most common 
inf lammatory factor, which is continuously 
liberated from Gram-negative bacteria colonizing 
the periodontal tissues, and can cause inflammatory 
diseases, such as periodontitis.14 LPS activates the 
nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) signaling pathway and 
induces inflammatory responses.15,16 Several studies 
have reported that LPS-induced NF-κB activity in 
PDLSCs can be inhibited, enabling undisrupted 
osteogenesis.12,13 However, in other types of MSCs, 
such as BMMSCs, LPS induces NF-κB activity, 
but does not alter osteogenic differentiation.12 
In addition, in adipose-derived mesenchymal 
stem cells (AdMSCs), LPS induced NF-κB activity 
and st imulated osteogenic differentiat ion.17 
Therefore, NF-κB inhibition affects the osteogenic 
potency of different types of MSCs differently. 
The aim this study was to evaluate the effect of 
LPS-induced NF-κB activity, and its inhibition 
using a specific inhibitor, Bay 11-7082, in DPSCs  
and PDLSCs.

Methodology

Cells Thawing and Culture
Cryopreserved passage five DPSCs and PDLSCs 

reported in previous research6,11 were thawed 
and cultured in MesenCult MSC Basal Medium 
(StemCell Technologies, Vancouver, Canada) 
supplemented with MesenCult MSC Stimulatory 
Supplement (StemCell Technologies), 200 U/mL 
penicillin, 200 µg/mL streptomycin, and 0.5 µg/
mL amphotericin (Gibco). DPSCs and PDLSCs 
were harvested after reaching confluency and 
used in this study. This study was conducted 
in accordance with the Declaration of Helsinki. 

Approval was obtained from the Ethics Committee 
of Faculty of Dentistry Universitas Trisakti, 
Indonesia (No. #167/KE/FKG/11/2014). Written 
informed consent was obtained for the collection of  
human samples.

Flow Cytometric Analysis
Flow cytometric analysis was conducted using 

a BD Stemflow hMSC Analysis Kit (BD Biosciences, 
Franklin Lakes, USA) to confirm whether DPSCs 
and PDLSCs had MSC markers as previously 
described.11 DPSCs (1 × 107 cells) and PDLSCs  
(1 × 107 cells) were incubated with/without marker-
specific antibodies as well as their isotypes for positive 
(CD90, CD105, and CD73) and negative (CD45, CD34, 
CD11b, CD19, and HLA-DR) markers. FACSCanto II 
flow cytometer (BD Biosciences) was used to analyze 
labeled DPSCs and PDLSCs using the FACSDiva 
software (BD Biosciences). The characteristics of 
DPSCs and PDLSCs were confirmed using the 
minimal surface marker criteria for defining MSCs, 
proposed by the International Society for Cellular  
Therapy (ISCT).18

In vitro Osteogenic Functional Assay
In vitro  osteogenic funct ional assay was 

performed as previously described.6 DPSCs (8 × 
104 cells) and PDLSCs (8 × 104 cells) were cultured 
using osteogenic medium containing 10 mM 
β-glycerophosphate (Sigma-Aldrich, St. Louis, 
USA), 100 nM dexamethasone (Sigma-Aldrich), 
and 50 µg/mL L-ascorbic acid (Sigma-Aldrich) on 
a 6-well plate. DPSCs and PDLSCs were pretreated 
with/without 100 µM NF-κB inhibitor Bay 11-7082 
(Sigma-Aldrich) for 30 min and supplemented 
with/without 10 µg/mL Porphyromonas gingivalis 
LPS (Wako, Osaka, Japan) for 1, 2, or 3 weeks. 
After removing the medium, the plates were 
washed twice with PBS and fixed for 2 min in 4% 
paraformaldehyde (Wako) in phosphate buffer 
solution (PBS). This was followed by treatment 
with glycerol (Bio-Rad, Hercules, USA) at room 
temperature for 5 min. The cells were washed 
thrice with distilled water after removal of the 
fixative. The cells were then stained with 2% 
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alizarin red solution (Sigma-Aldrich) for 20 min. 
After removing the alizarin red stain, the plates 
were washed thrice with distilled water. The 
cells were finally observed and documented 
under an inverted light microscope (Zeiss, Jena, 
Germany). The experiment was performed twice  
in triplicate.

NF-κB Activity Assay
After pretreatment with Bay 11-7082 for 30 

min and LPS supplementation for three weeks, 
NF-κB activity in DPSCs (2 × 106 cells) and PDLSCs  
(2 × 106 cells) was determined using NF-κB p65 
Transcription Factor Assay Kit (Abcam, Cambridge, 
UK) in accordance with the manufacturer’s 
protocol. Nuclear extraction of the treated DPSCs 
and PDLSCs was performed using the Nuclear 
Extraction Kit (Abcam) in accordance with the 
manufacturer’s instructions, before determining 
NF-κB activity. The nuclear extracts containing 
NF-κB were loaded into 96-well plates containing 
dsDNA with NF-κB response element sequence, 
followed by the sequential addition of rabbit  
anti-NF-κB primary antibody and HRP-linked goat 
antirabbit IgG secondary antibody. Results were 
measured at OD450 nm using a spectrophotometer 
(Bio-Rad). The experiment was performed twice  
in triplicate.

Alkaline Phosphatase (ALP) Activity Assay
Following pretreatment with Bay 11-7082 for 

30 min and LPS supplementation with/without 
Bay 11-7082 for three weeks, ALP activity in 
DPSCs and PDLSCs was evaluated using the 
colorimetric Alkaline Phosphatase Assay Kit 
(Abcam) in accordance with the manufacturer’s 
protocol. Briefly, homogenized DPSCs or PDLSCs 
(1 × 105 cells) and p-nitrophenyl phosphate (pNPP) 
were loaded into 96-well plates. The plates 
were incubated in the dark. This was followed 
by the addition of the stopping solution, and 
measurement at OD405 nm using a spectrophotometer 
(Bio -Rad).  The act iv it y of  ALP (U/L) was 
calculated. The experiment was performed twice  
in triplicate.

Statistical Analysis
IBM SPSS Statistics version 26.0 was used to conduct 

the statistical analyses (SPSS IBM, Armonk, USA). 
The Shapiro–Wilk test was used as a normality test. 
Comparison of NF-κB and ALP activities of DPSCs 
and PDLSCs in different treatment groups was 
accomplished using two-way analysis of variance 
(ANOVA) followed by Tukey’s honest significant 
difference (HSD). p-values < 0.05 were considered 
statistically significant.

Results

Phenotypic Characterization of DPSCs  
and PDLSCs

High expression of CD90, CD105, and CD73 
(>95%) was exhibited by DPSCs and PDLSCs, 
whereas expression of negative markers were  
< 2% (Figures 1 and 2). The characteristics of these 
surface biomarkers matched the standard criteria 
defining MSCs proposed by the International Society 
for Cell and Gene Therapy (ISCT), suggesting that 
the cultured DPSCs and PDLSCs had the properties 
of MSCs.

LPS Inhibited Osteogenic Differentiation of 
DPSCs and PDLSCs

Bone nodules, in the form of alizarin positive-
red mineralized deposits, were observed in DPSCs 
on the third-week culture and in PDLSCs on the 
second-week culture under an inverted light 
microscope. No bone nodules were observed in 
10 µg/mL LPS-supplemented DPSCs and PDLSCs 
after 1, 2, and 3 weeks (Figure 3).

LPS-Induced NF-κB Activity in DPSCs 
and PDLSCs

NF-κB activities of untreated DPSCs and PDLSCs 
were 0.236 ± 0.005 AU and 0.253 ± 0.008 AU, respectively. 
Following three weeks of LPS supplementation, 
NF-κB activities of DPSCs and PDLSCs were 0.580 
± 0.029 AU and 0.667 ± 0.051 AU. NF-κB activities of 
LPS-supplemented DPSCs and PDLSCs following 
pretreatment with Bay 11-7082 were 0.349 ± 0.037 
and 0.420 ± 0.022 AU (Figure 4).
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APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward scatter area; SSC-A: side scatter area;  
PE-A: phycoerythrin area; PerCP-Cy5-5-A: peridinin-chlorophyll-protein-cyanin 5.5 area.

Figure 1. Flow cytometry results of DPSCs. DPSCs were harvested and labeled with specific antibodies for MSC markers as 
described in the Methodology. (A) Granularity and size of DPSCs. (B) A Dot plot for a negative cocktail (CD45, CD34, CD11b, 
CD19, and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibodies. (D) Histogram for CD90. (E) Histogram 
for the negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73.
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APC-A: allophycocyanin area; FITC-A: fluorescein isothiocyanate area; FSC-A: forward scatter area; SSC-A: side scatter area; PE-A: 
phycoerythrin area; PerCP-Cy5-5-A: peridinin-chlorophyll-protein-cyanin5.5 area.

Figure 2. Flow cytometry results of PDLSCs. PDLSCs were harvested and labeled with specific antibodies for MSC markers as 
described in the Methodology. (A) Granularity and size of PDLSCs. (B) A Dot plot for a negative cocktail (CD45, CD34, CD11b, 
CD19 and HLA-DR) and CD90 antibody. (C) Dot plot for CD73 and CD105 antibody. (D) Histogram for CD90. (E) Histogram for 
the negative cocktail. (F) Histogram for CD105. (G) Histogram for CD73.
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Figure 4. LPS induced NF-κB activity in DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic medium, pretreated 
with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS for 3 weeks. NF-κB activity was measured 
as described in the methodology. The data are expressed as mean ± standard deviation (n = 6). *p < 0.05, Tukey’s HSD.

Figure 3. LPS inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in an osteogenic 
medium and treated with/without LPS for 1, 2, or 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in the 
methodology. Black bar: 100 µm.
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No significant interaction between the types 
of stem cells and treatments on NF-κB activity 
was indicated by two-way ANOVA (p = 0.148). 
NF-κB activity significantly differed in different 
treatment groups (p = 0.000). The 3-week-LPS-

supplemented NF-κB activities of DPSCs and PDLSCs 
were significantly higher than those of untreated 
DPSCs and PDLSCs (p = 0.000) as well as those of 
Bay 11-7082-pretreated LPS-supplemented DPSCs 
and PDLSCs (p = 0.000). The NF-κB activities of 

Figure 5. Bay 11-7082 prevented LPS-decreased ALP activity of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured in 
an osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS for  
3 weeks. ALP activity was measured as described in the methodology. The data are expressed as mean ± standard deviation (n = 6).  
*p < 0.05, Tukey’s HSD.
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Figure 6. Bay 11-7082 prevented LPS-inhibited osteogenic differentiation of DPSCs and PDLSCs. DPSCs and PDLSCs were cultured 
in an osteogenic medium, pretreated with/without 100 µM Bay 11-7082 for 30 min, and treated with/without 10 µg/mL LPS and 
for 3 weeks. DPSCs and PDLSCs were stained with alizarin red as described in the methodology. Black bar: 100 µm.
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untreated DPSCs and PDLSCs were significantly 
lower than those of Bay 11-7082-pretreated LPS-
supplemented DPSCs and PDLSCs (p = 0.000). 
These results demonstrated that LPS-induced 
NF-κB activation in DPSCs and PDLSCs, and that 
Bay 11-7082 partially inhibited the LPS-induced 
NF-κB pathway.

LPS Reduced ALP Activity and Inhibited 
Bone Nodule Formation in DPSCs 
and PDLSCs

Two-way ANOVA did not indicate a significant 
interaction between stem cells and treatments on 
ALP activity (p = 0.148). Significant differences in 
ALP activity were observed in different treatment 
groups (p = 0.000). ALP activities of untreated DPSCs 
and PDLSCs were 60.893 ± 6.516 U/mL and 70.637 
± 4.902 U/mL, respectively. The ALP activities of 
DPSCs (5.333 ± 0.323 U/mL) and PDLSCs (6.277 ± 
2.026 U/mL) were significantly lower than those of 
untreated DPSCs and PDLSCs after three weeks of 
LPS supplementation (p = 0.000) (Figure 5). Lower 
ALP activity was associated with the absence of bone 
nodule formation in LPS-supplemented DPSCs and 
PDLSCs (Figure 6). Pretreatment with Bay 11-7082 
resulted in significantly higher ALP activities of 
LPS-supplemented DPSCs (44.677 ± 5.193 U/mL) and 
PDLSCs (55.530 ± 4.478 U/mL) compared with those 
supplemented with LPS (p = 0.000), but significantly 
lower than those of untreated (p = 0.000). These 
results showed that Bay 11-7082 was responsible for 
the partial maintenance of ALP activity in DPSCs and 
PDLSCs (Figure 5). Moreover, pretreatment with Bay 
11-7082 partially maintained the osteogenic potency 
of LPS-supplemented DPSCs and PDLSCs (Figure 6).

Discussion

LPS-induced NF-κB activation, was reported to 
play an important role in inflammatory responses and 
bone loss in periodontitis.12 This study demonstrated 
that P. gingivalis-derived LPS not only induced NF-κB 
activity but also inhibited bone nodule formation in 
DPSCs and PDLSCs. These findings are consistent with 
a previously conducted study that demonstrated that 
LPS-induced NF-κB activity impaired the osteogenic 

potency of GMSCs.19 LPS supplementation also 
inhibited osteogenic differentiation in dental follicle 
stem cells (DFSCs).20

The activated NF-κB targeted the κB site and inhibit 
Smad in regulating Runx2,21 thereby inhibiting ALP 
production.22 In this study, bone nodule formation 
was clearly observed after 3 weeks of culturing with 
DPSCs and PDLSCs. In addition, ALP activity, which 
was observed in the 3-week culture, was reduced by 
LPS supplementation. Thus, NF-κB activity, which 
was induced by LPS, could reduce ALP activity in 
DPSCs and PDLSCs, leading to inhibition of bone 
nodule formation. This finding corroborates a previous 
study that revealed that LPS-induced NF-κB activity 
downregulated ALP mRNA and protein expressions 
in GMSCs.19 Furthermore, ALP activity was reported 
to be reduced by LPS in DFSCs.20

NF-κB signaling can be blocked by several 
substances and natural products,23,24 one of which 
is Bay 11-7082, which inhibits NF-κB activity in 
various types of stem cells, including BMMSCs,25,26 
AdMSCs,26 and neural stem cells (NSCs).27 This 
study highlighted the role of Bay 11-7082 and its 
mechanism in maintaining osteogenic differentiation 
in LPS-stimulated DPSCs and PDLSCs. Bay 11-7082 
supplementation led to the suppression of NF-κB 
activity, which was partially responsible for 
maintaining ALP activity and osteogenic potency 
in DPSCs and PDLSCs.

LPS could induce an inflammatory signaling 
pathway via NF-κB and other molecules, such as 
AP-1.28 Therefore, Bay 11-7082 was only able to 
partially suppress the inflammatory signaling 
pathway via NF-κB; however, AP-1 could still inhibit 
the osteogenic differentiation of DPSCs and PDLSCs. 
Consequently, further investigation of other inhibitors 
is necessary to enable complete suppression of the 
LPS-induced inflammatory signaling pathway, so 
that osteogenic differentiation of DPSCs and PDLSCs 
could be undisrupted.

Conclusion

Inhibition of LPS-induced NF-κB activity can 
maintain the osteogenic potency of DPSCs and 
PDLSCs.
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