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Abstract
Objectives: Periodontitis is one of the most wide-
spread inflammatory diseases; it causes tooth loss
and is also associated with a variety of systemic
diseases. Mesenchymal stem cells (MSCs) have
been used to treat periodontitis. However, it is
unknown whether bacterial toxins in the periodon-
tal environment affect MSC-mediated periodontal
regeneration. Porphyromonas gingivalis lipopoly-
saccharides (Pg-LPS) are key toxins for develop-
ment of periodontitis. The purpose of the present
study was to investigate effects of P. gingivalis
LPS on biological properties of MSCs.
Materials and methods: Mesenchymal stem cells
from bone marrow (BMMSCs) were treated with
different concentrations of P. gingivalis LPS (0.1–
10 lg/ml), then its effects were evaluated on
biological properties of BMMSCs including prolif-
eration, apoptosis, osteogenic differentiation and
capacities to inhibit activated T cells.
Results: Low concentration of P. gingivalis LPS
(0.1 lg/ml) accelerated MSC proliferation, osteo-
genic differentiation and capacities to inhibit acti-
vated T cells via up-regulation of nitric oxide.
However, high concentration of P. gingivalis LPS
(10 lg/ml) reduced MSC proliferation, osteogenic
differentiation and capacities to inhibit activated T
cells.

Conclusions: Mesenchymal stem cells were func-
tionally different following exposure to P. gingiva-
lis LPS at the investigated concentrations. These
findings suggest that MSC-mediated periodontal
regeneration may be regulated by P. gingivalis
LPS.

Introduction

Periodontitis is one of the most widespread inflamma-
tory diseases; it is also associated with a variety of sys-
temic diseases such as diabetes and coronary artery
disease (1). It is characterized by progressive destruction
of the periodontal tooth supporting structure, due to
inadequate host inflammatory immune response to bacte-
ria from oral microbial biofilms (2), ultimately leading
to tooth loss. Although conventional periodontal thera-
pies (such as guided tissue regeneration, use of enamel
matrix derivative and treatment with various growth fac-
tors), may improve clinical outcomes, it is still difficult
to achieve functional and predictable periodontal tissue
regeneration (3–7). Recently, mesenchymal stem cell
(MSC)-based tissue regeneration has been considered as
a prospective approach to treat periodontitis. Our previ-
ous studies have demonstrated that local administration
of both autologous and allogeneic periodontal ligament
stem cells (PDLSCs) ameliorated periodontitis with
appropriate periodontal tissue regeneration, in miniature
pigs (8,9). In addition, bone marrow MSCs (BMMSCs)
are also capable of differentiating into numerous kinds
of cell type including osteocytes. They also possess
immunomodulatory properties in terms of interplay with
multiple subsets of immune cells, by secreting a number
of soluble factors, or by direct cell–cell contact to
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regulate crucial biological functions. Based on these
properties, BMMSCs may serve as an alternative cell
source for periodontal regeneration (10–12). Thus,
MSC-based therapies may offer a promising approach to
periodontal regeneration.

Better understanding of effects of recipient peri-
odontal microenvironment, on MSC functions, may
help clinical use of MSCs to regenerate periodontal tis-
sue. Potential influence of oral bacterial toxins on
MSC-mediated periodontal regeneration has up to now,
largely been unknown. Porphyromonas gingivalis lipo-
polysaccharides (Pg-LPS) have been reported as a key
factor in development of periodontitis (13). Recent
study has shown that it could be a negative regulator,
for such as stimulation of secretion of inflammatory
cytokines and inhibition of PDLSC osteogenic differen-
tiation (14). Specifically, Pg-LPS at 1 and 10 lg/ml
promoteds proliferation and inhibits osteogenic differen-
tiation of PDLSCs as well as induces production of IL-
1b, IL-6 and IL-8. However, whether Pg-LPS could
affect immunomodulatory properties of MSCs has, up
to now, remained unknown. In this work, we show that
Pg-LPS regulated MSC proliferation, osteogenic differ-
entiation and immunomodulation in a dose-dependent
manner.

Materials and methods

Animals

Female Sprague–Dawley (SD) rats and immunocompro-
mised nude mice (Vital River, Beijing, China) were
housed in a specific pathogen-free animal facility under
controlled temperature (25 °C) and photoperiod (12:12-h
light–dark cycle). They were and allowed free access to
standard diet and water. Animals were acclimatised to
these conditions for 7 days before inclusion in the inves-
tigation. All animal experiments were performed in
accordance with protocols approved by the Animal Care
and Use Committee of Capital Medical University
School of Stomatology, Beijing, China.

Antibodies and chemicals

Unconjugated antibody to iNOS was purchased from
Cell Signaling Technology (Danvers, MA, USA).
Unconjugated antibodies to ALP and Runx2 were
purchased from Abcam (Cambridge, MA, USA). Anti-
rat-CD3e, anti-rat-CD28 and anti-rat-APC-CD3 antibod-
ies were bought from Biolegends (San Diego, CA,
USA) and ultrapure lipopolysaccharides from Porphyro-
monas gingivalis (LPS) were obtained from InvivoGen
(San Diego, CA, USA). Anti-b-actin antibody,

NG-monomethyl-L-arginine (L-NMMA), dexamethasone,
L-ascorbic acid, b-Glycerophosphate were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Assessment kits

Cell Counting Kit-8 (CCK-8) was purchased from Doj-
indo Molecular Technologies (Gaithersburg, MD, USA)
and annexin V-PI Apoptosis Detection kit was pur-
chased from BD Bioscience (Franklin Lakes, NJ, USA).
Total nitric oxide (NO) and Nitrate/Nitrite Parameter
Assay Kit was bought from R&D Systems (Minneapo-
lis, MN, USA) and PGE2 EIA kits were obtained from
Enzo Life Sciences (Farmingdale, NY, USA). Rat IL-10
and TGF-b1 ELISA kits were purchased from Dakewei
Biotech (Shenzhen, China).

Isolation and culture of rat BMMSCs

Bone marrow MSCs were isolated from 4-week-old SD
rats as previously described (12). In brief, rat bone mar-
row cells were flushed from cavities of femurs and tib-
ias, with 2% heat-inactivated foetal bovine serum (FBS;
Equitech-Bio, Kerrville, TX, USA) in PBS. Single-cell
suspensions of all nucleate cells were obtained by
passing all bone marrow cells through a 70 m cell strai-
ner (BD Bioscience). 10–15 million cells were seeded
on to 10 cm culture dishes (Corning, Corning, NY,
USA) and initially incubated for 48 h with alpha mini-
mum essential medium (a-MEM; Invitrogen, Carlsbad,
CA, USA) supplemented with 10% heat-inactivated
FBS, 2 mM L-glutamine (Invitrogen), 100 U/ml penicil-
lin and 100 lg/ml streptomycin (Invitrogen) at 37 °C
and 5% CO2, in a humidified environment. Medium
was changed every 2–3 days. Cells were passaged
when they became 70–80% confluent and were used at
passage 3–5. To confirm MSC character, flow cytomet-
ric analysis was used to prove that they were positive
for CD90 and STRO-1, and did not express CD31 or
CD34 (data not shown).

Cell survival assay

Cell proliferation rate was assayed by using CCK-8 kit
or trypan blue exclusion assay. For CCK-8 assay,
BMMSCs were seeded in 96-well culture plates (Corn-
ing), 2 9 103 cells/well. After 12-h culture for cell
adherence, medium was exchanged for serum-free med-
ium, for 24 h, to synchronize cell cycles. Then, serum-
supplemented medium was replaced with complete
medium containing Pg-LPS, and cells were incubated
for 12, 24, 48 or 72 h. Numbers of viable cells at each
time point were determined by measuring OD value at
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450 nm in six wells per group, using an ELISA Reader
(Promega, Madison, WI, USA) following the manufac-
turer’s instructions. OD value in culture medium without
cells was set up as blank control, and we subtracted
average absorbance of blank control wells from that of
the other wells.

For trypan blue exclusion assay, BMMSCs were
seeded in six-well culture plates (Corning), 1 9 105

cells/well. After 12-h culture for cell adherence, medium
was exchanged for serum-free medium for 24 h, to syn-
chronize cell cycles. Then, serum-supplemented medium
was replaced with complete medium containing Pg-LPS
(0, 0.1, 1 and 10 lg/ml) and cells were incubated for
12, 24, 48, 72 and 168 h. Numbers of viable cells were
counted using a Cell Counter (Bio-Rad, Hercules, CA,
USA).

Osteogenic differentiation assay

The BMMSCs were cultured in osteogenic culture
medium, a-MEM supplemented with 10% FBS, dexa-
methasone (10 nM), L-ascorbic acid (50 lM) and b-glyc-
erophosphate (10 mM). A range of doses of LPS (0, 0.1,
1 and 10 lg/ml) was added to osteogenic culture med-
ium every 3 days. After osteogenic induction for
2 weeks, cultures were stained with alizarin red, or total
protein was extracted from the cells to estimate expres-
sion of ALP and Runx2 by western blot analysis. Size
of calcified nodules and percentage of alizarin red-posi-
tive areas were analysed using NIH Image J software
(Bethesda, MD, USA). Five fields were selected and
red-positive areas in each field were calculated and
shown as percentage of total area. After 7 days osteo-
genic induction, mRNA expressions of Runx2 and ALP
were assayed by quantitative real-time PCR (qRT-PCR).

Quantitative real time PCR analysis

Total RNA was extracted using Trizol reagent (Sigma)
and was transcribed using the PrimeScript RT reagent kit
(Takara, Kyoto, Japan). cDNA amplification and detection
were performed using Bio-Rad iQ5 real-time PCR system
with SYBR Premix Ex Taq kit (Invitrogen). Primers used
in the experiments were as follows: GAPDH, 50-AGA-
CAGCCGCATCTTCTTGT-30 (forward) and 50-CTTGC
CGTGGGTAGAGTCAT-30 (reverse); ALP, 50-CCTTGA
AAAATGCCCTGAAA-30 (forward) and 50-CTTGGA-
GAGAGCCACAAAGG-30 (reverse); Runx2, 50-GAG-
CACAAACATGGCTGAGA-30 (forward) and 50-TGGA
GATGTTGCTCTGTTCG-30 (reverse). Relative gene
expression level was normalized to the internal control
(GAPDH) based on the 2�DDCt method.

BMMSC-mediated bone formation

Approximately, 4 9 106 BMMSCs pre-treated with a
range of concentrations of Pg-LPS (0, 0.1, 1 and 10 lg/
ml) for 12 h were mixed with 40 mg hydroxyapatite tri-
calcium phosphate (HA-TCP) ceramic particles (Bio-
medical Materials and Engineering Center of Wuhan
University of Technology, Wuhan, China). These were
subcutaneously implanted beneath dorsal skin of 8- to
10-week-old nude mice. Each mouse was implanted
with four different groups randomly. 8 weeks after
implantation, the results were harvested. Haematoxylin
and eosin (H&E) stained histological sections were anal-
ysed using NIH Image J software. Five fields were
selected, and newly formed areas of mineralized tissue
in each field were calculated and shown as percentage
of total tissue area.

Co-culture of BMMSCs and splenocytes

Rat splenocytes (SP) cells were activated with plate-
bound antibody to CD3e, at 2 lg/ml, and soluble
antibody to CD28, 2 lg/ml, in complete 1640 med-
ium (Invitrogen) supplemented with 10% FBS, for
48 h. BMMSCs at passage 3 were seeded in culture
plates and incubated overnight before being pre-trea-
ted with Pg-LPS for 12 h. Activated SP cells were
loaded on to the BMMSCs at 1:1 ratio, and then
were co-cultured for 48 h. Cells in suspension were
first stained with anti-rat-APC-CD3 (1:100), then pos-
itively stained cells were analysed using flow cytom-
etry (FACSCalibur; BD Bioscience), to examine
apoptosis of activated T cells. BMMSCs were analy-
sed using western blotting, to assay expression of
iNOS. Subsequently, cells in suspension and in cul-
ture supernatant were collected. Supernatant was col-
lected to analyse levels of soluble factors, following
the manufacturer’s instructions.

Transwell cultures

Transwell chambers, membrane pore size 0.4 lm (Co-
star, Cambridge, MA, USA) were used to physically
separate SP cells from BMMSCs. SP cells were seeded
in the upper chamber, while BMMSCs were placed in
the bottom chamber.

Detection of nitric oxide

Levels of NO were evaluated by assay for nitrates using
modified Griess reagents following the manufacturer’s
instructions.
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Flow cytometric analysis

To detect ratio of apoptotic T cells, floating cells were
stained with anti-rat CD3-APC antibodies for 30 min,
then were resuspended in 100 ll binding buffer with
5 ll annexin V-FITC and 5 ll propidium iodide solu-
tion, and incubated for 15 min in the dark. Cell prepara-
tions were immediately analysed using flow cytometry.
These experiments were performed at 4 °C in the dark.

Inhibition of NO production

To inhibit the production of NO, a selective inhibitor of
inducible NO synthase (iNOS) activity, L-NMMA was
added at 100 mM 6 h before pre-treating BMMSCs with
Pg-LPS (0.1 lg/ml).

Western blot analysis

Total protein was extracted using M-PER mammalian
protein extraction reagent (Thermo, Waltham, MA, USA).
30 lg were separated on 10% polyacrylamide-SDS gels
(Applygen, Beijing, China) and transferred to Immobi-
lonTM-P membranes. After blocking with TBS/5% non-fat
dry milk for 1 h, the membrane was incubated with anti-
bodies against ALP (1:1000), Runx2 (1:400), iNOS
(1:200) and b-actin (1:400), overnight at 4 °C. This was
followed by incubation with HRP-conjugated secondary
antibodies (1:1000) (Pierce, Malibu, CA, USA) for 1 h at
room temperature. Antibody binding was visualized using
an enhanced chemiluminescence kit according to the
manufacturer’s protocols (Pierce).

Statistical analysis

Statistical analysis was carried out using SPSS 13.0 soft-
ware (Chicago, IL, USA). Results were expressed as
mean � SD. Statistical significance of (*) P < 0.05 was
determined using independent two-tailed Student’s t-test,
or analysis of a one-way variance (ANOVA).

Results

0.1 lg/ml Pg-LPS improved and 10 lg/ml Pg-LPS
reduced survival of BMMSCs

To determine effects of Pg-LPS on survival of
BMMSCs, a range of doses of Pg-LPS (0.1–10 lg/ml)
was used to treat the cells. Both CCK-8 assay (Fig. 1a)
and trypan blue exclusion assay (Fig. 1b) were used to
evaluate cell proliferation. Ratio of apoptosis was shown
by percentage of the annexin V-positive population, in
flow cytometry (Fig. 1c). Pg-LPS had no effect on

BMMSC proliferation at 12 h following Pg-LPS treat-
ment (Fig. 1a,b). Pg-LPS at 0.1 lg/ml significantly pro-
moted proliferation of BMMSCs both in 24 h and in
48 h following Pg-LPS treatment (P < 0.05) (Fig. 1a,b).
Pg-LPS at 0.1 lg/ml increased the cells proliferation,
while Pg-LPS at 10 lg/ml reduced it (P < 0.05)
(Fig. 1a,b) and induced apoptosis (P < 0.05) (Fig. 1c)
72 h following Pg-LPS treatment. Thus, Pg-LPS at con-
centrations as low as 0.1 lg/ml enhanced cell prolifera-
tion, while Pg-LPS at 10 lg/ml inhibited it as well as
induced BMMSC apoptosis.

0.1 lg/ml Pg-LPS promoted and 10 lg/ml Pg-LPS
inhibited osteogenic differentiation of BMMSCs

Next, we investigated possible influence of Pg-LPS on
osteogenic differentiation of BMMSCs. We found that
0.1 lg/ml Pg-LPS promoted and 10 lg/ml Pg-LPS sup-
pressed calcium deposition of BMMSCs in vitro, by
using alizarin red staining (P < 0.05) (Fig. 2a,b). How-
ever, differences in alizarin red staining may solely have
been due to increased cell numbers following low
Pg-LPS (0.1 lg/ml) treatment and increased cell death
following high Pg-LPS (10 lg/ml) treatment (Fig. 1a,b).
To exclude effects of difference in cell survival on oste-
ogenic differentiation, we used qRT-PCR assay to ana-
lyse expression of osteogenic genes (ALP and Runx2);
this was based on the same amount of total RNA
(15,16). Notably, qRT-PCR showed that both ALP and
Runx2 were significantly promoted in BMMSCs follow-
ing Pg-LPS (0.1 lg/ml) treatment while they were
markedly inhibited following Pg-LPS (10 lg/ml) treat-
ment (P < 0.05) (Fig. 2c,d). Furthermore, western blot-
ting confirmed that Pg-LPS (0.1 lg/ml) up-regulated
expression of ALP and Runx2, while Pg-LPS (10 lg/
ml) down-regulated expression of ALP (Fig. 2e).

Furthermore, we explored the effects of different con-
centration of Pg-LPS (0.1–10 lg/ml) on osteogenic dif-
ferentiation of BMMSCs in vivo. First, we pre-treated the
cells with Pg-LPS for 12 h as we had already verified
that Pg-LPS had no effect on their proliferation at 12 h
following Pg-LPS treatment (Fig. 1a,b). Then [using an
established BMMSC implantation system containing
approximately 4 9 106 cells and carrier hydroxyapatite
tricalcium phosphate (HA-TCP) particles] we subcutane-
ously implanted cells and particles into the dorsal surface
of nude mice. We found that BMMSCs pre-treated with
Pg-LPS at 0.1 lg/ml for 12 h generated bone, and cells
with Pg-LPS at 10 lg/ml did not generate any
(P < 0.05) (Fig. 2f,g), compared to BMMSCs without
Pg-LPS pre-treatment. These data together illustrated that
Pg-LPS at 0.1 lg/ml improved and Pg-LPS at 10 lg/ml
impaired osteogenic differentiation.
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0.1 lg/ml Pg-LPS up-regulated and 10 lg/ml Pg-LPS
down-regulated immunomodulatory properties of
BMMSCs

Next, we investigated whether Pg-LPS treatment would
influence immunomodulatory properties of BMMSCs.
We found that Pg-LPS (0.1 lg/ml) pre-treatment for
12 h improved the stem cells ability to induce apoptosis
of activated T cells, while 10 lg/ml Pg-LPS inhibited
immunoregulatory properties of BMMSCs (P < 0.05)
(Fig. 3).

0.1 lg/ml Pg-LPS promoted immunomodulatory
properties of BMMSCs by production of NO

To explore the mechanisms of promoted immunoregula-
tory properties of BMMSCs induced by 0.1 lg/ml Pg-
LPS, we analysed expression levels of some soluble
molecules associated with immunomodulatory function
of BMMSCs, including NO, TGF-b1, IL-10 and PGE2,
in supernatants of Pg-LPS-pre-treated cells. We found
that Pg-LPS treatment did not influence production of
TGF-b1, IL-10 and PGE2 (data not shown). On the

other hand, 0.1 lg/ml Pg-LPS significantly increased
levels of NO in BMMSC culture supernatants
(P < 0.05) (Fig. 4a). We also found that expression of
iNOS was up-regulated with 0.1 lg/ml Pg-LPS treated
BMMSCs (Fig. 4b). Supporting this, presence of the
selective inhibitor of iNOS activity, NG-monomethyl-L-
arginine (L-NMMA) abolished the ability of Pg-LPS to
elevate immunomodulatory potential of BMMSCs
(P < 0.05) (Fig. 4c,d) as well as inhibit expression of
iNOS (Fig. 4e) and production of NO (P < 0.05)
(Fig. 4f).

To identify whether cell–cell contact was required for
Pg-LPS (0.1 lg/ml)-mediated promotion of the immuno-
modulatory properties of BMMSCs, a transwell culture
system was used to separate anti-CD3-activated SP from
BMMSCs. We found that transwell culture reversed Pg-
LPS-mediated elevation of BMMSC immunomodulatory
functions (P < 0.05) (Fig. 5a), as well as inhibited pro-
duction of NO (P < 0.05) (Fig. 5b) and expression of
iNOS (Fig. 5c). These above data suggest that Pg-LPS at
0.1 lg/ml promoted immunomodulatory properties of
BMMSCs through NO dependent cell–cell contact.

(a) (b)

(c)

Figure 1. Porphyromonas gingivalis lipopolysaccharides (Pg-LPS) at 0.1 lg/ml accelerated and Pg-LPS at 10 lg/ml inhibited survival of
bone marrow mesenchymal stem cells (BMMSCs). (a, b) BMMSCs were treated with different concentrations (0, 0.1, 1 and 10 lg/ml) of Pg-
LPS. At 12, 24, 48 or 72 h after Pg-LPS treatment, proliferation of BMMSCs was evaluated by Cell Counting Kit-8 (a) or by using the trypan blue
exclusion assay (b). (c) Apoptotic assay of BMMSCs was assessed by percentage of annexin V-positive cells, by flow cytometry, 72 h after Pg-
LPS treatment. n = 6 in (a), n = 5 in (b) and n = 4 in (c). Results are representative of three independent experiments and are expressed as
mean � SD; statistical significance is shown as (*) P < 0.05, compared to BMMSCs without Pg-LPS treatment. LPS, lipopolysaccharides from
Porphyromonas gingivalis.
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(a) (b) (c) (d)

(e) (f)

(g)

Figure 2. Porphyromonas gingivalis lipopolysaccharides (Pg-LPS) at 0.1 lg/ml promoted and Pg-LPS at 10 lg/ml inhibited osteogenic dif-
ferentiation of bone marrow mesenchymal stem cells (BMMSCs). (a) Alizarin red staining indicating extracellular calcium deposition of
BMMSCs after treatment with osteogenic media plus different concentrations (0, 0.1, 1 and 10 lg/ml) of Pg-LPS, for 2 weeks. (b) Quantitative
analysis of amounts of alizarin staining area as described in (a). (c, d) Relative mRNA levels of ALP (c) and Runx2 (d) in BMMSCs were mea-
sured by qRT-PCR after treatment with osteogenic media plus different concentrations (0, 0.1, 1 and 10 lg/ml) of Pg-LPS, for 7 days. (e) Western
blot analysis of groups indicated in (a). (f) H&E staining of tissue samples from nude mice 8 weeks after subcutaneous implantation with BMMSCs
pre-treated with different concentrations (0, 0.1, 1 and 10 lg/ml) of Pg-LPS for 12 h. Formation of bone (B) and connective tissue (CT) around
HA-TCP (HA) were indicated. Scale bar = 50 lm. (g) Quantitative analysis of amount of bone formation as described in (f). Results are representa-
tive of three independent experiments and are expressed as mean � SD, n = 3 in (a–d), n = 5 in (e); statistical significance is shown as
(*) P < 0.05, compared to BMMSCs without Pg-LPS treatment. LPS, lipopolysaccharides from Porphyromonas gingivalis.

Figure 3. Porphyromonas gingivalis lipopolysaccharides (Pg-LPS) at 0.1 lg/ml promoted and Pg-LPS at 10 lg/ml inhibited capacity of bone
marrow mesenchymal stem cells (BMMSCs) to inhibit activated T cells. BMMSCs pre-treated with different concentrations (0, 0.1, 1 and
10 lg/ml) of Pg-LPS for 12 h, were co-cultured with activated splenocytes (SP) cells at 1:1 ratio for 48 h; then apoptosis of T cells was assessed
by percentage annexin V-positive cells. Results are representative of three independent experiments expressed as mean � SD, n = 4; statistical sig-
nificance is shown as (*) P < 0.05, compared to BMMSCs without Pg-LPS treatment. LPS, lipopolysaccharides from Porphyromonas gingivalis.
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Discussion

By their multipotency, BMMSCs hold great promise for
clinical applications of achieving tissue regeneration.
Recent studies have shown that they contribute to forma-
tion of all periodontal tissues, including periodontal liga-
ment, cementum, and alveolar bone, thus might be an
alternative cell source to achieve periodontal regeneration
(10–12). However, precise mechanisms underlying these
effects had remained poorly understood, which limited
advanced application of BMMSCs for treating periodonti-
tis. As we know, Pg-LPS is one of the critical pathogenic
factors strongly involved in initiation and development of
periodontitis (13), to which BMMSCs are known to
respond (17). Meanwhile, concentrations of Pg-LPS on the
local periodontal microenvironment are always positively
related to severity of periodontitis (18), thus a better under-
standing of the effects of different concentrations of Pg-
LPS on biological properties of BMMSCs involved in
tissue regeneration is pivotal to their successful application.
Most previous studies have focused on negative impacts of

high concentration of Pg-LPS on properties of progenitor
cells (14,17), but no studies have reported effects of lower
concentration Pg-LPS on MSCs. Our preliminary investi-
gation showed that Pg-LPS concentration lower than
0.1 lg/ml had almost no effect on BMMSC proliferation
and apoptosis (data not shown); thus we selected 0.1 lg/ml
Pg-LPS to represent low concentration. Here, we report for
the first time that function of BMMSCs varied depending
on Pg-LPS concentration. Specifically, Pg-LPS stimulation
at concentrations as low as 0.1 lg/ml improved functions
of BMMSCs, including proliferation, osteogenic differenti-
ation and immunomodulatory properties. In contrast, high
LPS concentration (10 lg/ml) harmed their functions as
well as induced BMMSC apoptosis. These data together
indicate that recipient local concentration of Pg-LPS deter-
mines the outcome of BMMSC-mediated periodontal tissue
regeneration.

Capacities of BMMSCs to self-renew, undergo
extensive proliferation and differentiate into osteocytes,
contribute to their potential to achieve bone regeneration

(a) (b) (c)

(d) (e) (f)

Figure 4. Porphyromonas gingivalis lipopolysaccharides (Pg-LPS) at 0.1 lg/ml improved immunomodulatory properties of bone marrow
mesenchymal stem cells (BMMSCs) via promoting their nitric oxide (NO) production. (a) BMMSCs pre-treated with 0.1 lg/ml Pg-LPS for
12 h were co-cultured with activated splenocytes (SP) cells at 1:1 ratio for 48 h. Supernatants from the co-culture system were assayed for nitrates
using a modified Griess reagent. (b) Treated as described in (a), total protein of BMMSCs was collected and iNOS expression was assessed by wes-
tern blot analysis. (c–f) BMMSC pre-treated with 0.1 lg/ml LPS for 12 h co-cultured with activated splenocytes (SP) cells at 1:1 ratio for 48 h
with or without iNOS inhibitor, L-NMMA (100 lM), then assay for apoptosis of activated T cells (c, d), iNOS expression of BMMSCs (e) and
nitrate production (f) was performed. Results are representative of three independent experiments expressed as mean � SD, n = 4; statistical signifi-
cance is shown as (*) P < 0.05. LPS, lipopolysaccharides from Porphyromonas gingivalis.

© 2015 John Wiley & Sons Ltd Cell Proliferation, 48, 239–248

MSCs function differently by Pg-LPS 245



(19). In addition, their immunomodulatory properties
may also function importantly in BMMSCs-mediated
bone regeneration, as sites of tissue damage are always
accompanied by inadequate immune response. We have
recently shown that the local inflammatory microenvi-
ronment plays a key role in determining success of
BMMSC-based bone regeneration (20). Recipient proin-
flammatory T cells inhibit the ability of local implanted
BMMSCs to generate bone via interferon c and tumour
necrosis factor a signalling, to induce BMMSC apopto-
sis. Recent studies have shown that T cell-mediated
immunity is involved in regulation of host immune
response to subgingival pathogens, leading to local
inflammatory reactions in the progression of periodonti-
tis (21–23). For instance, proinflammatory cytokines,
including IL-17, osteoclastogenic factor of activated T
cells (SOFAT), produced by activated T cells promotes
inflammatory responses and stimulates activity of osteo-
clasts in development of periodontitis (23). Periodontitis
is caused by inadequate host inflammatory immune
response to bacteria from oral microbial biofilms (2), so
periodontal regeneration-related characteristics of
BMMSCs, specially immunomodulatory properties, are
very important to periodontal regeneration. In this study,
we found that low Pg-LPS stimulation (0.1 lg/ml) pro-
moted BMMSC immunomodulatory properties to induce
apoptosis of activated T cells, which in turn protects
local or implanted BMMSCs from recipient inflamma-
tory response. This thus reduces BMMSC apoptosis and
contributes to bone regeneration. Supporting this, our
previous studies revealed that systemic infusion of
CD4+ CD25+ Foxp3+ Tregs was able to inhibit activated
T cells to induce immune tolerance, which, in turn, pro-
moted cell-based bone formation in vivo (20). Mean-
while, our latest investigation showed that systemic
infusion of BMMSCs promoted cell-based bone forma-
tion in critical-sized calvarial defects, in a murine model,
via immunoregulatory capacity of BMMSCs (24). On

the other hand, our results showed that the capacity of
BMMSCs to induce apoptosis of activated T cells was
impaired under high Pg-LPS treatment (10 lg/ml),
which might in turn result in apoptosis of BMMSCs and
inhibited bone regeneration.

Previous studies have shown that BMMSCs have
immunoregulatory properties as a result of secreting sol-
uble molecules including NO, TGF-b1, IL-10 and PGE2

(25–28). In the present study, we confirmed that secre-
tion level of NO was critical in Pg-LPS-associated
BMMSC immunomodulation. 0.1 lg/ml Pg-LPS pro-
moted immunomodulatory properties of BMMSCs via
NO. We also found that BMMSC-activated T cell contact
was required for Pg-LPS-mediated promotion of immu-
nomodulatory properties of BMMSCs. Recent studies
have revealed that systemic administration of BMMSCs
results in recruitment of T cells to initiate T cells apopto-
sis, and apoptotic T cells trigger macrophages to produce
high levels of transforming growth factor-b (TGF-b),
leading, in turn, to up-regulation of regulatory T cells
(Tregs) and, subsequently, immune tolerance (29). Our
findings suggest that implanted BMMSCs stimulated by
low Pg-LPS concentration regulate the local immune
microenviroment by producing NO and are beneficial for
periodontal regeneration. However, these data could also
indicate a need for increased local concentration of NO
(which has a short half-life), or poor diffusion character-
istics, thus further experiments need to be performed in
the future.

Recent studies have revealed that 10 lg/ml LPS
reduced osteogenic differentiation of human PDLSCs but
not BMMSCs, this is in contrast to our findings (30). This
diversity may be attributed to differences in kinds of LPS
and species investigated. Specifically, the source of LPS
in our study was extraction from P. gingivalis, while in
the previous study, they were from Escherichia coli. In
addition, BMMSCs in our experiments were isolated from
rats, while others were from humans. Thus, further

(a) (b) (c)

Figure 5. Cell–cell contact was required for improved immunomodulatory properties of bone marrow mesenchymal stem cells (BMMSCs)
by Porphyromonas gingivalis lipopolysaccharide (Pg-LPS) pre-treatment. BMMSCs pre-treated with Pg-LPS (0.1 lg/ml) for 12 h were cultured
with activated splenocytes (SP) cells at 1:1 ratio for 48 h with or without transwells, then assayed for apoptosis of activated T cells (a), nitrate pro-
duction (b) and iNOS expression of BMMSCs (c). Results are representative of three independent experiments expressed as mean � SD, n = 4;
statistical significance is shown as (*) P < 0.05. LPS, lipopolysaccharides from Porphyromonas gingivalis.
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comparison needs to be performed. As proliferation,
apoptosis, differentiation and immunoregulatory proper-
ties of BMMSCs were all influenced by Pg-LPS stimula-
tion here, the exact property that plays a critical role in
periodontal regeneration needs to be further investigated.
In addition, further explorations need to be performed to
verify effects and mechanisms of periodontal microenvi-
ronment on therapeutic effects of BMMSCs in vivo.

In conclusion, we have demonstrated that BMMSCs
had different responses to various local concentrations
of Pg-LPS; this seemed to determine the outcome of
BMMSC-mediated periodontal tissue regeneration. In
addition, we showed that low LPS concentration stimu-
lation promoted immunomodulatory properties of
BMMSCs via NO. Thus, according to our results, we
hypothesize that BMMSCs could be used as biological
grafting in treating slight periodontitis. On the other
hand, effective measures should be taken before applica-
tion of BMMSCs to treat severe periodontitis such as
improving the local inflammatory environment or taking
action to promoting functions of BMMSCs.
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