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Abstract
Osteoclasts (OCs) differentiate from the monocyte/macrophage lineage, criti-
cally regulate bone resorption and remodelling in both homeostasis and pathology. 
Various immune and non-immune cells help initiating activation of myeloid cells for 
differentiation, whereas hyper-activation leads to pathogenesis, and mechanisms are 
yet to be completely understood. Herein, we show the efficacy of dental pulp–de-
rived stem cells (DPSCs) in limiting RAW 264.7 cell differentiation and underlying 
molecular mechanism, which has the potential for future therapeutic application in 
bone-related disorders. We found that DPSCs inhibit induced OC differentiation of 
RAW 264.7 cells when co-cultured in a contact-free system. DPSCs reduced expres-
sion of key OC markers, such as NFATc1, cathepsin K, TRAP, RANK and MMP-9 as-
sessed by quantitative RT-PCR, Western blotting and immunofluorescence detection 
methods. Furthermore, quantitative RT-PCR analysis revealed that DPSCs mediated 
M2 polarization of RAW 264.7 cells. To define molecular mechanisms, we found that 
osteoprotegerin (OPG), an OC inhibitory factor, was up-regulated in RAW 264.7 cells 
in the presence of DPSCs. Moreover, DPSCs also constitutively secrete OPG that 
contributed in limiting OC differentiation. Finally, the addition of recombinant OPG 
inhibited OC differentiation in a dose-dependent manner by reducing the expres-
sion of OC differentiation markers, NFATc1, cathepsin K, TRAP, RANK and MMP9 in 
RAW 264.7 cells. RNAKL and M-CSF phosphorylate AKT and activate PI3K-AKT sig-
nalling pathway during osteoclast differentiation. We further confirmed that OPG-
mediated inhibition of the downstream activation of PI3K-AKT signalling pathway 
was similar to the DPSC co-culture–mediated inhibition of OC differentiation. This 
study provides novel evidence of DPSC-mediated inhibition of osteoclastogenesis 
mechanisms.
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1  | INTRODUC TION

Osteoclasts (OCs) are multinucleated cells, differentiated from the 
monocyte/macrophage lineages under the influence of pathologi-
cal stimulations, such as soluble receptor activator for NF-κB ligand 
(RANKL), that contribute to the bone resorption and remodelling. 
Bone remodelling is primarily regulated by interactions between 
bone-forming cells, osteoblast (OB) and bone-resorbing cells, and 
OCs.1 A precise and orchestrated molecular communication among 
OBs, OCs, bone cells and other bone marrow cells is necessary in 
regulating bone formation and resorption.2 OBs, stromal cells and 
T cells express receptor activator for NF-κB ligand (RANKL) and se-
crete macrophage colony-stimulating factor (M-CSF). The binding of 
RANKL and M-CSF to RANK and M-CSF receptor, respectively, in-
duces osteoclastogenesis.3 The main switch for osteoclast-mediated 
bone resorption is the RANKL, a cytokine that is released by activated 
OBs. Its action on the RANK receptor is regulated by osteoprotegerin, 
a decoy receptor that is also derived from OBs.2 RANK is highly ex-
pressed on the surface of osteoclast progenitors and mature OCs, 
which translate osteoclastogenesis signals by binding to RANKL.4,5 In 
pathological conditions, these essential signals for OC differentiation 
initiate from myeloid cells, specifically, inflammatory monocytes, mac-
rophages and dendritic cells.6,7 In normal condition, OCs are essential 
for skeletal morphogenesis and restructuring. However, OC-mediated 
excessive resorption of bone is evident during various pathological 
conditions, such as arthritis, osteoporosis and Paget's bone disease.2,8

Inflammation is a cellular defence mechanism against foreign 
molecules that plays a critical role in maintaining cellular response. 
However, sustained inflammatory responses result in the develop-
ment of pathological condition such as rheumatoid arthritis (RA) that 
is often associated with bone and cartilage destruction. The pres-
ence of pro-inflammatory cells and cytokines in the synovium initi-
ates the inflammatory process, and leads to the damage of cartilage 
and bone, resulting in deformity of the joints and compromised qual-
ity of life. The progressive nature of bone destruction is specifically 
involved in activating OCs by interaction with synovial fibroblasts 
and immune cells.9,10 Differentially activated macrophages play a 
key role in the pathophysiology of various types of cytoskeletal and 
other inflammation-related diseases.11 During initiation of inflam-
mation, macrophages are activated and termed as pro-inflamma-
tory M1 phenotype, which promote osteoclast differentiation and 
accelerate tissue damage by releasing high levels of pro-inflamma-
tory cytokines, such as TNF-α.9 In contrast, the anti-inflammatory 
macrophages are called as M2 phenotype, which counteract pro-in-
flammatory conditions by secreting anti-inflammatory cytokines, 
and scavenging cellular debris. The M2 macrophage can be induced 
by the cytokine interleukin-4 (IL-4).12,13 In general, M1 and M2 
myeloid cells are involved in initiating and resolving inflammation, 

respectively.14 Therefore, cell therapeutic strategy that modulates 
macrophage polarity may provide significant advantage by influenc-
ing uncontrolled osteoclast differentiation in diseases such as oste-
oporosis and RA.

Osteoprotegerin (OPG) is a secretory glycoprotein of the TNF 
receptors superfamily and is essential for osteoblast differentiation. 
OPG is produced in various tissues, such as bone, skin, liver, lung and 
stomach. OPG was initially found in human embryonic fibroblasts 
and was termed as osteoclastogenesis inhibitory factor (OCIF) be-
cause of its role in inhibition of osteoclast differentiation.15 Bone-
forming ability of OPG has recently demonstrated in ovariectomized 
mice where the treatment of OPG resulted in increased bone min-
eral density and bone volume with simultaneous reduction in active 
OCs.16 OBs negatively regulate OC differentiation and function 
by producing OPG. It was shown that OPG inhibits the OC differ-
entiation and acts as a decoy receptor by sequestering RANKL.17 
RANK-mediated signalling pathways are also involved in TNF recep-
tor–associated factors (TRAFs) and lead to the activation of nuclear 
factor кB (NF-кB), c-Jun N-terminal kinase (JNK), P38, Src and AKT 
pathways.18 The activation of these signalling molecules is evident in 
osteoclast differentiation and bone resorption.

Dental pulp–derived stem cells (DPSCs) are mesenchymal in na-
ture, retain self-renewal and mutipotential capacity, and have potential 
for tissue regeneration.19,20 These cells have been shown to maintain 
their 'stemness' without changes in either morphology or expression 
of stem cell markers over long period of time in culture.21 This multi-
potency, especially the ability to differentiate towards the osteogenic 
lineages, is attractive for the development of cell-based therapeutics 
for bone and cartilage in various pathological disorders, including RA, 
osteoarthritis and osteoporosis.22,23 In addition, DPSCs also have 
been shown to possess immunosuppressive effects,24 suggesting the 
potential use of human DPSCs for inflammatory and autoimmune dis-
eases. Furthermore, DPSCs secrete a variety of growth factors and 
cytokines that employ paracrine activities on various cells for their 
functionality and differentiation.25,26 In addition, DPSC shares most 
of the characteristics with the human mesenchymal stem/progenitor 
cells (MSC). MSCs isolated from human bone marrow, adipose tissues, 
placenta, umbilical cord and other tissues are currently being admin-
istered to large numbers of patients as an autologous and allogeneic 
stem cell therapy. Over 1000 clinical trials with MSC have been reg-
istered,27 and several have reached phase II or phase III stage of de-
velopment 28 with minimal side effects. Human MSCs were shown to 
have positive effects in experimental disease models in mice without 
immune rejections.29-32

Current investigation focuses on elucidating underlying mecha-
nisms by which DPSCs exert its inhibitory effects on RAW 264.7 cell 
differentiation into OCs, which are responsible for bone resorption 
in various disorders of bones and cartilages.
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2  | MATERIAL S AND METHODS

2.1 | Reagents and antibodies

Monocytic/macrophage cell line (RAW 264.7) was obtained 
from American Type Culture Collection (ATCC® TIB-71). Soluble 
(s) RANKL (315-11-100 UG) and M-CSF (315-02-100 UG) were 
obtained from PeproTech Incorporation. The tartrate-resistant 
acid phosphatase (TRAP) assay kit (387A-1KT) was obtained from 
Sigma-Aldrich Corporation. DAPI (D1306) was purchased from 
Invitrogen Corporation. Antibodies for NFAT2/NFATc1 (8032) and 
GAPDH (2118S) were purchased from Cell Signaling Technology. 
Antibody for osteoprotegerin (sc-390518) was purchased from 
Santa Cruz Biotechnology. The cathepsin K (ab188604), TRAP 
(ab185716) and MMP9 (ab38898) antibodies were purchased 
from Abcam.

2.2 | Cell culture

Human dental pulp-derived stem cells (DPSC) were isolated from 
discarded third molar teeth, which were obtained after surgical ex-
traction from a healthy adolescent donor in clinic with prior approval 
from the Institutional Review Board (IRB), TTUHSC, Amarillo, and 
consent from donors and parents as applicable. Teeth were thor-
oughly washed (at least 3 times) with phosphate-buffered saline 
(PBS) containing 100 U/mL of penicillin, 100 μg/mL streptomycin 
and 2.5 μg/mL of amphotericin B (antibiotic-antimycotic solution, 
15240062; Gibco, Thermo Fisher, Waltham, MA, USA). Teeth were 
cut open to harvest the pulp, which was then minced into approxi-
mately 1-mm cubes and plated onto 60-mm cell culture plates and 
cultured with alpha (α) modified Eagle medium (MEM, Gibco) sup-
plemented with 20% FBS (HyClone, Thermo Fisher Scientific, USA), 
2 mmol/L glutamate (Gibco) and 100 U/mL of penicillin, 100 μg/
mL streptomycin and 2.5 μg/mL of amphotericin B (all from Gibco). 
Fresh medium was added every third day of culture after remov-
ing the old medium. Cells that migrated from the pulp tissues and 
became confluent were collected by dissociation by scraping or 
non-enzymatic dissociation buffer (Cellgro, 25056Cl), and were re-
cultured as passage 1. Cell viability was determined using the Trypan 
blue exclusion method. Experiments were performed using cells 
between 3 and 10 passages. RAW 264.7 cells were cultured and 
grown in DMEM containing 10% heat-inactivated FBS and antibiot-
ics (100 U/mL of penicillin and 100 μg/mL streptomycin) at 37°C in 
a 5% CO2 atmosphere according to the standard protocol and used 
for various experiments.

2.3 | Primary monocyte isolation

Thirty mL of fresh human (adult) peripheral blood was collected from 
each donor through venipuncture with the help of staff members 

from the Coffee Memorial Blood Institute, Amarillo, TX, with ap-
propriate consent from the donor and with the approved IRB from 
the Texas Tech University Health Sciences Center. Peripheral blood 
mononuclear cells (PBMCs) were collected by using Ficoll-Paque 
gradient centrifugation. PBMCs (5 × 106) were plated on sterile cov-
erslip placed on a well of a 6-well cell culture plate and incubated for 
2 hours at 37°C within the tissue culture incubator. Non-adherent 
cells were removed by gentle washing with the cell culture medium 
(DMEM). Adherent cells were then subjected to the osteoclast dif-
ferentiation and staining as described below.

2.4 | Osteoclast differentiation

RAW 264.7 cells were cultured at a density of 2 × 105 cells/well in 
6-well plates in DMEM containing 10% FBS and antibiotics (100 U/mL 
of penicillin and 100 μg/mL streptomycin) in the presence of 50 ng/
mL recombinant mouse sRANKL and 20 ng/mL recombinant mouse 
macrophage colony-stimulating factor (M-CSF/CSF1).33 M-CSF and 
sRANKL were replenished along with medium once every two days 
for 6 days. Cultures were maintained at 37°C in a humidified 5% CO2 
atmosphere. On day 6, culture medium was collected for the ELISA, 
and cells were either harvested for total RNA or protein extraction 
for qPCR and Western blot (WB) assays, respectively, or fixed for 
TRAP and immunofluorescence staining.

2.5 | Osteoclast differentiation in the 
presence of OPG

Recombinant mouse OPG (TNFRSF11B-Fc) was purchased from 
BioLegend (552602, CA, USA). Various concentrations of recom-
binant OPG (5, 25, 50 and 100 ng/mL) were added to the M-CSF- 
and sRANKL-containing DMEM to evaluate the effects of OPG on 
osteoclast differentiation. The above-mentioned concentrations 
of OPG were added while changing the M-CSF- and sRANKL-con-
taining DMEM to the respective wells. On day 6, cells were either 
harvested for protein extraction for WB assays or fixed for TRAP 
staining.

2.6 | Osteoclast differentiation in the presence of 
PI3K inhibitor

PI3K inhibitor (LY294002) was purchased from Cayman Chemical 
(MI, USA). Various concentrations of LY294002 (1.5, 7.5 and 
15 µmol/L) and 0.01% DMSO (vehicle control) were added to the os-
teoclast differentiation medium containing M-CSF and sRANKL dur-
ing the process of osteoclast differentiation. The above-mentioned 
concentrations of LY294002 and 0.01% DMSO were added while 
changing the osteoclast differentiation medium to the respective 
wells. On day 6, cells were fixed for TRAP staining.
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2.7 | Contact-free co-culture assays

A co-culture assay with RAW 264.7 and DPSCs was performed to 
evaluate the effects of DPSCs on osteoclast differentiation and mac-
rophage polarization. RAW 264.7 cells (2.5 × 105) in 10% DMEM 
were seeded in the lower wells and human DPSCs (2.5 × 104 or 
2.5 × 103) in the upper chamber of 6-well Transwell plates (Corning) 
with 0.4 µm diameter of pore size. After 16-18 hours of seeding, 
upper chambers were placed on the respective co-culture wells and 
simultaneously adding 20 ng/mL M-CSF and 50 ng/mL sRANKL-con-
taining medium to the respective wells. Anti-human OPG monoclo-
nal antibody (0.1, 1 and 2 µg/mL) or isotype control IgG1 (sc390518, 
from Santa Cruz Biotech, and 5415 from Cell Signaling) was added 
to the respective wells along with osteoclast differentiating medium. 
On day 6, culture medium was collected for the ELISA, and cells were 
either harvested for RNA or protein extraction for qPCR and WB 
assays, respectively, or fixed for TRAP and immunofluorescence 
staining. For macrophage polarization experiments, RAW 264.7 cells 
(2.5 × 105) in 10% DMEM were seeded in the lower wells and human 
DPSCs (2.5 × 104) were seeded in the upper chamber of a 6-well 
Transwell plates (Corning) with 0.4 µm diameter of pore size (ie a co-
culture of 10:1 ratio of RAW 264.7:DPSC). Total RNA was isolated 
after 4, 24 and 48 hours of culture.

2.8 | RNA extraction and real-time PCR analysis

Total RNA was isolated from RAW 264.7 cell cultured alone, or in 
the presence 20 ng/mL M-CSF and 50 ng/mL sRANKL-containing 
DMEM, or from DPSC co-culture for 6 days with RAW 264.7 cell 
in a Transwell system, or co-cultured with DPSC in 10% DMEM at 
4, 24 and 48 hours of culture, or human DPSCs cultured in 10% 
and 1% FBS-containing DMEM for 48 and 72 hours, using TRIzol 
reagent (Invitrogen Corporation, 15596026). One microgram of 
RNA was used for the synthesis of cDNA using High-Capacity 
RNA-to-cDNA Kit according to the manufacturer's protocols 
(4387406; Applied Biosystems, Thermo Fisher Scientific). Real-
time PCR amplification reactions were performed using the SYBR 
Green PCR Kit (Applied Biosystems, 4309155). The relative ex-
pression of each target gene was quantified by calculating Ct 
(threshold cycle) values and normalized by β-actin levels. Each 
sample was analysed in triplicate.34,35 Human primer was de-
noted as (h). We used the following primer sets purchased from 
Sigma-Aldrich Corporation and Integrated DNA Technologies: 
β-actin—5′-GGCACCACACCTTCTACAATG-3′ (forward) and 
5′-GGGTGTTGAAGGTCTCAAAC-3′ (reverse); Ctsk—5′-ATGTGAAC
CATGCAGTGTTGGTGG-3′ (forward)’ and 5′-ATGCCGCAGGCG
TTGTTCTTATTC-3′ (reverse); Nfatc1—5′-AGATGGTGCTGTCTGGCC
ATAACT-3′ (forward) and 5′-TGCGGAAAGGTGGTATCTCAACAA-3′ 
(reverse); Trap—5′-GCCTTGTCAAGAACTTGCGACCAT-3′ (forward) 
and 5′-TTCGTTGATGTCGCACAGAGGGAT-3′ (reverse); Rank—
5′-TAGGACGTCAGGCCAAAGGACAAA-3′ (forward) and 5′-AGGGC
CTACTGCCTAAGTGTGTTT-3′ (reverse); Mmp9—5′-TGAACAA

GGTGGACCATGAGGTGA-3′ (forward) and 5′-TAGAGACTTGC
ACTGCACGGTTGA-3′ (reverse); Tnf-α—5′-ATTCACTGGAGCC
TCGAA-3′ (forward) and 5′-TGCACCTCAGGGAAGAATCTGGAA-3′ 
(reverse); IL-4Rα—5′-CAAGCTCTGACCTCTGGATTA-3′ (forward) and 
5′-AATGATGGGAGCGGGTATAAG-3′ (reverse); Arginase 1—5′-CCA
GGGACTGACTACCTTAAAC-3′ (forward) and 5′-GAAGGCGTTT
GCTTAGTTCTG-3′ (reverse); Ym1—5′-GCTAAGGACAGGCCAA
TAGAA-3′ (forward) and 5′-GCATTCCAGCAAAGGCATAG-3′ (re-
verse); OPG 5′-GCCGAGAGTGTAGAGAGGATAA-3′ (forward) and 
5′-CTTCACCATTTCCTGGTCTCTG-3′ (reverse); h OPG—5′-CATT
CTTCAGGTTTGCTGTTCC-3′ (forward) and 5′-CTCTCTACACTC
TCTGCGTTTAC-3′ (reverse); and h GAPDH 5′-CCCTTCATTG
ACCTCAACTACA-3′ (forward) and 5′-ATGACAAGCTTCCCGTT
CTC-3′ (reverse).

2.9 | TRAP staining

Differentiated OCs were determined by tartrate-resistant acid 
phosphatase (TRAP) Assay Kit (387A-1KT, Sigma-Aldrich) following 
the manufacturer's protocol. Briefly, RAW 264.7 cells were cultured 
on the coverslips in a 6-well plate for differentiation into OCs in the 
presence or absence of DPSC, or OPG or LY294002. On day 6 of 
the culture, coverslip was removed from plate and cells were fixed 
with 4% paraformaldehyde in PBS for 20 minutes at room tempera-
ture and then washed with PBS. Next, the mixture of solution was 
prepared by using sodium nitrite, Fast Garnet GBC Base solution, ac-
etate solution, naphthol AS-BI phosphate solution, tartrate solution 
and deionized water (pre-warmed to 37°C) according to the manu-
facturer's protocol. This solution was added to each of the coverslips 
and incubated for 1 hour at 37°C in water bath protected from light. 
Finally, the coverslips were rinsed with deionized water thoroughly, 
mounted on a glass slide and examined under a light microscope 
(Olympus Corporation of the Americas, Waltham, MA, ix81). TRAP-
positive cells (purple) containing at least three nuclei were counted 
as an osteoclast cell.

2.10 | Western blot analysis

Western blot (WB) was performed to determine the levels of NFATc1, 
MMP9, cathepsin K, OPG, pAKT (Ser 473) and AKT keeping GAPDH 
as an internal control in RAW 264.7 cells during the course of differen-
tiation in the presence or absence of various concentration of DPSCs 
or OPG. The cells were lysed in 100 μL pre-cooled RIPA lysis buffer 
(Millipore, Sigma-Aldrich Corporation, 20-188) for 30 minutes on ice 
and centrifuged at 12 000 g for 10 minutes. The supernatant was col-
lected, and protein concentrations were estimated with Bradford's 
reagent (Bio-Rad Incorporation, 5000006) using bovine serum al-
bumin (BSA) (Sigma-Aldrich Corporation, A7906-10G) as a standard. 
Equal amounts of protein (40 μg) were separated by SDS-PAGE gels 
electrophoretically and transferred to polyvinylidene difluoride mem-
brane (Bio-Rad Incorporation, 1620115). After blocking with 5% BSA 
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for 1 hour at room temperature, the membranes were probed with 
primary antibodies for 12-16 hour at 4°C. Then, membranes were 
incubated with appropriate HRP (horseradish peroxidase)-labelled 
secondary antibodies (Cell Signaling Technology, 7074, and 7076) for 
2 hour at room temperature. Immunoreactive protein bands were visu-
alized by enhanced chemiluminescence (ECL, Amersham Pharmacia 
Biotechnology, RPN2232), and the band detections were kept within 
the linear range.

2.11 | Immunofluorescence staining

To determine the protein expressions after osteoclast differentiation 
in the presence or absence of DPSCs, immunofluorescence analysis 
was performed for NFATc1, MMP9, cathepsin K and TRAP proteins. 
In brief, RAW 264.7 cells were grown on sterile coverslips inserted 
into a 6-well plate. After 18 hour of culture, cells were induced to 
osteoclast differentiation with M-CSF and sRANKL in the presence 
or absence of DPSC in a Transwell culture system. After 6 days of 
differentiation, cells were fixed with 4% paraformaldehyde (Santa 
Cruz Biotechnology, sc-281692) for 30 minutes. After washing 
with PBS, cells were permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich Corporation, T8787) and blocked with 1% BSA. Then, cells 
were incubated with 200 μL of primary antibody (1:200) overnight 
at 4°C. After washing with PBS, cells were incubated with 200 μL 
of secondary anti-rabbit or anti-mouse antibodies (Alexa Fluor 488, 
A11001, or Alexa Fluor 594, A21235; 1:2000 dilution; Invitrogen 
Corporation) for 45 minutes in the dark. After incubation, cells were 
washed thrice with PBS (Gibco, Thermo Fisher Scientific, 70013-
032) and mounted with 4, 6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI, Invitrogen Corporation, D1306) on glass slides and sealed 
with transparent nail poliish. Slides were viewed under fluorescence 
microscope, and images were captured digitally using an Olympus 
ix81 microscope with SlideBook 5.0x64 software. Quantification of 
fluorescence stain was performed by measuring area covered by the 
green fluorescence intensity using ImageJ software and presented 
as a per cent (%) of total area.

2.12 | ELISAs

The levels of secreted OPG were determined using human OPG 
enzyme-linked immunosorbent assay (ELISA) kit in accordance 
with the manufacturer's recommended protocols (ELH-OPG-1, Ray 
Biotech, USA). To quantify OPG secretion from DPSCs, medium was 
collected from different experimental conditions, such as DPSC cul-
tured in 10% FBS in DMEM and 1% FBS in DMEM for 48 or 72 hours; 
DPSCs cultured in 1 x PBS for 3, 6 or 24 hours; DPSC cultured in 
M-CSF and sRANKL-containing DMEM; and medium collected at 
various time-point of osteoclast differentiation in the presence or 
absence of DPSCs, whereas 10% DMEM, 1% DMEM and 1 x PBS 
medium only without cells were used as a control in respective ex-
periments as applicable.

2.13 | Statistical analysis

All experiments were performed at least 3 times in triplicate, and 
the results were displayed as mean ± SEM. Statistical significance 
was ascertained by Student's t test, and P values less than 0.05 were 
considered significant.

3  | RESULTS

3.1 | Effect of DPSCs on osteoclast differentiation 
of RAW 264.7 cells

To investigate the effect of DPSCs on osteoclast differentiation, the 
osteoclast precursor cells (RAW 264.7) were cultured with or with-
out DPSCs under contact-free co-culture system. Simultaneously, 
cell culture medium was supplemented with M-CSF and sRANKL to 
induce osteoclast differentiation. After 6 days of induction, TRAP 
staining was performed to evaluate the morphology of osteoclast 
cells. The morphology of OCs was confirmed by multinucleated 
TRAP-positive cells observed under brightfield microscope. TRAP 
staining revealed that multinucleated osteoclast cells were observed 
in cell culture plates that were stimulated with M-CSF and sRANKL, 
labelled as OC (Figure 1A), whereas RAW 264.7 cells cultured with-
out M-CSF and sRANKL, labelled as control RAW 264.7 cells, did not 
show any multinucleated TRAP-positive cells (Figure 1A). However, 
the abundance of multinucleated TRAP-positive cells at the same 
time-point was markedly decreased in the presence of DPSCs, 
which were cultured under the same osteoclast stimulants, M-CSF 
and sRANKL (Figure 1A). Similar observations were also noted in 
experiments using human primary monocytes and human DPSCs 
(Figure S1A). A dose-dependent reduction in the abundance of oste-
oclast cells was observed when cultured at 1:10 ratio of DPSC:RAW 
264.7 cells that inhibited more effectively than that of 1:100 ratio of 
DPSC:RAW 264.7 cells. The number of TRAP-positive multinucle-
ated cells was found significantly lower in RAW 264.7 cells that were 
differentiated in the presence of DPSCs in contact-free co-culture 
condition compared with RAW 264.7 cells that were differentiated 
in the absence of DPSC (Figure 1B). Similar results were also found 
using human primary monocytes and human DPSCs (Figure S1B). 
These observations indicate that the DPSCs are capable of inhibiting 
osteoclast differentiation.

3.2 | Effect of DPSCs on the expressions of 
osteoclast-related marker molecules

To further validate the effect of DPSCs on osteoclast differentiation, 
we evaluated the mRNA expressions of various osteoclast-related 
marker genes in RAW 264.7 cells after 6 days of induced differentia-
tion in the presence or absence of contact-free DPSCs. Quantitative 
PCR analysis revealed that key osteoclast-related genes, such as 
NFATc1 (Nfatc1), cathepsin K (Ctsk), Rank, Trap and MMP9 (Mmp9), 



     |  2395KANJI et Al.

were significantly up-regulated in differentiated osteoclast cells 
compared with undifferentiated cells (Figure 1C). These results 
confirm the successful differentiation of RAW 264.7 cells into OCs. 
However, mRNA expressions of osteoclast-related marker genes, 
such as Nfatc1, Ctsk, Rank, Trap and Mmp9, were significantly de-
creased in differentiated osteoclast cells in the presence of DPSCs in 
a dose-dependent manner, compared with respective differentiated 
cells (without DPSC, Figure 1C). To confirm the translation of the 
gene expressions to proteins, Western blot analysis was also per-
formed from isolated total proteins after 6 days of differentiation. 
Western blot analysis revealed that protein levels of NFATc1, cath-
epsin K, MMP9 and p65 were significantly increased in osteoclast-
differentiated cells compared with undifferentiated cells. However, 
protein levels were markedly decreased when induced differentiation 
was performed in the presence of DPSCs in a dose-dependent man-
ner (Figure 1D, and Figure S3). Further, immunocytochemical stain-
ing confirmed that NFATc1, cathepsin K, MMP9 and TRAP-positive 
multinucleated OCs were markedly increased in differentiated cells 

compared with control RAW 264.7 cells (Figure 2A,B), whereas a sig-
nificant decreased amount of differentiation-related proteins were 
observed in the presence of DPSCs (Figure 2A,B). Similar results 
were also found in experiments using human primary monocytes 
and human DPSCs (Figure S2A,B).

3.3 | Effect of DPSCs on expressions of pro-
inflammatory and anti-inflammatory genes in RAW 
264.7 cells

DPSCs play immune modulatory role and may further regulate 
the osteoclast differentiation process. Hence, we wanted to test 
whether DPSCs have any immune modulatory role in RAW 264.7 
cells. To test that, we have performed contact-free co-culture of 
RAW 264.7 cells in the presence or absence of DPSCs. Quantitative 
RT-PCR analysis of RNA harvested from RAW 264.7 cells at vari-
ous time-points showed that the expressions of TNF-α, one of the 

F I G U R E  1   Dose-dependent inhibition of osteoclast differentiation and related molecules by DPSCs. A, Images of induced differentiated 
RAW 264.7 cells determined by TRAP staining at day 6 in the absence or presence of DPSCs (contact-free co-culture) during osteoclast 
differentiation. Scale bar = 1.0 mm. B, The number of TRAP-positive multinucleated OCs present in each group shown graphically in 
the absence or presence of DPSCs (contact-free co-culture) during osteoclast differentiation. C, Quantitative real-time PCR analysis of 
osteoclast differentiation-related marker genes such as Nfatc1, Ctsk, Rank, Trap and Mmp9 expressions was shown graphically at day 6 in the 
absence or presence of DPSCs (contact-free co-culture) during osteoclast differentiation of RAW 264.7 cells. In all cases, Gapdh expressions 
were kept as internal controls. D, Western blotting of osteoclast differentiation-related molecules such as NFATc1, cathepsin K and MMP9 
protein levels, keeping GAPDH as an internal control, was shown at day 6 in the absence or presence of DPSCs (contact-free co-culture) 
during osteoclast differentiation
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inflammatory genes, were significantly down-regulated in the pres-
ence of DPSCs compared with control (Figure 3A). Conversely, 
mRNA expressions of IL-4Rα, an anti-inflammatory gene, were up-
regulated in RAW 264.7 cells in the presence of DPSCs compared 
with control (Figure 3A).

In addition, Arginase 1 (Arg1), Ym1 (Chil3), which are charac-
teristics of M2 phenotype of RAW 264.7 cells, were significantly 
increased in RAW 264.7 cells in the presence of DPSCs compared 
with controls (Figure 3B). These data suggest that DPSCs may have 
the ability to polarize macrophages towards the anti-inflammatory 
phenotype, which negatively regulate the osteoclast differentiation.

3.4 | Effect of DPSCs on osteoprotegerin (OPG) 
expressions and secretions

To further understand the mechanism by which DPSCs are regulat-
ing myeloid cell differentiation, we evaluated the gene and protein 
expression of osteoclast inhibitory factor, osteoprotegerin (OPG), 
in RAW 264.7 cells after 6 days of induced differentiation in the 

presence or absence of DPSC in contact-free co-culture condition. 
Quantitative PCR analysis showed that OPG mRNA was significantly 
decreased in RAW 264.7 cells after 6 days of induced osteoclast dif-
ferentiation compared with RAW 264.7 cells. However, when RAW 
264.7 cells were induced to differentiate into OCs in the presence 
of DPSCs, mRNA expression of OPG was significantly increased in 
a dose-dependent manner (Figure 4A). This observation was further 
confirmed by Western blot analysis using isolated proteins from 
RAW 264.7 cells from similar experimental designs. We found that 
OPG protein expression was increased in RAW 264.7 cells in the 
presence of contact-free DPSC co-cultures compared with differen-
tiated OCs (Figure 4B, and Figure S4). Next, we determined which 
cells secrete OPG during OC differentiation using a Transwell co-
culture system. Culture supernatants were measured by ELISAs 
and found that there was no detectable range of OPG in superna-
tants collected from control RAW 264.7 cells or differentiated OCs. 
However, the level of OPG was significantly higher in culture super-
natant in the presence of DPSC throughout the course of differenti-
ation (Figure 4C). These results indicate that RAW 264.7 cells might 
not be secreting OPGs.

F I G U R E  2   DPSCs inhibited osteoclast differentiation-related molecules in RAW 264.7 cells. A, Immunocytochemical staining images 
of osteoclast differentiation determined for NFATc1, cathepsin K, TRAP or MMP9 molecules at day 6 in the absence or presence of DPSCs 
(contact-free co-culture) during osteoclast differentiation of RAW 264.7 cells. Scale bar = 500 μm. B, An amount of NFATc1, cathepsin K, 
TRAP and MMP9 stains were quantified for each sample shown graphically in the absence or presence of DPSCs (contact-free co-culture) 
during OC differentiation. All values are represented as mean ± SEM of 5 to 6 samples from one of the three independent experiments



     |  2397KANJI et Al.

F I G U R E  3   DPSCs inhibited the 
expression of pro-inflammatory and 
induced anti-inflammatory genes along 
with M2 phenotype molecules. A, 
Quantitative real-time RT-PCR analysis of 
pro- and anti-inflammatory marker genes 
such as Tnf-α and IL-4Ra, respectively, 
expressions was shown graphically in the 
absence or presence of DPSCs (contact-
free co-culture) in RAW 264.7 cells. B, 
Quantitative real-time RT-PCR analysis 
of M2 polarization marker genes such 
as Arg1 and Ym1 (Chil3) expressions 
was shown graphically in the absence 
or presence of DPSCs (contact-free co-
culture) in RAW 264.7 cells. In both cases, 
Gapdh expressions were kept as internal 
controls

F I G U R E  4   DPSC secreted OPG during osteoclast differentiation and induced OPG expression in osteoclast precursor cells. RAW 264.7 
cells were co-cultured with two different concentrations of DPSCs, or without DPSCs (assigned as osteoclast, OC) in osteoclast induction 
medium (sRANKL, M-CSF and 10% FBS-containing DMEM) using a Transwell culture system, or cultured alone in 10% FBS DMEM assigned 
as control RAW 264.7 cells. Total RNA and proteins were isolated after 6 d of culture from the RAW 264.7 cells, and supernatants were 
collected at different time-points during the course of differentiation. A, The mRNA expression of OPG was determined by real-time PCR 
from cultured RAW 264.7 cells keeping β-actin as internal controls. B, Western blot analyses of OPG protein level shown at day 6 in the 
absence or presence of various concentrations of DPSC during osteoclast differentiation of RAW 264.7 cells. C, Secreted OPG in culture 
supernatants was measured by ELISA collected at different time-points (after 1, 2 and 6 d of culture) during the course of osteoclast 
differentiation. *P < 0.05 when compared with OC of respective days. All values are represented as mean ± SEM of triplicate samples from 
one of the three independent experiments
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3.5 | DPSCs express and secrete OPG 
inherently and under stressful conditions

To determine whether DPSC can express and secrete constitutively 
DPSCs was cultured under various culture conditions. In a serum star-
vation condition (1% FBS-containing DMEM), cells were harvested 
and supernatants were collected after 48 and 72 hours of culture. The 
mRNA expression of OPG revealed that serum starvation significantly 
induced OPG expression in DPSCs in both time-points compared with 
DPSCs cultured with 10% FBS-containing medium, considered as con-
trol (Figure 5A). We further measured the amount of secreted OPG in 
supernatants and found that significantly higher levels of OPG after 
serum starvation (Figure 5B). To investigate whether DPSC secrete 
OPG in 10% FBS-containing medium, we found that DPSC indeed 
constitutively secreted OPG in complete medium (Figure 5C). We fur-
ther investigated whether DPSC can secrete OPG in compromised en-
vironment using PBS and osteoclast differentiation medium. Results 
indicate that in both conditions DPSCs secreted OPG (Figure 5D,E); 
however, the levels of OPG were lower in PBS compared with other 
condition, possibly because of the decreased cellular survivability in 
PBS. These observations indicate that DPSCs can secrete OPG con-
stitutively and under stressed conditions, and culture medium did not 
have significant effect on OPG secretion.

3.6 | Effect of OPG on osteoclast differentiation

To investigate the effects of OPG on osteoclast differentiation-re-
lated molecules, we induced osteoclast differentiation of RAW 264.7 

cells in the absence or presence of various concentrations of recom-
binant OPG, and real-time RT-PCR and Western blot analyses were 
performed. Quantitative RT-PCR analysis revealed that key osteo-
clast-related genes, such as Nfatc1, Ctsk, Rank, Trap and Mmp9, were 
significantly reduced in the presence of OPG compared with non-
treated cells after 6 days of osteoclast differentiation (Figure 6A). 
Further, Western blot analysis confirmed that key osteoclast-related 
proteins NFATc1, cathepsin K and MMP9 levels were decreased in 
the presence of OPG compared with differentiated OCs (Figure 6B 
and Figure S5). These observations support the ability of OPG in in-
hibiting osteoclast differentiation-related marker molecules.

3.7 | DPSCs in mimicking OPG-mediated signalling 
pathways of osteoclast differentiation

To determine the molecular mechanism of DPSC-mediated inhibi-
tion of osteoclast differentiation of myeloid cells, RAW 264.7 cells 
were induced to differentiate in the absence or presence of various 
concentrations of recombinant OPG, or PI3K inhibitors or DPSCs. 
First, TRAP staining was performed after 6 days of differentiation 
and revealed that a concentration-dependent effects of OPG in in-
hibition of osteoclast differentiation. Higher concentrations (50 ng/
mL and 100 ng/mL) of OPG significantly inhibited the differentiation 
of OCs, whereas lower concentrations (5 ng/mL and 25 ng/mL) of 
OPG were not much effective in reducing osteoclast differentiation 
(Figure 7A,B).

To identify the regulation of key signalling molecules involved in 
osteoclast differentiation, total proteins were isolated after 6 days 

F I G U R E  5   DPSC constitutively express and secrete osteoprotegerin (OPG). DPSCs were cultured in different conditions (1% FBS in 
DMEM, 10% FBS in DMEM, osteoclast-stimulating media or 1 × PBS) for various time-points (0, 3, 6, 24, 48 or 72 h), and supernatants 
were collected either for quantification of OPG, or cells were harvested for total RNA isolation. A, The mRNA expression of OPG was 
determined by real-time PCR from cultured DPSCs keeping β-actin as internal controls. B-E, Quantification of secreted OPG in DPSC 
culture supernatants collected at various time-points from different culture conditions. B, In 1% FBS-containing DMEM. C, In 10% FBS-
containing DMEM. D. In 1 x PBS. E, In osteoclast differentiating medium. *= P < 0.05 when compared with OC. All values are represented as 
mean ± SEM of triplicate samples from one of the three independent experiments
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from RAW 264.7 cells induced for OC differentiation in the pres-
ence or absence DPSC or OPG as described earlier and subjected to 
Western blot analysis. Western blot analysis showed that activated 
AKT (phosphorylated AKT) was up-regulated in the OCs; however, 
the addition of OPG inhibited the activation of AKT in a concen-
tration-dependent manner (Figure 7C and Figure S6). Inhibition of 
AKT activation (phosphorylation) was also observed in the presence 
of DPSCs in a contact-free co-culture (Figure 7D and Figure S7). 
However, total AKT level was mostly unaltered. There was no sig-
nificant difference in MAP kinase molecules (P38, ERK1/2) tested 
in these samples (data not shown). These data indicated that DPSC-
mediated inhibition of osteoclast differentiation mimicked the 
signalling cascade of OPG-mediated inhibition of osteoclast dif-
ferentiation. We further confirmed the involvement of PI3K-AKT 
pathways during osteoclast differentiation by using PI3K-specific in-
hibitor. We found that PI3K inhibitor significantly reduced osteoclast 
differentiation in a dose-dependent manner (Figure 7E,F).

To determine whether DPSC-mediated inhibition of osteoclast 
differentiation of RAW 264.7 cells was through OPG, we induced os-
teoclast differentiation in the absence or presence of DPSC or DPSC 
plus anti-OPG Ab in a Transwell culture system. TRAP staining re-
vealed that the presence of DPSC reduced osteoclast differentiation 
and addition of anti-OPG Ab in the culture along with DPSC signifi-
cantly restored the osteoclast differentiation in a dose-dependent 

manner (Figure 8). These results confirmed that OPG-mediated inhi-
bition of osteoclast differentiation by DPSC in part.

4  | DISCUSSION

Osteoclast differentiation of myeloid cells plays critical role in vari-
ous bone-related diseases such as arthritis, osteoporosis and Paget's 
bone disease 2,8; hence, it is important to limit uncontrolled osteo-
clast differentiation to prevent excessive bone resorption in bone-
related diseases. Bone-related diseases are often associated with 
compromised lifestyle, which causes significant health and socioec-
onomic burdens. Even though various pharmacological agents tem-
porarily suppress joint erosion, regeneration of the deformed bones 
is quite limited and persists as a lifelong disability. Regenerative cell 
therapeutic approach would be a novel, and alternative strategy to 
treat arthritis and osteoporosis.36-39 To bring these alternate regen-
erative approaches into practice, we need to better understand the 
insights of the differentiation of myeloid cells in to OCs and the po-
tential mechanisms of adult stem cell–mediated regulation of various 
aspects osteoclast differentiation and functions both at the cellular 
and molecular levels.

To investigate the potential use of adult stem cells, we have iso-
lated and expanded DPSCs from the third molar teeth using standard 

F I G U R E  6   Recombinant OPG inhibited osteoclast differentiation–related molecules in a dose-dependent manner. A, Quantitative 
real-time RT-PCR analysis of Nfatc1, Ctsk, Rank, Trap and Mmp9 expression was shown graphically at day 6 in the absence or presence of 
various concentrations of recombinant OPG during osteoclast differentiation of RAW 264.7 cells (Cont). In all cases, Gapdh expression was 
kept as internal controls. Gapdh expression was kept as internal controls in all quantitative RT-PCR analyses. (# indicates P < 0.05 when 
compared between control and day 6 of osteoclast-differentiated samples, * indicates P < 0.05 when compared between control and day 
6 of osteoclast-differentiated samples in the absence and presence of either of the concentrations of recombinant OPG.) B, Western blot 
analyses of NFATc1, cathepsin K and MMP9 molecules shown at day 6 in the absence or presence of various concentrations of OPG during 
osteoclast differentiation of RAW 264.7 cells
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procedures following our earlier established protocol.22 These cells 
are mesenchymal in nature and express the cell surface markers 
CD73, CD90 and CD105, but do not express markers (CD34, CD133) 
of haematopoietic lineage cells and retain their ability to differenti-
ate into multiple lineages including osteoblastic lineage.22 Given the 
inherent multipotency and immunomodulatory effects of DPSCs,24 
we considered that these cells could be a new source for treating 
bone-related diseases. As OCs play an important role in bone re-
sorption and joint destruction in bone-related diseases, we sought 
to investigate the possible effect of DPSC treatment on osteoclasto-
genesis because it is still remained unclear how DPSCs effect on my-
eloid cells. DPSCs are shown to exert trophic effects on various cells 

and are considered to be a potential therapeutic avenue for a num-
ber of musculoskeletal and autoimmune degenerative diseases.40

In our current study, we focused on generating OCs using es-
tablished murine myeloid cells, RAW 264.7 cells with M-CSF and 
sRANKL for osteoclast differentiation using earlier documented 
methods.33,41,42 After 6 days of differentiation, we observed mul-
tinucleated tartrate-resistant acid phosphatase (TRAP)–positive 
cells confirming our ability in generating OCs. TRAP is a widely used 
osteoclast marker, which is known to be localized in the transcy-
totic vesicles of resorbing OCs that destroy collagen by producing 
reactive oxygen species.43 Our interesting finding of significant re-
duction in osteoclast differentiation process after co-culturing with 

F I G U R E  7   DPSC mimicked the OPG-mediated signalling pathway (PI3K) to inhibit osteoclast differentiation. A, TRAP staining images 
of RAW 264.7 cells at day 6 of osteoclast differentiation in the absence or presence of various concentrations of OPG during osteoclast 
differentiation of RAW 264.7 cells. B, The number of TRAP-positive multinucleated OCs present in each group shown graphically in 
the absence or presence of various concentration of OPG during osteoclast differentiation. C, Western blot analyses of pAKT and total 
AKT molecules from PI3K pathway shown at day 6 in the absence or presence of two different concentrations of OPG during osteoclast 
differentiation of RAW 264.7 cells. D, Western blot analyses of pAKT and total AKT molecules shown at day 6 in the absence or presence 
of two different concentrations of DPSCs (contact-free co-culture) during osteoclast differentiation of RAW 264.7 cells. E, TRAP staining 
images of RAW 264.7 cells at day 6 of osteoclast differentiation in the absence or presence of various concentrations of PI3K inhibitor 
(LY294002) during osteoclast differentiation of RAW 264.7 cells. F, The number of TRAP-positive multinucleated OCs present in each group 
shown graphically in the absence or presence of various concentration of PI3K inhibitor (LY294002) during osteoclast differentiation. Scale 
bar = 2.0 mm
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DPSCs suggest that the ability of DPSCs in inhibiting osteoclast dif-
ferentiation process. We next investigated how DPSC inhibited os-
teoclast differentiation process. We first tested whether DPSC has 
any effect on osteoclast-related molecules such as NFATc1, cathep-
sin K, RANK, TRAP and MMP9, which are critically involved in os-
teoclast maturation and resorption process. Specifically, NFATc1 is 
a transcription factor and a master regulator of RANKL-induced os-
teoclast differentiation.44 Osteoclast-specific genes, such as TRAP45 
and cathepsin K,46 are directly regulated by NFATc1, indicating the 
significance of the NFATc1 in osteoclastogenesis. The induction and 
activation of NFATc1 integrate RANKL signalling in terminal differ-
entiation of OCs.45 In addition, high levels of both the cathepsin K 
and MMP-9 (gelatinase B) expression in osteoclast play central role 
in the bone resorption process.47-49 Our results of inhibiting OC 
differentiation after co-culture with DPSCs were associated with 
the reduced expression of NFATc1, TRAP, cathepsin K and MMP9 
confirming DPSC’s ability to suppress the terminal differentiation of 
osteoclast precursors to mature OCs, which is in consistent with the 
previous related findings.50

We next sought to find the mechanisms by which DPSCs in-
hibit osteoclast differentiation. Our findings suggest that DPSC-
mediated inhibition of osteoclast differentiation is mediated 
through at least two different mechanisms. DPSCs are known to 
contribute in tissue regeneration in a paracrine fashion by secret-
ing various factors.25 We found that DPSCs markedly suppressed 
osteoclast differentiation by the production of OPG, along with the 
induction of OPG in RAW 264.7 cells. Osteoprotegerin is known 

to be an inhibitory molecule for RANKL-dependent osteoclast dif-
ferentiation and function,51 and RANKL neutralization improved 
bone resorption in osteoporosis and rheumatoid arthritis.37-39 In 
addition, it was shown that OPG deficiency exhibited severe oste-
oporosis in mice because of excessive bone resorption by OCs.52,53 
Our findings demonstrated that one of the possible mechanisms 
of DPSC-mediated inhibition of osteoclastogenesis was through 
the secretion of OPG. We further confirmed that by the addition 
of recombinant OPG during OC differentiation experiments in 
RAW 264.7 cells and found that OPG indeed inhibited induced OC 
differentiation.

Sustained inflammatory responses result in developing chronic 
inflammatory diseases such as rheumatoid arthritis that are often 
associated with cartilage and bone destruction.9,10 Inflammatory 
cytokines that are abundant in the synovial fluid and synovium of 
arthritic patients induce RANKL expression on synovial fibroblasts 
resulting in increased RANKL signalling.9,10 Osteoclastogenesis pro-
cess could be controlled by limiting inflammatory responses in the 
arthritic synovium. Our data revealed that co-culture of DPSCs with 
osteoclast precursor cells lead to reducing inflammatory molec-
ular expression in RAW 264.7 cells and polarization of M2 pheno-
type-associated molecules in the RAW 264.7 cells. Previous study 
demonstrated that tonsil-derived mesenchymal stem cells blunted 
the RANK-RANKL interaction between the osteoclast precursor cell 
line RAW 264.7 and Th17 cells via OPG activity.54 These findings 
are in alignment with the others showing strong immunosuppressive 
functions of MSCs and DPSCs caused by soluble mediators such as 

F I G U R E  8   Anti-OPG Ab-mediated 
neutralization of secretory OPG to 
restore OC differentiation. A) TRAP 
staining images of RAW 264.7 cells at 
day 6 of OC differentiation are shown in 
the absence or presence of DPSC (10:1) 
with or without anti-OPG antibody (0.1, 
1 and 2 µg/mL). Scale bar = 2 mm. B) The 
number of TRAP-positive multinucleated 
OCs is shown graphically in the absence 
or presence of DPSC and with or without 
anti-OPG antibody (0.1, 1 and 2 µg/mL) 
during osteoclast differentiation
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anti-inflammatory cytokines,55 and based on this intriguing prop-
erty, the mesenchymal nature of DPSCs might have potential for 
therapeutic application in bone-related diseases.

Signalling mechanism of osteoclast differentiation is well eluci-
dated. M-CSF and RANKL stimulation leads to osteoclast differen-
tiation of precursor cells. M-CSF is known to stimulate cell survival 
signalling mainly by activating extracellular signal–regulated kinase 
(ERK) through growth factor receptor–bound protein 2 (Grb-2) and 
thymoma viral proto-oncogene 1 (popularly called as AKT) through 
phosphatidylinositol 3-kinase (PI3K) pathway.56 Similarly, RANKL 
stimulation leads to the formation of the RANK-TRAF6 complex, 
that leads to the activation of the AKT, NF-кB and MAPK pathways, 
including c-jun N-terminal kinase (JNK) and p38.18,56 However, the 
signalling cascade that DPSCs or mesenchymal stem cells influence 
in regulating osteoclast differentiation is not well established. Here 
in, we have demonstrated that the secretory products of DPSCs 
were able to suppress activation of AKT and further inhibit the dif-
ferentiation in the presence of M-CSF and RANKL during osteoclas-
togenesis in part possibly through the secretion of OPG. To further 
confirm the role of OPG, we have shown that the AKT activation 
was inhibited by the addition of recombinant OPG in the presence 
of osteoclast stimulants M-CSF and RANKL. This observation also 
suggests that the inhibition of osteoclast differentiation by DPSC in 
part could be of OPG-mediated.

5  | CONCLUSION

We show that human DPSCs inhibit osteoclastogenesis by reduc-
ing expression of key OC markers, such as NFATc1, cathepsin K, 
TRAP, RANK and MMP-9 in RAW 264.7 cells through constitutive 
secretion of OPG. OPG potentially blocks the RANK-RANKL inter-
action, which is essential for the differentiation of OCs. Moreover, 
DPSCs reduced inflammatory signals of RAW 264.7 cells and po-
larized RAW 264.7 cells towards M2 phenotype resulting in inhi-
bition of osteoclast differentiation. We further confirmed that the 
trend of OPG-mediated inhibition of the activation of PI3K signal-
ling pathway (AKT) during OC differentiation was similar to the 
DPSC-mediated inhibition of OC differentiation. The possibility of 
OPG-mediated inhibition of OC differentiation by DPSCs was par-
tially confirmed by rescue experiment using anti-OPG antibody. This 
study provides evidence of DPSC-mediated inhibition of osteoclas-
togenesis mechanisms.

ACKNOWLEDG EMENTS
This work was supported in part by National Institutes of Health 
grants, R01AR068279 (NIAMS), STTR 1R41EY024217 (NEI) and 
STTR 1R41AG057242 (NIA). The funders had no role in study de-
sign, data collection and analysis, decision to publish or preparation 
of the manuscript.

CONFLIC T OF INTERE S T
The authors have no conflict of interest.

AUTHOR CONTRIBUTIONS
Suman Kanji: Data curation-Lead, Formal analysis-Lead, Writing-
original draft-Lead. Ripon Sarkar: Data curation-Supporting. Asmita 
Pramanik: Data curation-Supporting. Sudhir Kshirsagar: Data cura-
tion-Supporting. Carl Greene: Data curation-Supporting. Hiranmoy 
Das: Conceptualization-Equal, Formal analysis-Equal, Funding ac-
quisition-Lead, Investigation-Equal, Project administration-Equal, 
Supervision-Lead, Writing-review & editing-Lead.

ORCID
Hiranmoy Das  https://orcid.org/0000-0002-3343-0096 

R E FE R E N C E S
 1. Boyce BF, Xiu Y, Li J, Xing L, Yao Z. NF-kappaB-mediated regulation 

of osteoclastogenesis. Endocrinol Metab (Seoul). 2015;30(1):35-44.
 2. Zaidi M. Skeletal remodeling in health and disease. Nat Med. 

2007;13(7):791-801.
 3. Roodman GD. Cell biology of the osteoclast. Exp Hematol. 

1999;27(8):1229-1241.
 4. Dougall WC, Glaccum M, Charrier K, et al. RANK is essen-

tial for osteoclast and lymph node development. Genes Dev. 
1999;13(18):2412-2424.

 5. Li J, Sarosi I, Yan XQ, et al. RANK is the intrinsic hematopoietic cell 
surface receptor that controls osteoclastogenesis and regulation 
of bone mass and calcium metabolism. Proc Natl Acad Sci U S A. 
2000;97(4):1566-1571.

 6. Roodman GD. Regulation of osteoclast differentiation. Ann N Y 
Acad Sci. 2006;1068:100-109.

 7. Wakkach A, Mansour A, Dacquin R, et al. Bone marrow microen-
vironment controls the in vivo differentiation of murine dendritic 
cells into osteoclasts. Blood. 2008;112(13):5074-5083.

 8. Rodan GA, Martin TJ. Therapeutic approaches to bone diseases. 
Science. 2000;289(5484):1508-1514.

 9. Takayanagi H. Osteoimmunology and the effects of the immune 
system on bone. Nat Rev Rheumatol. 2009;5(12):667-676.

 10. Gravallese EM, Manning C, Tsay A, et al. Synovial tissue in rheuma-
toid arthritis is a source of osteoclast differentiation factor. Arthritis 
Rheum. 2000;43(2):250-258.

 11. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo 
veritas. J Clin Invest. 2012;122(3):787-795.

 12. Gordon S, Martinez FO. Alternative activation of macrophages: 
mechanism and functions. Immunity. 2010;32(5):593-604.

 13. Murray PJ. Macrophage polarization. Annu Rev Physiol. 
2017;79:541-566.

 14. Brancato SK, Albina JE. Wound macrophages as key regula-
tors of repair: origin, phenotype, and function. Am J Pathol. 
2011;178(1):19-25.

 15. Boyce BF, Xing L. Functions of RANKL/RANK/OPG in bone model-
ing and remodeling. Arch Biochem Biophys. 2008;473(2):139-146.

 16. Kostenuik PJ, Bolon B, Morony S, et al. Gene therapy with human 
recombinant osteoprotegerin reverses established osteopenia in 
ovariectomized mice. Bone. 2004;34(4):656-664.

 17. Lacey DL, Timms E, Tan HL, et al. Osteoprotegerin ligand is a cyto-
kine that regulates osteoclast differentiation and activation. Cell. 
1998;93(2):165-176.

 18. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and 
activation. Nature. 2003;423(6937):337-342.

 19. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal 
human dental pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl 
Acad Sci U S A. 2000;97(25):13625-13630.

 20. Gronthos S, Brahim J, Li W, et al. Stem cell properties of human 
dental pulp stem cells. J Dent Res. 2002;81(8):531-535.

https://orcid.org/0000-0002-3343-0096
https://orcid.org/0000-0002-3343-0096


     |  2403KANJI et Al.

 21. Lizier NF, Kerkis A, Gomes CM, et al. Scaling-up of dental pulp stem 
cells isolated from multiple niches. PLoS One. 2012;7(6):e39885.

 22. Rolph DN, Deb M, Kanji S, et al. Ferutinin directs dental pulp-de-
rived stem cells towards the osteogenic lineage by epigenetically 
regulating canonical Wnt signaling. Biochim Biophys Acta Mol Basis 
Dis. 2018;1866(4):165314.

 23. Zhu Y, Shang L, Chen X, et al. Deciduous dental pulp stem cells are 
involved in osteoclastogenesis during physiologic root resorption. J 
Cell Physiol. 2013;228(1):207-215.

 24. Hamada A, Torre C, Drancourt M, Ghigo E. Trained immunity car-
ried by non-immune cells. Front Microbiol. 2018;9:3225.

 25. Kichenbrand C, Velot E, Menu P, Moby V. Dental pulp stem cell-de-
rived conditioned medium: an attractive alternative for regenera-
tive therapy. Tissue Eng Part B Rev. 2019;25(1):78-88.

 26. Maity J, Deb M, Greene C, Das H. KLF2 regulates dental pulp-de-
rived stem cell differentiation through the induction of mi-
tophagy and altering mitochondrial metabolism. Redox Biol. 
2020;36:101622.

 27. Clinicaltrials.gov. US National Institutes of Health. https://www.
Clini caltr ials.gov. Accessed August 12 2020

 28. Syed BA, Evans JB. Stem cell therapy market. Nat Rev Drug Discov. 
2013;12(3):185-186.

 29. Yousefi F, Ebtekar M, Soleimani M, Soudi S, Hashemi SM. 
Comparison of in vivo immunomodulatory effects of intravenous 
and intraperitoneal administration of adipose-tissue mesenchymal 
stem cells in experimental autoimmune encephalomyelitis (EAE). Int 
Immunopharmacol. 2013;17(3):608-616.

 30. Castelo-Branco MT, Soares ID, Lopes DV, et al. Intraperitoneal but 
not intravenous cryopreserved mesenchymal stromal cells home to 
the inflamed colon and ameliorate experimental colitis. PLoS One. 
2012;7(3):e33360.

 31. Roddy GW, Oh JY, Lee RH, et al. Action at a distance: systemically 
administered adult stem/progenitor cells (MSCs) reduce inflam-
matory damage to the cornea without engraftment and primarily 
by secretion of TNF-alpha stimulated gene/protein 6. Stem Cells. 
2011;29(10):1572-1579.

 32. Bazhanov N, Ylostalo JH, Bartosh TJ, et al. Intraperitoneally in-
fused human mesenchymal stem cells form aggregates with mouse 
immune cells and attach to peritoneal organs. Stem Cell Res Ther. 
2016;7:27.

 33. Das M, Laha D, Kanji S, et al. Induction of Kruppel-like fac-
tor 2 reduces K/BxN serum-induced arthritis. J Cell Mol Med. 
2019;23(2):1386-1395.

 34. Das M, Deb M, Laha D, et al. Myeloid Kruppel-Like Factor 2 criti-
cally regulates K/BxN serum-induced arthritis. Cells. 2019;8(8):908.

 35. Kanji S, Das M, Joseph M, et al. Nanofiber-expanded human 
CD34(+) cells heal cutaneous wounds in streptozotocin-induced 
diabetic mice. Sci Rep. 2019;9(1):8415.

 36. Choi Y, Arron JR, Townsend MJ. Promising bone-related ther-
apeutic targets for rheumatoid arthritis. Nat Rev Rheumatol. 
2009;5(10):543-548.

 37. Bekker PJ, Holloway DL, Rasmussen AS, et al. A single-dose pla-
cebo-controlled study of AMG 162, a fully human monoclonal 
antibody to RANKL, in postmenopausal women. J Bone Miner Res. 
2004;19(7):1059-1066.

 38. McClung M. Role of RANKL inhibition in osteoporosis. Arthritis Res 
Ther. 2007;9(Suppl 1):S3.

 39. Cohen SB, Dore RK, Lane NE, et al. Denosumab treatment effects 
on structural damage, bone mineral density, and bone turnover in 
rheumatoid arthritis: a twelve-month, multicenter, randomized, 
double-blind, placebo-controlled, phase II clinical trial. Arthritis 
Rheum. 2008;58(5):1299-1309.

 40. Anitua E, Troya M, Zalduendo M. Progress in the use of den-
tal pulp stem cells in regenerative medicine. Cytotherapy. 
2018;20(4):479-498.

 41. Das M, Lu J, Joseph M, et al. Kruppel-like factor 2 (KLF2) regulates 
monocyte differentiation and functions in mBSA and IL-1beta-
induced arthritis. Curr Mol Med. 2012;12(2):113-125.

 42. Rolph D, Das H. Transcriptional regulation of osteoclastogenesis: 
the emerging role of KLF2. Front Immunol. 2020;11:937.

 43. Halleen JM, Raisanen S, Salo JJ, et al. Intracellular fragmentation 
of bone resorption products by reactive oxygen species generated 
by osteoclastic tartrate-resistant acid phosphatase. J Biol Chem. 
1999;274(33):22907-22910.

 44. Ishida N, Hayashi K, Hoshijima M, et al. Large scale gene expression 
analysis of osteoclastogenesis in vitro and elucidation of NFAT2 as 
a key regulator. J Biol Chem. 2002;277(43):41147-41156.

 45. Takayanagi H, Kim S, Koga T, et al. Induction and activation of the 
transcription factor NFATc1 (NFAT2) integrate RANKL signaling in 
terminal differentiation of osteoclasts. Dev Cell. 2002;3(6):889-901.

 46. Matsumoto M, Kogawa M, Wada S, et al. Essential role of p38 mito-
gen-activated protein kinase in cathepsin K gene expression during 
osteoclastogenesis through association of NFATc1 and PU.1. J Biol 
Chem. 2004;279(44):45969-45979.

 47. Drake FH, Dodds RA, James IE, et al. Cathepsin K, but not cathep-
sins B, L, or S, is abundantly expressed in human osteoclasts. J Biol 
Chem. 1996;271(21):12511-12516.

 48. Tezuka K, Nemoto K, Tezuka Y, et al. Identification of ma-
trix metalloproteinase 9 in rabbit osteoclasts. J Biol Chem. 
1994;269(21):15006-15009.

 49. Wucherpfennig AL, Li YP, Stetler-Stevenson WG, Rosenberg AE, 
Stashenko P. Expression of 92 kD type IV collagenase/gelatinase B 
in human osteoclasts. J Bone Miner Res. 1994;9(4):549-556.

 50. Oshita K, Yamaoka K, Udagawa N, et al. Human mesenchymal stem 
cells inhibit osteoclastogenesis through osteoprotegerin produc-
tion. Arthritis Rheum. 2011;63(6):1658-1667.

 51. Udagawa N, Takahashi N, Yasuda H, et al. Osteoprotegerin pro-
duced by osteoblasts is an important regulator in osteoclast devel-
opment and function. Endocrinology. 2000;141(9):3478-3484.

 52. Bucay N, Sarosi I, Dunstan CR, et al. Osteoprotegerin-deficient 
mice develop early onset osteoporosis and arterial calcification. 
Genes Dev. 1998;12(9):1260-1268.

 53. Mizuno A, Amizuka N, Irie K, et al. Severe osteoporosis in mice lack-
ing osteoclastogenesis inhibitory factor/osteoprotegerin. Biochem 
Biophys Res Commun. 1998;247(3):610-615.

 54. Moon JB, Kim JH, Kim K, et al. Akt induces osteoclast differentia-
tion through regulating the GSK3beta/NFATc1 signaling cascade. J 
Immunol. 2012;188(1):163-169.

 55. Rasmusson I. Immune modulation by mesenchymal stem cells. Exp 
Cell Res. 2006;312(12):2169-2179.

 56. Negishi-Koga T, Takayanagi H. Ca2+-NFATc1 signaling is 
an essential axis of osteoclast differentiation. Immunol Rev. 
2009;231(1):241-256.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Kanji S, Sarkar R, Pramanik A, 
Kshirsagar S, Greene CJ, Das H. Dental pulp–derived stem 
cells inhibit osteoclast differentiation by secreting 
osteoprotegerin and deactivating AKT signalling in myeloid 
cells. J Cell Mol Med. 2021;25:2390–2403. https://doi.
org/10.1111/jcmm.16071

https://www.Clinicaltrials.gov
https://www.Clinicaltrials.gov
https://doi.org/10.1111/jcmm.16071
https://doi.org/10.1111/jcmm.16071

