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Abstract. Stem cells from human exfoliated deciduous 
teeth (SHED) are mesenchymal stem cells with multipotent 
differentiation potential present in the dental pulp tissue of the 
deciduous teeth. SHED produce secretions that have immuno‑
modulatory and regenerative functions. In the present study, 
we investigated the effects of SHED‑conditioned medium 
(SHED‑CM) on osteopenia induced by the ovariectomy (OVX) 
phenotype and its corresponding immunological changes. 
Eleven‑week‑old female C3H/HeJ mice were subjected to 
OVX. SHED‑CM was administered intraperitoneally in these 
mice for 4 weeks starting immediately after OVX. SHED‑CM 
improved bone mass after OVX and elevated the polarization 
of M2 macrophages in the peritoneal cavity. SHED‑CM also 
suppressed an OVX‑induced increase in interferon‑γ (INF‑γ) 
and interleukin‑17 (IL‑17) concentrations in the peripheral 
blood. Inhibition of M2 macrophage polarization with neutral‑
izing antibodies did not reduce the concentration of IFN‑γ and 
IL‑17 in peripheral blood, which were increased by OVX, and 
did not alleviate osteopenia induced by the OVX phenotype. 
Mechanistically, these findings suggest that SHED‑CM allevi‑
ates bone resorption by suppressing the activation of IFN‑γ 
and IL‑17 cells by polarizing M2 macrophages. In conclusion, 
our data indicate that SHED‑CM contains active secretions 
that may have promising efficacy to ameliorate OVX‑induced 
osteopenia. We suggest that SHED‑CM has the potential to be 
used as a novel therapeutic agent to inhibit osteoporosis.

Introduction

Osteoporosis is a systemic skeletal disease characterized 
by low bone mass that increases bone fragility and the risk 
of fractures in patients (1). It increases due to estrogen defi‑
ciency after menopause, even though bone density in women 
is originally lower than in men (2). Various bone resorption 
inhibitors have been used to treat osteoporosis to prevent its 
progression (3). Because of the nature of the disease and the 
prolonged drug administration, osteoporosis drugs have a high 
bone resorption inhibitory effect and a high safety value for 
other tissues. The therapeutic agents frequently used in clinical 
practice, such as bisphosphonates and anti‑receptor activator 
of nuclear factor‑κB ligand (RANKL) monoclonal antibodies, 
can reduce the risk of fragility fractures. However, they have 
marked side effects, such as inducing jaw osteonecrosis and 
increasing the risk of cancer and heart disease (4‑6). Therefore, 
the development of safer and more effective therapeutic agents 
is an ongoing research effort.

Mesenchymal stem cells (MSCs) in the bone marrow 
and connective tissue reportedly exhibit immunosuppression 
in addition to pluripotency (7). For example, transplantation 
of bone marrow‑derived MSCs in patients with autoimmune 
diseases, such as systemic lupus erythematosus and multiple 
sclerosis, has been shown to cause tolerance and alleviate 
symptoms in the recipients (8,9). On the other hand, stem 
cells from human exfoliated deciduous teeth (SHED), which 
are present in the pulp tissue of deciduous teeth, are unique 
stem cells identified as a highly proliferative clonal cell 
population that can differentiate into a variety of cell types 
including neurons, adipocytes, osteoblasts, and endothelial 
cells (10). SHED are considered to be derived from the cranial 
neural crest and express early markers of both mesenchymal 
and neuroectodermal stem cells (11,12). Furthermore, SHED 
have been reported to perform more potent immunomodula‑
tory functions compared to bone marrow‑derived MSCs (13). 
Currently, therapies that use the properties of MSCs, such as 
their pluripotency and immune control ability, are being tested 
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for various diseases. For example, Yang et al (14) reported 
that SHED transplantation ameliorated glandular inflamma‑
tion and dryness via soluble programmed cell death ligand 1 
released from the transplanted SHED in mice exhibiting 
Sjögren's syndrome‑induced dryness. Kitase et al (15) reported 
that SHED administration protected against cortical damage 
caused by hypoxic‑ischemic encephalopathy and ameliorated 
behavioral deficits such as tetraplegia caused by cerebral isch‑
emia in rats. Li et al (16) administered three intravenous doses 
of SHED over a six‑week period in a cohort of 24 patients with 
type 2 diabetes on insulin therapy and followed these patients 
for 12 months. The authors reported that glycated serum 
albumin and glycated hemoglobin were normalized in 19 and 
15 patients, respectively, following SHED transplantation.

Liu et al (17) reported that SHED transplantation 
improved the osteopenia phenotype in osteoporotic mice. The 
mechanism underlying suppressed osteoporosis included the 
induction of apoptosis of inflammatory by SHED transplan‑
tation via the Fas ligand (FasL)‑mediated Fas pathway, with 
consequent suppression of osteoclast induction. The trans‑
plantation of SHED using their immunoregulatory ability is 
effective for the treatment of osteoporosis, although concerns 
remain regarding the safety of the transplanted cells, including 
tumor formation, which should be resolved before the imple‑
mentation of SHED transplantation in clinical use. On the 
other hand, SEHD have been reported to release a variety of 
biologically active secreted factors, and studies in mice and 
rats have shown that the factors secreted from SHED are also 
highly effective in the treatment of various diseases such as 
neurodegenerative and autoimmune disorders, diabetes, and 
liver cirrhosis (18‑21). These studies suggest that these factors 
secreted from SHED are effective for the treatment of many 
diseases. However, it remains unclear whether these factors 
secreted from SHED are effective in the treatment of osteo‑
porosis. Therefore, we hypothesized that factors released from 
SHED would be effective in preventing osteoporosis. In the 
present study, we administered SHED‑conditioned medium 
(CM) to ovariectomized (OVX) mice to determine its ability 
to prevent OVX‑induced early osteoporosis phenotype.

Materials and methods

Cell culture. SHED were isolated and cultured from deciduous 
teeth (maxillary deciduous central incisors) donated by the 
Department of Pediatrics and Disabled Dentistry, Hokkaido 
University Hospital, under the approval of the Institutional 
Voluntary Clinical Research Review Board (approval 
no. 010‑116). They were cultured with a minimum essential 
medium (a‑MEM) (Invitrogen; Thermo Fisher Scientific, Inc.) 
supplemented with 20% fetal bovine serum (FBS) (Roche 
Diagnostics) in gas phase at 37˚C with 5% CO2 using a standard‑
ized protocol (10). Each cell was subcultured and replaced with 
serum‑free a‑MEM at 80% confluency, and culture supernatants 
were harvested after another 24 h of culture. The harvested 
culture supernatant was then centrifuged to remove cell debris.

Animal studies. The Hokkaido University Animal Experiment 
Committee approved this study (approval no. 15‑0015). The 
animal experiments adhered to the Hokkaido University 
Animal Experiment Guidelines. We used 11‑week‑old female 

C3H/HeJ mice (Sankyo Labo Service Corporation, Tokyo, 
Japan). We divided them into two groups: the OVX group, 
which underwent ovariectomy, and the Sham group, which 
underwent sham open surgery (17). Mice were anesthetized 
with sodium pentobarbital (40 mg/kg, intraperitoneal injec‑
tion). The OVX procedures were performed to generate 
osteoporotic model mice. The OVX mice were further clas‑
sified into three groups: OVX mice, the OVX serum‑free 
medium (SF‑MEM) mice that received 200 µl of SF‑MEM 
intraperitoneally, and the OVX SHED‑CM mice that received 
200 µl of SHED‑CM intraperitoneally. Both subgroups were 
administered a total of eight doses over 4 weeks, starting 
immediately after ovariectomy and proceeding twice weekly. 
At 4 weeks post‑OVX, the mice were sacrificed using CO2 gas 
(flow rate was 30% displacement of the cage volume per min) 
for further examination.

MicroCT (µCT) imaging. Femur and lumbar vertebrae under‑
went immersion fixation with 4% paraformaldehyde for 2 days 
after harvest. Fixed samples were subjected to µCT imaging 
using Latheta LCT200 (Hitachi, Japan) at a tube voltage of 
50 kV and a pixel size of 24.0 µm according to a previously 
published protocol (18). Measurements in the photographed 
samples were taken using the analysis software included in 
the Latheta LCT200 system following the manufacturer's 
standards.

Histological analyses. After µCT imaging, femurs underwent 
demineralization with 10% ethylenediaminetetraacetic acid 
solution for 10 days, followed by alcoholic dehydration and 
paraffin embedding according to the flow cytometry method. 
Paraffin‑embedded materials produced 5‑µm sections that 
were subjected to hematoxylin and eosin (H&E) staining 
and tartrate‑resistant acid phosphatase staining according 
to a conventional protocol (17). Image‑Pro Premier (Media 
Cybernetics) was used for the uptake and analysis of section 
images. The lumbar spine was cut in the central region in the 
frontal transection orientation using a micro‑cutting machine, 
BS‑300CP (Meiwafosis, Japan), and the trabecular bone status 
was observed by stereomicroscopy.

Flow cytometry analysis. Peripheral blood was drawn from 
the fundus venous plexus using heparin‑coated glass capil‑
laries. The peripheral blood mononuclear cells (PBMNCs) 
were fixed and permeabilized using Cell Fixation and 
Permeabilization Kit (Abcam). Next, the PBMNCs were 
stained with PE/Cy7‑labeled anti‑IFN‑γ antibody (Biolegend) 
and PerCP/Cy5.5‑labeled anti‑IL‑17A antibody (Biolegend). 
Peritoneal macrophages were collected via peritoneal lavage. 
Furthermore, 10 ml of sterile phosphate‑buffered saline was 
injected into the upper part of the abdominal cavity using a 
syringe. The abdomen of the mouse was massaged several 
times, and peritoneal lavage was performed. The cells were 
collected via centrifugation at 400 x g for 10 min and then 
stained with PerCP/Cy5.5‑labeled anti‑CD80 (Biolegend) and 
APC‑labeled anti‑F4/80 antibody (Biolegend). Appropriate 
immunoglobulin (Ig) G‑conjugated antibodies were used 
for isotype controls. Flow cytometry was performed on 
FACSVerse (BD Biosciences) and analyzed using FlowJo 
ver. 7.6 (BD Biosciences) using a standardized protocol (22).
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Enzyme‑linked immunosorbent assay (ELISA). Interferon‑γ 
(IFN‑γ), interleukin‑17 (IL‑17), and osteoprotegerin (OPG) 
levels in the blood serum samples were assayed using the 
Quantikine ELISA Kit (R&D Systems) according to a stan‑
dardized protocol (23).

Administration of IL‑4‑neutralizing antibody. For inhibiting 
the polarization of M2 macrophages, a neutralizing antibody 
(nAb) for IL‑4 was injected. The OVX mice were intra‑
peritoneally administered 25 µg of either anti‑mouse IL‑4 
antibody (U‑CyTech Biosciences) or anti‑rat IgG1 antibody as 
isotype control (U‑CyTech) on the day after OVX. At 4 weeks 
post‑OVX, the mice were sacrificed using CO2 gas for further 
examination.

Statistical analysis. The data are represented as mean ± stan‑
dard error of the mean. Statistical analyses of the results were 
performed using one‑way analysis of variance (ANOVA) and 
post‑hoc Tukey test and two‑way repeated‑measures ANOVA 
and post‑hoc Bonferroni's test using the StatView ver. 5.0 (SAS 
Institute) software package. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Administration of SHED‑CM prevents ovariectomy‑induced 
bone loss. The present study investigated whether SHED‑CM 
improved the osteoporotic phenotype by injecting OVX mice 

with SHED‑CM and analyzing the treatment efficacy 4 weeks 
after OVX (Fig. 1A). µCT analysis revealed that the femur's 
trabecular bone volume fraction (BV/TV), bone mineral 
density (BMD), and average cortical thickness (Ct.Th) were 
increased in the OVX SHED‑CM group compared with the 
OVX group (Fig. 1B‑E). There was no significant difference 
between the OVX and the OVX SF‑MEM groups. Histological 
analysis showed that the trabecular bone area in the OVX 
SHED‑CM group was markedly elevated compared with that 
in the OVX group (Fig. 2A and B). Furthermore, the OVX 
SHED‑CM group showed a significantly reduced number of 
tartrate‑resistant acid phosphatase‑positive cells in the distal 
femoral diaphysis compared with that in the OVX group 
(Fig. 2C and D). Observations on the lumbar spine's trabecular 
architecture showed that trabecular bone resorption in the 
central region was prominent in the OVX group (Fig. 2E and F). 
Despite performing OVX in the OVX SHED‑CM group, their 
trabecular architecture was maintained in the same way as 
that in the Sham group.

SHED‑CM inhibits osteopenia by suppressing T cell activa‑
tion via M2 macrophages. The numbers of IFN‑γ‑producing 
cells and that of IL‑17‑producing cells in the peripheral 
blood were significantly increased in the OVX group and 
OVX SF‑MEM group compared with the Sham group. The 
number of IFN‑γ‑producing cells and IL‑17‑producing cells 
in the OVX SHED‑CM group were decreased compared 
with that in the OVX and the OVX SF‑MEM group due to 

Figure 1. Experimental protocol and analysis of the femur with microCT (µCT) imaging. SHED transplantation prevented the development of the osteoporotic 
phenotype in the OVX mice. (A) Schema indicating the experimental design for administering SHED‑CM. (B) µCT images of the cancellous bone architecture 
in the femur of the Sham, OVX, OVX SF‑MEM and OVX SHED‑CM mice. The cancellous bone volume in the OVX mice was observed to be decreased 
compared with that in the sham mice. The reduction in the cancellous bone volume induced by OVX in the OVX SHED‑CM mice was partially restored. Scale 
bar, 100 µm. (C‑E) µCT analysis revealed that BV/TV (C), BMD (D) and Ct.Th (E) after OVX were decreased. Administration of SHED‑CM increased femoral 
BV/TV, BMD, and Ct.Th in the OVX mice. Data are expressed as mean ± SD, n=5. *P<0.05, **P<0.01. SHED, stem cells from human exfoliated deciduous 
teeth; OVX, ovariectomized; SF‑MEM, serum‑free medium; SHED‑CM, SHED‑conditioned medium; BV/TV, trabecular bone volume percentage; BMD, 
bone mineral density; Ct.Th, cortical thickness. 
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the administration of SHED‑CM (Fig. 3A‑C). Furthermore, 
the analysis of the blood serum concentration of IFN‑γ and 
IL‑17 using ELISA assay revealed that the IFN‑γ and IL‑17 
concentrations in the OVX group were significantly higher 
than those in the Sham group. Interestingly, the blood serum 
concentrations of IFN‑γ and IL‑17 in the OVX SHED‑CM 
group was markedly reduced compared with those in the 
OVX and the OVX SF‑MEM group even though OVX 
was performed (Fig. 3D and E). Osteoprotegerin (OPG) 
concentrations in the blood serum of the OVX group mice 
and the OVX SHED‑CM group were significantly decreased 
compared with those in the Sham group. Conversely, there 
was no significant difference between the OVX group and 
the OVX SHED‑CM group in terms of OPG concentration 
(Fig. 3F). Regarding the distribution of macrophages in the 
peritoneal cavity, the expression rate of M1 macrophages 
[F4/80+CD80+ mononuclear cells (MNCs)] was not signifi‑
cantly different between the Sham (49.4±4.3%) and the OVX 
(70.3±4.9%) groups. In contrast, the expression rate was 
markedly decreased in the OVX SHED‑CM (40.5±10.5%) 
group compared with the OVX (70.3±4.9%) and the 
SF‑MEM (66.8±8.3%) groups (Fig. 3G and I). The expression 
rate of M2 macrophages (F4/80+CD206+ MNCs) was not 
significantly different between the Sham (38.9±4.8%) and the 
OVX (25.1±3.8%) groups, whereas the expression rate was 
increased significantly in the OVX SHED‑CM (34.3±7.4%) 
compared with the OVX (25.1±3.8%) and the OVX SF‑MEM 
(25.8±5.1%) (Fig. 3G‑J).

Knockdown of M2 macrophages using IL‑4 nAb. As per µCT 
images, the OVX anti‑IL‑4 nAb mice as well as the OVX anti‑IL‑4 
nAb SHED‑CM mice showed considerable trabecular loss just 
below the growth plate (Fig. 4A and B). Analysis revealed that 
femur's trabecular bone volume fraction (BV/TV), bone mineral 
density (BMD), and average cortical thickness (Ct.Th) in the OVX 
IgG, the OVX IL‑4 nAb and the OVX IL‑4 nAb SHED‑CM 
groups were significantly lower than those in the Sham group 
(Fig. 4C and D). BV/TV in the OVX IL‑4 nAb, OVX IL‑4 nAb 
SF‑MEM and OVX IL‑4 nAb SHED‑CM groups was seen to 
significantly decrease compared that in the OVX IgG group 
(Fig. 4C). However, there was no significant difference in terms 
of BV/TV between the OVX IL‑4 nAb, OVX IL‑4 nAb SF‑MEM 
and OVX IL‑4 nAb SHED‑CM groups (Fig. 4C). BMD was not 
significantly different between the OVX IgG, the OVX IL‑4 nAb, 
and the OVX IL‑4 nAb SHED‑CM groups (Fig. 4D). Similarly, 
Ct.Th was not significantly different between the OVX IgG, the 
OVX IL‑4 nAb SF‑MEM, and the OVX IL‑4 nAb SHED‑CM 
groups (Fig. 4E).

Effect of IL‑4 nAb on the expression rate of M2 macrophages. 
The expression rate of M1 macrophage was significantly 
increased in the OVX IgG, the OVX IL‑4 nAb, and the OVX 
IL‑4 nAb SHED‑CM groups compared with the Sham group 
(Fig. 5A).

The expression rate of M1 macrophages in the OVX 
IgG, the OVX IL‑4 nAb, the OVX IL‑4 nAb SF‑MEM and 
the OVX IL‑4 nAB SHED‑CM were increased in the Sham 

Figure 2. Histological analysis of the femur and lumbar spine. (A and B) Hematoxylin and eosin (H&E) staining of the distal femur. The trabecular bone area 
(black broken lines) was reduced in the OVX mice compared with that noted in the sham mice. The administration of SHED‑CM significantly increased 
the trabecular bone volume of the femur, which was significantly reduced in the OVX mice. (C and D) TRAP‑positive cells (black arrows) was significantly 
increased in the femur of the OVX mice. Administration of SHED‑CM reduced the number of TRAP positive cells in the femoral bone. (E and F) H&E 
staining of the lumbar spine. OVX‑induced resorption of the trabecular bone area in the lumbar spine was inhibited by the administration of SHED‑CM. Scale 
bar, 100 µm. Data are expressed as mean ± SD, n=5. ***P<0.001. OVX, ovariectomized; SF‑MEM, serum‑free medium; SHED‑CM, conditioned medium of 
stem cells from human exfoliated deciduous teeth; TRAP, tartrate‑resistant acid phosphatase.
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Figure 3. SHED‑CM improved the balance between T cell subsets in the OVX mice and M1/M2 macrophages in the peritoneal cavity. (A‑C) Flow cytometric 
analysis showed the percentages of IFN‑γ and IL‑17 cells increased in the peripheral blood of the OVX mice. Administration of SHED‑CM significantly 
decreased the percentages of IFN‑γ and IL‑17 cells compared with OVX and the OVX SF‑MEM mice. (D and E) ELSA showed increased concentrations 
of IFN‑γ and IL‑17 in the serum of the OVX mice compared with those in the serum of the sham mice. After SHED‑CM administration, the concentrations 
of IFN‑γ and IL‑17 decreased markedly. (F) ELISA showed increased OPG concentrations in the serum of OVX mice compared with those in the serum of 
sham mice. After OVX, OPG concentrations decreased markedly. (G‑J) Flow cytometric analysis showed that the percentage of M1 and M2 macrophages 
increased in the peritoneal cavity of the OVX mice. Administration of SHED‑CM resulted in a reduction in the percentage of M1 macrophages. Data are 
expressed as mean ± SD, n=5; *P<0.05, **P<0.01, ***P<0.001. SF‑MEM, serum‑free medium; SHED‑CM, conditioned medium of stem cells from human exfoli‑
ated deciduous teeth; OVX, ovariectomized; PBMNCs, peripheral blood mononuclear cells; ELISA, enzyme‑linked immunosorbent assay analysis; IFN‑γ, 
interferon‑γ; IL‑17, interleukin‑17; OPG, osteoprotegerin. 
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Figure 4. SHED‑CM did not ameliorate the osteoporotic phenotype in the OVX mice with the knockdown of M2 macrophages using IL‑4 nAb. (A) Schema 
indicating the experimental design for administering IL‑4 nAb. (B) microCT (µCT) imaging of cancellous bone architecture in the femur. (C‑E) µCT analysis 
of BV/TV, BMD, and Ct.Th. Scale bar, 100 µm. Data are expressed as mean ± SD, n=5; *P<0.05, ***P<0.001. OVX, ovariectomized; IL‑4 nAb, anti‑inter‑
leukin‑4‑neutralizing antibody; IgG, anti‑rat immunoglobulin G1 antibody; SF‑MEM, serum‑free medium; SHED‑CM, conditioned medium of the stem cells 
from human exfoliated deciduous teeth; BV/TV, bone volume fraction; BMD, bone mineral density; Ct.Th, cortical thickness. 

Figure 5. Effect of IL‑4 nAb on the expression rate of M2 macrophages (F4/80+CD80‑ MNCs) and IFN‑γ and IL‑17 serum concentrations. (A and B) The 
percentages of M1 and M2 macrophages according to flow cytometric analysis. (C and D) Concentrations of IFN‑γ and IL‑17 in the serum. Data are expressed as 
mean ± SD, n=5; *P<0.05, ***P<0.001. OVX, ovariectomized; IL‑4‑nAb, anti‑interleukin‑4‑neutralizing antibody; IgG, anti‑rat immunoglobulin G1; SF‑MEM, 
serum‑free medium; SHED‑CM, conditioned medium of the stem cells from human exfoliated deciduous teeth; PBMNCs, peripheral blood mononuclear cells; 
ELISA, enzyme‑linked immunosorbent assay analysis; IFN‑γ, interferon‑γ; IL‑17, interleukin‑17.
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group (Fig. 5A). However, there was no significant differ‑
ence in the expression rate of M1 macrophages between the 
OVX IL‑4 nAb group and OVX IL‑4 nAb SHED‑CM group 
(Fig. 5A). Furthermore, the expression rate of M2 macro‑
phages (F4/80+CD206+MNCs) was significantly decreased in 
the OVX IgG, the OVX IL‑4 nAb, and the OVX IL‑4 nAb 
SHED‑CM groups compared with the Sham group (Fig. 5B). 
The expression rate of M2 macrophages in the OVX IL‑4‑nAb 
and the OVX IL‑4 nAb SHED‑CM groups were observed to 
significantly decrease compared with that in the OVX IgG 
group (Fig. 5B). However, there was no significant difference 
in the expression rate of M2 macrophages between the OVX 
IL‑4 nAb and the OVX IL‑4 nAb SHED‑CM groups (Fig. 5B).

Effect of IL‑4 nAb on IFN‑γ and IL‑17 serum concentrations. 
The serum concentration of IFN‑γ in the OVX IgG, the OVX 
IL‑4‑nAb, and the OVX IL‑4 nAb SHED‑CM groups were 
significantly higher than that in the Sham group (Fig. 5C). 
However, the serum concentration of IFN‑γ was not signifi‑
cantly different between OVX IgG, the OVX IL‑4 nAb, and 
the OVX IL‑4 nAb SHED‑CM groups (Fig. 5C). The serum 
concentration of IL‑17 in the OVX IgG, the OVX IL‑4‑nAb, 
and the OVX IL‑4 nAb SHED groups were significantly 
higher than that in the Sham group (Fig. 5D). Additionally, the 
serum concentration of IL‑17 was significantly higher in the 
OVX IL‑4 nAb and the OVX IL‑4 nAb SHED‑CM groups 
compared with the OVX IgG group (Fig. 5D).

Discussion

In the present study, human exfoliated deciduous teeth condi‑
tioned medium (SHED‑CM) administration improved the early 
osteoporotic phenotype in ovariectomized (OVX) mice and 
exerted an inhibitory effect on bone resorption, in agreement 
with the findings of a previous study using systemic SHED 
injection (17). Animal models provide important insights in the 
study of the therapeutic modality of osteoporosis. Therefore, 
OVX mice have been considered the most important model 
for elucidating the cause of osteoporosis in humans and for the 
development of therapeutic agents (24). The cause of osteo‑
porosis due to estrogen deficiency is not fully understood, but 
several mechanisms have been proposed to date. For example, 
estrogen deficiency causes chronic T cell activation and 
promotes bone resorption by osteoclasts (25,26). In addition, 
murine studies have shown that increased concentrations of 
IFN‑g and T helper 17 (Th17) produced by activated T cells 
are primarily associated with the development of osteopo‑
rosis (27‑30). In the presence of estrogen deficiency, IFN‑γ 
promoted the expression of class II transactivator in immune 
cells to enhance antigen presentation between macrophages 
and T cells, which could upregulate tumor necrosis factor 
(TNF)‑α and receptor activator for nuclear factor‑κB ligand 
(RANKL) and promote bone resorption (27). Furthermore, 
estrogen deficiency‑induced increase in interferon‑γ (IFN‑γ) 
has been demonstrated to promote bone loss by regulating 
osteoclastogenesis in mice (28). Tyagi et al (31) reported that 
estrogen deficiency led to increased differentiation of Th17 
cells with related upregulation of signal transducer and acti‑
vator of transcription 3 (STAT3), RAR‑related orphan receptor 
(ROR)‑γt, and ROR‑α and induced bone loss by increasing 

the release of proosteoclastogenic cytokines including TNFα, 
IL‑6, and RANKL from osteoblasts. Using flow cytometric 
analysis of T‑cell subtypes in blood samples of women, 
Bhadricha et al (32) showed that Th17 cell frequency and IL‑17 
levels increased after menopause. In a previous study, SHED 
transplantation completely suppressed the osteopenia pheno‑
type after OVX (17). The present study showed that cell‑to‑cell 
contacts between transplanted SHED and T cells activated 
FasL/Fas signaling and induced the apoptosis of T cells, which 
inhibited osteoclast differentiation by suppressing the increase 
in the plasma concentrations of IFN‑γ and IL‑17. On the other 
hand, research has shown that inhibiting FasL/Fas signaling 
by SHED transplantation is very effective against osteopo‑
rosis as ovariectomy‑induced osteopenia is not induced in Fas 
gene knockout mice (33). Interestingly, the mice treated with 
SHED in this study showed no progression of the osteopenia 
phenotype. SHED also suppressed the increase in plasma 
concentrations of IFN‑γ and IL‑17 after ovariectomy. Thus, 
these data indicate that some secretions in the culture medium 
of SHED indirectly inhibited the increase in plasma concen‑
trations of IFN‑γ and IL‑17 after ovariectomy. These findings 
are consistent with the experimental findings of the previous 
study but suggest that a mechanism of action that is distinct 
from the FasL/Fas signaling pathway between transplanted 
SHED and T cells exists.

Although macrophages play a pivotal role in innate immu‑
nity, macrophages of various subtypes have been clearly shown 
to be involved in disease development and tissue healing (34). 
M1 macrophages activated during bacterial, viral, and allergic 
responses express several inflammatory cytokines and induce a 
phenotypic immune response (35,36). M2 macrophages, which 
have anti‑inflammatory and immunosuppressive functions, 
produce anti‑inflammatory mediators to promote regression 
of the injury response and tissue repair (37‑39). Therefore, we 
investigated how the administration of SHED‑CM altered the 
expression ratio of M1 macrophages to M2 macrophages. M2 
macrophages, which were only scarcely present in the sham 
and OVX mice, were significantly increased in the SHED‑CM 
mice. In addition, to clarify whether M2 macrophages were 
involved in improving the osteopenia phenotype induced 
by OVX, we administered the nAb of IL‑4 required for the 
polarization of M2 macrophages and evaluated the expression 
of M2 macrophages. In the OVX anti‑IL‑4 nAb SHED‑CM 
mice, the osteopenia phenotype induced by ovariectomy was 
not improved, even though SHED‑CM was administered.

The polarization of M2 macrophages was suppressed in 
the mice treated with a neutralizing antibody (nAb), as their 
ratio of M2 macrophages to M1 macrophages decreased. In 
addition, the serum concentration of IFN‑γ and that of Th17 
were increased significantly in the mice treated with IL‑4 nAb 
compared with the sham mice. The increases in IFN‑γ and 
Th17 may be due to the inhibition of M2 macrophage polariza‑
tion by the effects of the nAb.

In the present study, we did not identify the active factor 
that mitigates bone resorption in SHED‑CM. However, 
Hiraki et al (40) reported that SHED‑CM contains bone 
metabolism‑related factors, angiogenesis‑related factors, and 
neurotrophic factors. Moreover, MSC‑CM contains insulin‑like 
growth factor‑1, transforming growth factor (TGF)‑β1, and 
vascular endothelial growth factor (VEGF), and these factors 
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affect the regeneration of bone cells (41). It is possible that these 
cytokines in SHED‑CM may have acted to improve osteoporosis 
in this experiment. In addition, several other factors may have 
cooperated to activate various signaling pathways; those affecting 
the improvement of osteoporosis need further investigation.

We determined the therapeutic efficacy of SHED‑CM on 
osteoporosis caused by estrogen deficiency in OVX mice. Our 
results showed that SHED‑CM inhibited osteoclast differen‑
tiation by suppressing IFN‑γ and IL‑17 cells by inducing M2 
macrophage polarization, thereby improving the pathology 
of OVX‑induced osteoporosis. In conclusion, we suggest 
that SHED‑CM has the potential to be used as a therapeutic 
agent targeting the inhibition of bone resorption, which is an 
important therapeutic strategy for osteoporosis.
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