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Abstract
Osseointegration is essential for successful implant treatment. However, the underlying molecular mechanisms remain
unclear. In this study, we focused on decorin (DCN), which was hypothesized to be present in the proteoglycan (PG) layer at
the interface between bone and the titanium oxide (TiOx) surface. We utilized DCN RNA interference in human bone
marrow mesenchymal stem cells (hBMSCs) to investigate its effects on PG layer formation, proliferation, initial adhesion,
cell extension, osteogenic capacity, fibrotic markers, and immunotolerance to TiOx in vitro. After 14 days of cultivation, we
observed no PG layer was detected, and the osteogenic capacity was suppressed in DCN-depleted hBMSCs. Furthermore,
the conditioned medium upregulated the expression of M1 macrophage markers in human macrophages. These results
suggest that endogenous DCN plays a crucial role in PG layer formation and that the PG layer alters inflammation around Ti
materials.

Graphical Abstract

1 Introduction

Dental implants are now widely used to replace missing
teeth, with titanium (Ti) is being the material commonly
used for dental implants. Osseointegration is an crucial
phenomenon for successful implant treatment and is defined
as direct contact between the bone and implant without
intervening soft tissue as observed in histological analyses
using light microscopy [1]. Several studies on implantology
have focused on surface modification or bioactive molecule
coating [2–7]. However, the molecular mechanisms under-
lying osseointegration remain unclear.
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It has been reported that a proteoglycan (PG)-rich layer
exists at the interface between living bone and Ti oxides
(TiOx), covering the surface of Ti implants as observed by
transmission electron microscopy (TEM) [8]. Previous
studies proposed a molecular model of the PG layer on
TiOx hypothesized that dermatan sulfate (DS), glycosylated
with decorin (DCN), binds to TiOx directly [9], and DS has
indeed been detected at the interface between cultured cells
and TiOx in vitro [10, 11]. Researchers have suggested that
PG layers play essential roles in both mineralization [10]
and immunomodulation of TiOx [12], as implanted Ti has
been shown to control inflammation caused by bacterial
infection and foreign body reactions after surgical implan-
tation. However, the role of the PG layer during osteogen-
esis on TiOx remains incompletely elucidated to date.

DCN is one of several structurally related proteoglycans
(PGs), classified as small leucine-rich PGs (SLRPs), with a
single glycosaminoglycan (GAG) chain consisting of chon-
droitin sulfate (CS) or dermatan sulfate (DS). The structure of
DCN is horseshoe-like or arch-shaped, and collagen mole-
cules bind to the inner concave surface [13]. DCN is present
mainly in the extracellular matrix and has a core protein of
approximately 40 kDa and a chondroitin sulfate/dermatan
sulfate glycosaminoglycan chain. DCN is expressed in var-
ious tissues and is an important molecule in wound healing
[14] and osteogenesis [15] by suppressing tissue fibrosis
through inhibition of TGF (Transforming growth factor)-β
activity and other regulatory mechanisms [16]. DCN orga-
nizes collagen structures and is involved in wounded skin
tissue in vivo [17]. Previous studies have suggested that DCN
coating on titanium surfaces inhibits the proliferation and
function of fibroblasts and improves those of osteoblasts
[18, 19], and the presence of substrate-bound DCN has been
reported to influence the effect of TGF-β1 [20]. However,
exogenous treatment with DCN does not validate the process
of osseointegration in previous reports because these reports
focused on surface modification to promote osteogenesis on
TiOx implants, and irrelevant molecules such as poly-
dopamine intervened between the TiOx and DCN.

Furthermore, DCN also plays an important role in
immunomodulation during macrophage differentiation by
inhibiting proliferation and protecting macrophages from
apoptosis induction [21]. Macrophages are classified into

M1 and M2 subtypes based on their activation state. M1
macrophages release pro-inflammatory factors, while M2
macrophages have anti-inflammatory and immunomodula-
tory properties that are potentially effective against inflam-
matory diseases and conditions [22]. Furthermore, DCN is a
key paracrine factor that induces macrophage polarization
via CD44, a master immunoregulator of mesenchymal stem
cells derived from umbilical cord blood [23].

In this study, we used RNA interference with shRNA to
determine the effect of DCN synthesized by bone marrow-
derived mesenchymal stem cells (BMSCs) on osseointe-
gration, and we observed the PG layer using TEM.

2 Materials and methods

2.1 Cell culture

The human MSC cell line UE7T-13 was obtained from the
Japanese Collection of Research Biosources (JCRB; Osaka,
Japan). The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS) (Sigma-Aldrich, Tokyo, Japan) and 1%
penicillin-streptomycin (Fujifilm Wako, Osaka, Japan) at
37 °C in a humidified atmosphere with 5% CO2 atmosphere.

2.2 Fabrication of Ti samples and characterization of
surfaces

Pure Ti plates were obtained from Ofa Co., Ltd. (Chiba,
Japan), and Ti foil was sourced from Nirako (Tokyo,
Japan). A smooth surface was prepared for the experiments,
as described in a previous study [12].

2.3 Generation of stable cell lines

MISSION® shRNA (target: DCN) and MISSION® non-
mammalian shRNA control plasmids listed in Table 1 were
obtained from Sigma-Aldrich Co. LLC (Tokyo, Japan).
Five shRNA plasmids and control plasmids were trans-
fected into UE7T-13 cells using ViaFect™ Transfection
Reagent (Promega KK, Tokyo, Japan), and 12 independent
puromycin-resistant single clones were successfully

Table 1 List of shRNA plasmids

Gene TRC clone ID Target sequence

DCN TRCN0000058553 GCCTCATTTGAATGTGTGAAT

DCN TRCN0000058554 CGACTTTATCTGTCCAAGAAT

DCN TRCN0000058555 GCCATTCAACTCGGAAACTAT

DCN TRCN0000058556 CCGTTTCAACAGAGAGGCTTA

DCN TRCN0000058557 CCAGGTTGTCTACCTTCATAA

Control TRC1/1.5 CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT

    5 Page 2 of 13 Journal of Materials Science: Materials in Medicine            (2025) 36:5 



established. These methods have been detailed in a previous
study [12]. The depletion efficiency was determined by real-
time RT-PCR and western blot analysis. The most effective
shRNA was chosen to deplete DCN for the remainder of the
study (sh-BMSCs). Non-target control cells were trans-
fected using the same method (N-BMSCs).

2.4 Real-time PCR

Cells were seeded on Ti plates at a density of 5 × 102/cm2

and cultured for 7 and 14 days. Total RNA was isolated
using TRIzol® LS Reagent (Thermo Fisher Scientific,
Waltham, MA, USA), and cDNA was synthesized using
ReverTra Ace™ qPCR RT Master Mix and gDNA
Remover (Toyobo Co., Ltd., Osaka, Japan) according to the
manufacturer’s protocol. Quantitative real-time RT-PCR
was performed using THUNDERBIRD™ SYBR® qPCR
Mix (Toyobo) and an Mx3000P™ Real-Time qPCR System
(Agilent Technologies International Japan, Ltd., Tokyo,
Japan). The expression of target transcripts was normalized
against the expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and relative changes in gene
expression were determined using the 2−ΔΔCt method. The
primers used in this study are listed in Table 2.

2.5 Western blotting

Cell lysis and protein extraction were performed using
RIPA buffer (Thermo Fisher Scientific Inc., Tokyo, Japan).

Samples were separated by SDS-PAGE and transferred onto
a PVDF membrane. After blocking with 5% nonfat dry milk
(Cell Signaling Technology, Tokyo, Japan) or 2% bovine
serum albumin (Nacalai Tesque, Inc., Tokyo, Japan) in
Tween-PBS, each membrane was incubated with the fol-
lowing primary antibodies: anti-GAPDH; 1:10,000;
ab181602; Abcam, Cambridge, United Kingdom, anti-
DCN; 1:1000; sc-73896; Santa Cruz Biotechnology, Inc.,
Heidelberg, Germany, anti-BGN; 1:1000; sc-100857; Santa
Cruz Biotechnology, Inc., anti-TGFβ1; 1:1000; sc-130348;
Santa Cruz Biotechnology, Inc., anti-vinculin; 1:10,000;
ab129002; Abcam, or anti-RhoA; 1:5000; #2117; Cell
Signaling Technology, Inc. for 12 h at 4 °C. The membrane
was then incubated with anti-rabbit IgG horseradish
peroxidase-linked whole antibody (from donkey) (1:10,000,
NA934V; GE Healthcare, Tokyo, Japan) or anti-mouse IgG
HRP peroxidase-linked whole antibody (1:10,000,
NXA931V, GE Healthcare), as the secondary antibody for
1 h at room temperature. Antibody reactions were detected
using ECL™ Prime Western Blotting Reagent (GE
Healthcare) or ECL Select Western Blotting Reagent (GE
Healthcare) and a LuminoGraph I system (ATTO Corp.,
Tokyo, Japan).

2.6 Flow cytometry

Cells were suspended in stain buffer (FBS) (BD Bios-
ciences, San Jose, CA, USA) and incubated with CD
(cluster of differentiation) 14-PE-Cy7 (Clone 61D3), CD19-

Table 2 List of primers

Gene Sequence Accession number of reference

5′-3′ 3′-5′

DCN GGAGCTTCACTTGGACAACAAC GGCAGAAGTCACTTGATCCAAC NM_133503.3

Col1a1 ATGTGCCACTCTGACTGGAAG ACCAGTCTCCATGTTGCAGAAG NM_000088.3

Runx2 CCTTGACCATAACCGTCTTCAC AAGCTTCTGTCTGTGCCTTC NM_001024630.3

ALPL AGCTGAACAGGAACAACGTG ATTCTGCCTCCTTCCACCAG NM_000478.5

OCN AATCCGGACTGTGACGAGTTG CTGGAGAGGAGCAGAACTGG NM_199173.5

Acta2 ACCACTATGTACCCTGGCATTG CGATCCAGACAGAGTATTTGCG NM_001141945.2

FN1 AAGCAAGCCCGGTTGTTATG AAACCAACGCATTGCCTAGG NM_054034.2

TGF-β1 TGACCTGGCCACCATTCATG CGTGGAGCTGAAGCAATAGTTG NM_000660.7

IL-6 AATGAGGAGACTTGCCTGGTG TGTACTCATCTGCACAGCTCTG NM_000600.4

IL-10 ATCAAGGCGCATGTGAACTC AAGGCATTCTTCACCTGCTC NM_000572.3

IDO TCCTTACTGCCAACTCTCCAAG CGTCCATGTTCTCATAAGTCAGG NM_002164.5

CD80 GTTATCCACGTGACCAAGGAAG TTGTGCCAGCTCTTCAACAG NM_005191.4

CD86 ACTGTACGACGTTTCCATCAGC AGCCGCGTCTTGTCAGTTTC NM_001206924.1

CD163 AAGACGCTGCAGTGAATTGC AATGGCCAACAGAACAACCC NM_001370145.1

CD206 TGGAGCAGGTGGAAGATCTATG ACTTGAACGGGAATGCACAG NM_002438.3

GAPDH AGCAAGAGCACAAGAGGAAGAG TCTACATGGCAACTGTGAGGAG NM_001289745.2

Runx2 runt-related transcription factor 2, ALPL alkaline phosphatase, OCN osteocalcin, Acta2 actin alpha 2, FN1 fibronectin 1, IDO indoleamine
2,3-dioxygenase 1, GAPDH glyceraldehyde-3-phosphate dehydrogenase
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PE-Cy7 (Clone SN6), CD34-PE-Cy7 (Clone 4H11), CD45-
PE-Cy7 (Clone HI30), CD73-APC (Clone AD2), CD90-
APC (Clone 5E10), CD105-PE-Cy7 (Clone SN6), and
HLA-DR-Alexa Fluor 700 (Clone LN3) for 30 min on ice.
All antibodies were purchased from Thermo Fisher Scien-
tific. The stained cells were analyzed using a FACSCanto™
II system (Becton, Dickinson and Company, Tokyo, Japan).

2.7 Cell proliferation assay

Ti foil was punched out to make thin circular plates (6 mm
in diameter), then placed in 96-well plates. After seeding
1 × 102 cells on the Ti plates for 1, 2, 3, 7, and 14 days,
proliferation assays were performed using the Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan) following
the manufacturer’s instructions. Absorbance was deter-
mined using an Infinite 200 PRO system and i-control
software (Tecan Japan Co. Ltd., Kanagawa, Japan).

2.8 Initial cell adhesion assay

To assay initial cell adhesion, 1 × 104 cells were seeded onto
Ti plates (15 mm in diameter) and cultured for 1, 2, or 3 h in
DMEM. Each plate was fixed with 10% formalin and
stained with 0.5% crystal violet (Fujifilm Wako, Osaka,
Japan) for 10 min at room temperature. After washing with
distilled water several times to remove the excess solution,
the dye was eluted with 10% acetic acid (Fujifilm Wako),
and the absorbance was measured at 540 nm.

2.9 Alizarin red S staining

Cells were seeded on Ti plates (15 mm in diameter) at a
density of 5 × 102/cm2 and cultured for 14 days in DMEM.
The medium was changed to osteoinduction medium
(DMEM supplemented with 50 µg/mL ascorbic acid,
100 nM dexamethasone, and 10 mM β-glycerophosphate),
and the cells were cultured for another 14 days. Each plate
was fixed with 10% formalin and stained with 1% alizarin
red S solution (Fujifilm Wako, Osaka, Japan) for 30 min at
room temperature. After staining, the cells were washed
several times with distilled water to remove excess solution.
Quantification was performed according to a previous report
[24], and absorbance was measured at 405 nm.

2.10 Immunocytochemical (ICC) analysis

Cells were seeded on Ti plates (15mm in diameter) at a density
of 5 × 102/cm2 and cultured for 24 h. The cells were fixed with
4% paraformaldehyde for 15min at room temperature and
permeabilized with 0.2% Triton X-100 in PBS for 20min.
After blocking using Blocking One Histo (Nacalai Tesque,
Inc., Kyoto, Japan) for 10min, each plate was incubated with

anti-vinculin (1:250; ab129002; Abcam) for 14 h at 4 °C, then
incubated with goat anti-Rabbit IgG (H+L) highly cross-
adsorbed secondary antibody, Alexa Fluor 546 (4 µg/mL;
A11035; Thermo Fisher Scientific) for 1 h and Acti-stain™
488 phalloidin (100 nM, Cytoskeleton, Inc. Co., Denver, CO,
USA) for 1 h in the dark. Finally, each plate was mounted with
DAPI (Vector Laboratories, Inc., Burlingame, CA, USA) and
observed using a BZ-X810 All-in-One Fluorescence Micro-
scope (Keyence, Osaka, Japan). Ten fields of view were ran-
domly photographed and cells that were not in contact with the
outer frame or each other were analyzed. Image analysis was
performed using ImageJ software. Images of vinculin staining
were thresholded to identify the adhesion complexes.

2.11 Transmission electron microscopy

Cells were seeded on Ti foil (6 mm in diameter) at a density
of 5 × 102/cm2. After 14 days of cultivation, the samples
were stained with 0.05% ruthenium red solution for 1 h
between pre- and post-fixation. After embedding in EPON
resin, the foil was physically removed, and the samples
were re-embedded in EPON resin. These methods have
been described in detail in a previous study [12]. The
samples were sectioned using an ultramicrotome (EM
UC7i, Leica, Tokyo, Japan), stained with lead citrate for 5 s,
and observed under a transmission electron microscope
(JEM-1400PLUS, JEOL).

2.12 Immunotolerance assay of BMSCs and human
macrophages

Immunotolerance assays were performed as described pre-
viously [12]. Total RNA was extracted to analyze macro-
phage polarization. Furthermore, protein expression levels
of IL-6 and IL-10 in the supernatant were quantified using
enzyme-linked immunosorbent assay (ELISA) (Proteintech,
Tokyo, Japan) according to the product instructions.

2.13 Decellularization assay

Cells were seeded on Ti plates at a density of 5 × 102/cm2

and cultured for 14 days. Each plate was then frozen in PBS
for decellularization. Thawed plates were washed three
times with PBS to prepare N-BMSC-decellularized surfaces
(N-Ti) and sh-BMSC-decellularized surfaces (sh-Ti). Fresh
N- and sh-BMSCs were seeded onto the plates at a density
of 5 × 102/cm2. After 14 days of cultivation, total RNA was
extracted to evaluate gene expression.

2.14 Image and statistical analyses

Image analysis was carried out using ImageJ software
(https://imagej.net/Welcome; National Institutes of
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Health, Bethesda, MD, USA). All experiments were car-
ried out in triplicate, and the data are presented as
means ± standard deviation. The statistical analysis was
performed using R software (http://www.R-project.org;
Vienna, Austria), and significance was analyzed using
Welch’s t-test or one-way ANOVA with Tukey’s multiple
comparison test. Results with p < 0.05 were considered
statistically significant.

3 Results

3.1 Characterization of N-BMSCs and sh-BMSCs

DCN gene expression was significantly decreased to approxi-
mately 68% in N-BMSCs and 5.0% in sh-BMSCs compared to
blank (no vector was transfected) BMSCs (Fig. 1A). The
protein expression of DCN in sh-BMSCs was significantly
decreased to approximately 8.5% compared to that in blank-

and N-BMSCs (Fig. 1B). Flow cytometry and multipotency
assessments of blank, N-, and sh-BMSCs were performed
according to the minimal criteria proposed by the International
Society for Cellular Therapy [25]. The expression levels of
CD14, CD19, CD34, CD45, and HLA-DR were less than 2%,
and those of CD73, CD90, and CD105 were greater than 95%
in all cell groups (Fig. 1C). All experimental groups had the
capacity for osteogenic (Fig. 1D), adipogenic (Fig. 1E), and
chondrogenic differentiation (Fig. 1F).

3.2 Effect of DCN on PG layer formation

To evaluate the effect of DCN on the PG layer formation on
the surface of TiOx, ultrastructural observations by TEM
imaging were performed. After 14 days of cultivation on
TiOx, an area stained with ruthenium red was observed
between the cell membrane and TiOx in N-BMSCs; how-
ever, this stained area was not observed in sh-BMSCs
(Fig. 2A).
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Fig. 1 Characterization of N-BMSCs and sh-BMSCs. A mRNA and
B protein expression analysis of DCN. C Representative flow cyto-
metry analysis of cell surface markers. D Alizarin red S staining, E Oil

Red O staining, and F Alcian blue staining after osteogenic induction,
adipogenic induction, and chondrogenic induction culture. **p < 0.01
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3.3 Effects of DCN on cell proliferation and initial
cell adhesion

A CCK-8 assay was performed to evaluate the effect of
DCN on cell proliferation on TiOx. At 48 h of cultivation,
the number of sh-BMSCs was significantly lower than that
of N-BMSCs. However, there was no significant difference
at any other time point (Fig. 2B). The initial cell attachment
was not significantly different between N-BMSCs and sh-
BMSCs (Fig. 2C).

3.4 Effect of DCN on cell extension

The morphology of the cells that adhered to TiOx after 24 h
of cultivation was visualized by immunofluorescence
staining (Fig. 3A, green: F-actin, red: vinculin, blue: DAPI).
The dot plots show the individual values of the area
(Fig. 3B), major (Fig. 3C), minor (Fig. 3D), aspect ratio
(Fig. 3E), Feret diameter (Fig. 3F), and minimum Feret
diameter (Fig. 3G) measured using ImageJ software. The
area and the minor and minimum Feret diameters of sh-
BMSCs were significantly smaller than those of N-BMSCs,
while the aspect ratio of sh-BMSCs was considerably
higher than that of N-BMSCs.

3.5 Effect of DCN on osteogenic properties

RT-qPCR was performed to evaluate the silencing of DCN
and its effects on osteogenesis-related genes after 7 and 14
days of cultivation on TiOx (Fig. 4A–E). The mRNA
expression in sh-BMSCs was significantly lower than that in
N-BMSCs with no expression of OCN at day 14. Calcified
nodules formed in N- and sh-BMSCs after 14 days of cul-
tivation and 14 days of osteogenic induction (Fig. 4F), and
quantification showed that the absorbance of sh-BMSCs was
significantly lower than that of N-BMSCs (Fig. 4G).

3.6 Effect of DCN on fibrotic markers and
extracellular matrix

The expression of fibrosis-related genes was analyzed using
RT-qPCR (Fig. 5A–C). All fibrosis-related gene expres-
sions of sh-BMSCs were significantly lower than those of
N-BMSCs, except for FN1, on day 14.

The expression of proteins related to the extracellular matrix
was analyzed by western blotting (Fig. 5D). Quantitative ana-
lysis showed that the expression of BGN in sh-BMSCs was
significantly lower than that in N-BMSCs (Fig. 5E); however,
there was no significant difference in the expression of TGF-β1
(Fig. 5F), vinculin (Fig. 5G), and RhoA (Fig. 5H).

Fig. 2 A Transmission electron micrograph of the cell–TiOx interface.
The ruthenium-positive areas were detected at 14 days of N-BMSC
cultivation (arrowheads). B Proliferation of N-BMSCs and sh-BMSCs

on TiOx on days 1, 2, 3, 7, and 14. C Initial cell adhesion of
N-BMSCs and sh-BMSCs to TiOx at 1, 2, and 3 h. This figure is
representative of three independent experiments. **p < 0.01
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3.7 Effect of DCN on immunotolerance

RT-qPCR was performed to analyze the effect of DCN on
the immunotolerance of BMSCs to TiOx. The expression
levels of IL-6 and IL-10 in sh-BMSCs were significantly
lower than in N-BMSCs (Fig. 6A, B). However, there was
no significant difference in IDO expression between N- and
sh-BMSCs (Fig. 6C). CM derived from N- and sh-BMSCs
cultured on TiOx affected the differentiation of human
macrophages (hMps). The expression of IL-6 and IDO,
markers of M1 Mps, was significantly higher in hMps
treated with CM derived from sh-BMSCs than in those
treated with CM derived from N-BMSCs (Fig. 6D, F). The
expression of CD206, a marker of M2 Mps, was sig-
nificantly higher in hMps treated with CM derived from sh-

BMSCs than in those treated with CM derived from
N-BMSCs (Fig. 6J). ELISA quantified the protein expres-
sion levels of IL-6 and IL-10 in the supernatant. Both protein
expressions in the culture supernatant of BMSCs cultured on
TiOx (Fig. 6K, L) and after stimulating hMps (Fig. 6M, N)
showed the same tendency as the RT-qPCR results.

3.8 Effect of PG layer on gene expression in BMSCs

A decellularisation assay was performed to analyze the effects
of the PG layer. The expression levels of Col1a1, Runx2,
OCN, and TGF-β1 in sh-BMSCs were significantly lower
than those in N-BMSCs on both N-Ti and sh-Ti (Fig. 7A, B,
D, G). The expression levels of ALPL and Acta2 in sh-
BMSCs were significantly lower than those in TNC-BMSCs

Fig. 3 Immunofluorescence staining analysis of N-BMSCs and sh-
BMSCs after 24 h of cultivation on TiOx. A Expression of vinculin.
Green: F-actin, Red: vinculin, Blue: DAPI. B Area, C major, D minor,

E aspect ratio, F Feret, and G minimum Feret were measured to
evaluate cell adhesion and extension. **p < 0.01
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on sh-Ti; however, there was no significant effect on N-Ti
(Fig. 7C, E). Regarding FN1, there was no significance
between N-BMSCs and sh-BMSCs on either N-Ti or sh-Ti
(Fig. 7F). SEM-EDX analysis did not detect elemental sulfur
on the N-Ti (Fig. 7H) and blank Ti (Fig. 7I).

4 Discussion

In this study, we investigated whether DCN affects BMSCs
on TiOx using long-term RNA interference. Flow cyto-
metry and multipotency assays showed that the osteogenic
and chondrogenic capacities of sh-BMSCs were consistent
with those reported previously [26]. In contrast, DCN in
BMSCs did not affect cell surface markers of CD. These
results suggest that assaying multipotency was relevant to
the maintenance of stemness in BMSCs compared to the
CD marker assay.

TEM analysis showed that the PG layer on TiOx formed
by BMSCs depleted of DCN was decreased compared to
that formed by BMSCs depleted of chondroitin-4-
sulfotransferase-1 [12]. These results suggest that DCN is
the main component of the PG layer on TiOx. These results
suggest that other molecules or a small amount of DCN
played an important role in the adherence between BMSCs
and TiOx because sh-BMSCs did not detach from TiOx for
two weeks. The electron-dense layer between adjacent sh-
BMSCs may contain other proteoglycans involved in cell-
cell adhesion, such as syndecans. A different approach is
needed to clarify this because ruthenium red usually stains
whole proteoglycans.

DCN did not affect cell proliferation or initial adhesion
to TiOx. Wang et al. reported that the knockdown of DCN
in human chondrocytes suppressed cell proliferation and
adhesion [27], while Mochida et al. reported that DCN in
MC3T3-E1 cells did not affect cell proliferation [28]. In

Fig. 4 Osteogenic capacity of N-BMSCs and sh-BMSCs. Gene
expression of A DCN, B Col1a1, C Runx2, D ALPL, and E OCN after
7 and 14 days of cultivation on TiOx. Mineralized nodule formation by

alizarin red S staining (F) and quantitative analysis (G). This figure is
representative of three independent experiments. **p < 0.01
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contrast, MC3T3-E1 cell proliferation was affected by the
amount of exogenous DCN [19], and the proliferation of
human fibroblasts on TiOx was attenuated depending on the
amount of exogenous DCN [29]. These differences were
due to the cell type and culture substrate (TiOx versus
polystyrene), and endogenous and exogenous DCN affected
cell proliferation and attachment. In this study, we focused
on the osteogenesis of TiOx during osseointegration, which
is suitable for analyzing the actual process of osseointe-
gration in vitro.

DCN inhibited the extension of BMSCs in the minor axis
direction without differences in vinculin expression
between N- and sh-BMSCs. Cells grown on PG matrices
are altered during processes involved in normal cell adhe-
sion via vinculin clustering [30]. Previous reports have
shown that DCN is important in maintaining collagen
structure [31] and regulating fibril assembly [32]. From the
above, depletion of DCN caused a disturbance of the col-
lagen structure, thereby affecting the cell morphology on
TiOx because collagen is one of the key factors in cell
attachment on TiOx [33]. In the future, the ultra-
microstructure of collagen on TiOx should be observed
using TEM to analyze the function of DCN on TiOx.

Previous reports have shown that DCN may act as an
inhibitor of collagen matrix mineralization on a polystyrene
substrate [28]. However, the osteogenic capacities of osteo-
blasts on TiOx coated with exogenous DCN improved [19].
The expression of fibrotic markers in this study was consistent
with that in a previous report [19]. DCN connects TGF-β and
suppresses the osteogenic capacities through the Smad pathway
[34, 35]. It was suggested that the discrepancy in the osteogenic
properties of DCN derived from cells on polystyrene and TiOx
was caused by different pathways on the TiOx and polystyrene
substrates. In addition, the mineralization on TiOx was caused
by a different mechanism from collagen fiber mineralization
because collagen fibers were not observed in the PG layer by
N- and sh-BMSCs on TiOx at any time point in the TEM
analysis. Furthermore, the difference in osteogenic properties
was caused by the cell type because MC3T3 cells are char-
acterized by an osteoblastic phenotype and are different from
the MSCs used in this study.

DCN on TiOx altered immunomodulation in MSC.
Secreted inflammatory cytokines affect macrophage polar-
ization toward the anti-inflammatory phenotype. The dif-
ferences in IL-6 and IL-10 expression between BMSC-
depleted DCN and control BMSCs were greater than that

Fig. 5 Gene expression of A Acta2, B FN1, and C TGF-β1 after 7 and
14 days of cultivation on TiOx. Western blotting analysis of extra-
cellular matrix after 14 days of cultivation on TiOx (D) and semi-

quantification (E–H). This figure is representative of two independent
experiments. *p < 0.05, **p < 0.01
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between C4ST-1-depleted BMSCs and control BMSCs.
The difference in the PG layer area between BMSC-
depleted DCN and control BMSCs was greater than the
difference between C4ST-1-depleted BMSCs and control
BMSCs [12]. Accumulating evidence has shown that DCN
regulates the bioactivities of cell growth factors and parti-
cipates in ECM assembly because DCN acts as a ligand for
various cytokines and growth factors by direct or indirect
interactions [36]. Combining the TEM observations and
gene expression data related to immune tolerance suggested

that the PG layer on TiOx controlled the immunomodula-
tory capacity of BMSCs on TiOx.

IL-10 is a well-known anti-inflammatory mediator [37].
It has been suggested that sh-BMSCs establish a pro-
inflammatory environment next to TiOx, given that the
expression of IL-10 in sh-BMSCs was much lower than in
N-BMSCs. Furthermore, the polarization of hMps shifted to
M1-like Mps, which agrees with our previous study [12].
Taken together, the PG layer possibly establishes an anti-
inflammatory environment around the TiOx materials.

Fig. 6 Gene expression related to immunotolerance in N-BMSCs and
sh-BMSCs after 14 days of TiOx (A–C) cultivation and in CM-treated
hMps derived from N-BMSCs and sh-BMSCs (D–J). Protein

expression levels of IL-6 and IL-10 in the supernatant of BMSCs
cultured on TiOx (K, L) and after stimulating hMps (M, N).
**p < 0.01
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Further analysis of the immunotolerance using various
surfaces would support clinical applications.

The decellularization assay revealed few differences
between N- and sh-Ti, and SEM-EDX did not detect sulfur
on either surface. Although we tried to prepare a decel-
lularized surface to investigate the influence of endogenous
and exogenous DCN, the decellularization of TiOx was
difficult. The possible reasons are as follows: long-term
cultivation led to several layers of cells, and the cells next to
the TiOx became undernourished, or the interfacial strength
between the cells and the TiOx was not strong under in vitro
conditions. The ECM may have peeled off from the TiOx
surface when the cells were thawed. Therefore, verifying
the effects of DCN depletion in vivo is necessary.

From this study, endogenous DCN was suggested to
have important roles in osseointegration. Because it is dif-
ficult to harvest bone tissue adjacent to osseointegrated
titanium implants, creating a system for preoperative eva-
luation is important. For example, blood tests or sampling
of bone tissue at the time of implant placement for gene
expression tests can be used in clinical practice. Further-
more, the method we used in this study can be applied to
other target genes. Further research is required to provide
reliable implant treatment.

5 Conclusions

DCN in BMSCs on TiOx was the main component of the
PG layer. In addition, DCN affected the osteogenesis and
immunomodulation of BMSCs on TiOx.
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