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Abstract. Addressing the repair and regeneration of large bone
defects poses significant challenges in bone tissue engineering.
Despite the abundant evidence demonstrating the positive role
of MSCs in osteogenesis, their limited osteogenic differentia-
tion ability still needs to be improved. The present study used
lipopolysaccharide (LPS) to enhance the osteogenic properties
of ecto-mesenchymal stem cells (EMSCs). Human nasal respi-
ratory mucosa-derived EMSCs were cultured on plates and
stimulated with LPS for 5 days prior to undergoing osteogenic
differentiation. The findings revealed that LPS effectively
stimulated the osteogenic differentiation capacity of EMSCs,
as evidenced by heightened alkaline phosphatase activity,
elevated expression levels of osteogenic-related proteins and
enhanced mineralization of EMSCs. The present study also
demonstrated that the augmentation occurred due to increased
IL-10 levels, although it was not solely attributable to this
factor. Together, the findings illustrated that the LPS-mediated
adaptation of EMSCs is an active process driving osteo-
genic differentiation and could be a novel strategy for bone
regeneration.

Introduction

Bones provide structural support for the body and protect soft
and vulnerable tissues and organs (1). With a rapidly aging
population, the incidence of orthopedic clinical cases involving
bone healing has been steadily increasing (2). Treating bone
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defects often involves nonunion, which seriously affects the
patient's quality of life.

An increasing number of researchers have focused on
tissue engineering for bone regeneration (3,4). While chitosan
and other bioscaffolds have achieved considerable success
in bone regeneration, the seed cells remain paramount (5,6).
Mesenchymal stem cells (MSCs) possess the capacity for
multidirectional differentiation and self-renewal, making them
excellent candidate cells (7). MSCs may exert their effects
through direct differentiation into bone cells or creating a regen-
erative environment through paracrine mechanisms (8-10).
Ectodermal mesenchymal stem cells (EMSCs) represent a
distinctive subset of MSCs originating from the neural crest
stem cell (11). The neural crest stem cell plays a pivotal role
in skull formation during early embryonic development (12,13).
The majority of craniofacial bones are derived from the ecto-
dermal germ layer, which is contributed by neural crest stem
cell. These bones are notably different from the long bones
derived from the mesoderm (14-16). Scientists have emphasized
the osteogenic qualities of EMSCs and bone marrow mesen-
chymal stem cells (BMSCs). Noteworthy is their discovery
that EMSCs exhibit superior proliferation characteristics when
grown on three-dimensional scaffolds, highlighting the prom-
ising potential of EMSCs in tissue engineering endeavors (16).
Prior investigations conducted in our laboratory also have
demonstrated that the administration of EMSCs facilitates
bone defect repair (17,18). However, the current inadequacy in
the osteogenic differentiation capacity of EMSCs hinders their
clinical application. Thus, there is a need for the development of
more efficient and simplified therapeutic approaches to enhance
the osteogenic differentiation potential of EMSCs.

The differentiation of MSCs into mature, functional
osteoblasts represents a complex process intricately regulated
and influenced by a number of factors. Alterations in the
extracellular milieu can modulate cellular stress, consequently
affecting the differentiation trajectory of MSCs (19). As an
anti-inflammatory factor, IL-10 has recently been proved to
have properties in regulating the osteogenic orientation of
MSCs (20). Various inflammatory pretreatment methods
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applied to MSCs revealed clues suggesting enhancement of
their immunological capabilities (21,22).

Though the enhanced immune effects remain complex, it
is possible that IL-10 may emerge as a significant contributor
to inflammatory preconditioning. Based on these foundations,
it was hypothesized that our approach to inflammatory adap-
tation could augment the paracrine capabilities of EMSCs,
leading to an upregulation in IL-10 levels and thereby facili-
tating significant osteogenic differentiation.

The present study aimed to determine whether the activa-
tion of EMSCs by lipopolysaccharide (LPS) enhances the
process of osteogenesis and to delve deeper into the under-
lying mechanisms involved in this differentiation process. To
achieve this objective, the present study conducted osteogenic
differentiation assays to compare the behavior of EMSCs with
that of LPS-activated EMSCs. Additionally, the expression of
IL-10 in LPS-activated EMSCs was examined and IL-10 used
as a positive control to assess its specific role. Previous studies
have reported the osteogenic effect of IL-10 on MSCs (23,24).
The aim of the present study was to ascertain whether LPS
promoted osteogenic differentiation of ecto-MSCs by upregu-
lating IL-10 and to compare the difference of EMSCs between
the LPS and the IL-10 group. The findings carry implications
for evaluating the osteogenic potential of EMSCs and under-
score the significance of inflammatory adaption in the efficacy
of MSC-based bone tissue engineering therapies.

Materials and methods

Cell culture. The human samples were obtained from anony-
mous healthy donors. Between March 2021 and December
2022, 10 volunteers ranging in age from 18-60 were recruited,
maintaining an equal sex ratio of 1:1. All samples were
collected with the donor's informed written consent. Permission
for obtaining the samples was granted by the Affiliated
Hospital of Jiangsu University (Zhenjiang, China; approval
no. SWYXLI20190225-2). EMSCs were isolated from human
nasal mucosa following previously established protocols
with slight modifications. Briefly, mucosal tissues obtained
from biopsies were finely minced and cultured in Dulbecco's
modified Eagle's medium/nutrient mixture F12 (DMEM/F12)
supplemented with 10% fetal bovine serum (FBS; HyClone;
Cytiva). The tissues were maintained in a humidified incubator
at 37°C with 5% CO, and the medium was refreshed every
4 days. Upon outgrowth of cells, EMSCs were harvested using
0.25% trypsin and subcultured until reaching 85% confluence.
The identity and purity of the cells were confirmed by immu-
nofluorescence staining for nestin (Wuhan Boster Biological
Technology, Ltd.), SRY-related HMG box-containing 9 (Sox9;
Wuhan Boster Biological Technology, Ltd.) and vimentin
(Wuhan Boster Biological Technology, Ltd.).

A total of 3,000 cells were evenly distributed into six-well
plates and subjected to continuous culture until the emer-
gence of discernible cell colonies. Following this incubation
period, the plates underwent fixation at 4°C using a 4% para-
formaldehyde solution for 15 min, followed by PBS washes.
Subsequently, specimens were treated with a 0.1% crystal
violet staining solution at room temperature, allowing for
a 15-min staining period, after which they were rinsed with
running water and images captured.

Inflammatory training of EMSCs. Cells were uniformly seeded
in culture dishes at a density of 50% while in a favorable growth
state. Prior to osteogenic induction, an inflammatory acclima-
tion procedure was conducted. Briefly, EMSCs were cultured
with low concentrations of LPS and incubated at 37°C in an
incubator for five consecutive days. The stimulated medium
was replaced every two days until the procedure was finished.

Calcein-AM/propidium iodide (PI) staining. The
Calcein-AM/PI staining method was employed to distinguish
between living and dead cells. Calcein-AM specifically stains
living cells due to its ability to efficiently penetrate intact
cell membranes, whereas PI selectively stains dead cells as
it cannot traverse the intact cell membrane of living cells.
The Calcein-AM/PI staining kit (Beijing Solarbio Science &
Technology Co., Ltd.) was used following the manufacturer's
protocol to assess the viability of EMSCs following LPS treat-
ment. A solution containing 2 yM Calcein-AM and 1 yM PI
was applied to the cells for 30 min at 37°C in a dark envi-
ronment. Images were captured at 10x magnification using a
fluorescence microscope.

Osteogenic differentiation of EMSCs in vitro. For osteogenic
differentiation, EMSCs were cultured in osteogenic induction
medium consisting of culture medium supplemented with
0.1 uM dexamethasone, 50 pg/ml ascorbic acid and 10 mM
[B-glycerophosphate. The medium was refreshed every 3 days
over a 14-day period. Then, cells were fixed with 4% parafor-
maldehyde at RT for 10 min and subsequently stained with a
2% solution of Alizarin red S (Mackin Biochemical Co., Ltd.)
for 10 min at room temperature. Meanwhile, alkaline phos-
phatase (ALP) staining was applied to EMSCs undergoing
osteogenic differentiation to visualize the presence of osteo-
blasts. ALP activity was examined using an ALP staining kit
(Beijing Solarbio Science & Technology Co., Ltd.) according
to the manufacturer's protocol. The cells were stained for
30 min at RT and then imaged at 10x magnification with a
light microscope, capturing five random fields of view.

Immunofluorescence staining. A total of 1x10* cells were
seeded into 24-well plates and cultured in DMEM/F12
medium supplemented with 10% FBS (HyClone, Cytiva).
For immunofluorescence staining, cells were fixed in 4%
polyformaldehyde at 4°C overnight and then rinsed three
times with PBS. Cells were permeabilized and blocked by a
mixture of 0.1% Triton X-100 and 3% bovine serum albumin
(BSA) for 30 min at RT. Following PBS washing, cells were
incubated with primary antibodies targeting nestin, (1:100;
Wuhan Boster Biological Technology, Ltd.) Sox9 (1:100;
Wuhan Boster Biological Technology, Ltd.), Vimentin (1:100;
Wuhan Boster Biological Technology, Ltd.), IL-10 (1:1,000;
Wuhan Proteintech Biotechnology), Sonic hedgehog (Shh)
(1:100; Wuhan Boster Biological Technology, Ltd.), Gli family
zinc finger 1 (Glil) and osteopontin (OPN) (1:100; Wuhan
ProteinTech Biological Technology, Ltd.) at 4°C overnight.
After PBS washing, cells were incubated with Cy3-conjugated
secondary antibodies at 37°C for 1 h. Nuclear staining was
performed by incubating the cells with DAPI at room
temperature for 10 min and observation was conducted using
fluorescence microscopy at 10x magnification.
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Figure 1. Extraction and microscopic morphology of EMSCs. (A) Diagram illustrating the process of cell extraction. (B) Primary EMSCs (left) and third-gener-
ation EMSCs (right) exhibit different morphologies, scale bar, 100 zm. (C) Colony formation was performed to evaluate proliferation capacity in EMSCs.
EMSCs, ecto-mesenchymal stem cells; DMEM/F12, Dulbecco's modified Eagle's medium/nutrient mixture F12.

Western blotting. Cell protein was extracted with RIPA lysis
buffer (Biosharp Life Sciences) supplemented with protease
inhibitors (Wuhan Boster Biological Technology, Ltd.). The
protein concentration of the samples was measured using
the BCA assay. A total of 3 pg protein was loaded into each
lane, separated via 10% SDS-PAGE) and transferred onto a
polyvinylidene fluoride membrane. Following a 1 h blocking
step with 5% BSA (Biosharp, China) at RT, the membranes
were incubated with primary antibodies against Shh (1:1,000;
BA2171; Wuhan Boster Biological Technology, Ltd.), IL-10
(1:1,000; 60269-1-Ig; Wuhan Proteintech Biotechnology),
Osteocalcin (OCN; 1:1,000; 20277-1-AP; Wuhan ProteinTech
Biotechnology), Runt-related transcription factor 2 (1: 1,000;
20700-1-AP; Wuhan Proteintech Biotechnology) and Actin
(1:1,000; bsm-33036M; BIOSS) for an hour at RT. Subsequently,
HRP-conjugated goat anti-rabbit IgG (1:5,000; BA1058;
Wuhan Boster Biological Technology, Ltd.) was applied and
incubated with the membrane for 1 h at 37°C. Immunoreactive
bands were visualized using enhanced chemiluminescence
reagents (Millipore; Sigma). The bands was quantified by
Image]J (version 1.8.0; NIH) software.

ELISA. Cell supernatant was harvested, followed by centrifu-
gation at 2,500 x g at room temperature for 10 min to remove
residual cells and debris. An IL-10 ELISA kit purchased from
Boster (Cat. no. EK0416) was used to analyze the sample
following the instructions and its absorbance at 450 nm was
quantified using a microplate reader.

Statistical analysis. Statistical analyses were performed using
GraphPad software (version 8.0.2; Dotmatics). All data are
presented as the mean + standard deviation. The significance
of differences between groups was assessed using two-tailed
unpaired Student's t-test or one-way analysis of variance with

DAPI Nestin Merged
DAPI Sox9 Merged
DAPI Vimentin Merged

Figure 2. Identification of surface markers (nestin, Sox9 and vimentin) by
immunofluorescence; red represents CY3 labeled antibodies and blue repre-
sents DAPI, scale bar, 100 gm. Sox9, SRY-related HMG box-containing 9.

Bonferroni method. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

EMSCs isolation and characterization. The nasal musca were
cut into pieces (1 mm?) and cultured into plates (Fig. 1A).
Initially, it was observed that EMSCs migrated from the
tissue (Fig. 1B) and that they proliferated rapidly after several
subculture passages (Fig. 1C).
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Figure 3. Optimization of the LPS concentration. (A) Staining of live and dead cells where red indicates live cells and green indicates dead cells, scale bar,
100 pm. (B) Histogram. NC, negative control; PI, propidium iodide; LPS, lipopolysaccharide.
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Figure 4. IL-10 levels in EMSCs are elevated after inflammatory acclimation. (A) Expression of IL-10 through immunofluorescence in EMSCs, red represents
CY3 labeled antibodies and blue represents DAPL. (B) Western blotting of IL-10 in EMSCs, “P<0.05. EMSCs, ecto-mesenchymal stem cells; NC, negative

control; LPS, lipopolysaccharide.

Identification of surface markers of EMSCs. Next, the
expression of EMSCs markers (nestin, Sox9, vimentin) was
evaluated through immunofluorescence staining. As illus-
trated in Fig. 2, neuroectodermal lineage marker (nestin),
MSCs marker (vimentin) and neural crest-related marker
(Sox9) were detected, which is consistent with our previous
findings (25,26).

Influence of inflammatory adaptation on EMSCs. To evaluate
whether inflammatory adaptation affects the survival of

EMSCs, live (green)/dead (red) cell staining was performed.
The results indicated that the five consecutive training days
with varying concentrations of LPS resulted in distinct perfor-
mances regarding the cell survival rate. Specifically, exposure
to 100 ng/ml LPS appeared to have no detrimental effect on
EMSCs, whereas exposure to 1 yg/ml LPS induced certain
damage (Fig. 3).

Inflammatory adaptation procedure improves IL-10
expression of EMSCs. Next, immunofluorescence and
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Figure 5. Enhanced osteogenic differentiation of LPS-EMSCs. (A) Alizarin red S and (B) alkaline phosphatase staining of EMSCs and LPS-EMSCs following
osteogenic differentiation. Scale bar, 100 zm, “P<0.05. EMSCs, ecto-mesenchymal stem cells; NC, negative control; ALP, alkaline phosphatase; LPS, lipo-
polysaccharide.
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Figure 6. Inflammatory adaptation of EMSCs upregulate expression of osteogenesis-related proteins. (A) Immunofluorescence of Glil expression.
(B) Immunofluorescence of OPN expression, red represents CY3 labeled antibodies and blue represents DAPI. Scale bar, 100 gm. “P<0.05. EMSCs,
ecto-mesenchymal stem cells; Glil, Gli family zinc finger 1; OPN, osteopontin; NC, negative control; LPS, lipopolysaccharide.
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Figure 7. Enhanced osteogenic differentiation observed in inflammatory-acclimated EMSCs is not solely attributed to the upregulation of IL-10. (A) Illustration
depicting the group intervention strategy. (B) ELISA of IL-10. (C) ALP staining. (D) Alizarin red S staining. (E) Western blot analysis of OCN, RUNX2 and
Actin. Scale bar, 100 ym, “P<0.05. EMSCs, ecto-mesenchymal stem cells; ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, runt-related transcription

factor 2; NC, negative control; LPS, lipopolysaccharide.

western blotting were conducted to assess whether inflamma-
tory adaptation procedure would elevate the levels of IL-10
in EMSCs (Fig. 4). The findings indicated a notable increase
in IL-10 expression in EMSCs, demonstrating significant
differences. Immunofluorescence analysis also revealed
an enhanced IL-10 fluorescence signal in the LPS group.
During domestication, the dynamic alternation of IL-10 in
EMSCs indicated a positive outlook for anti-inflammatory
therapy and hinted at an increased potential for osteogenic
differentiation (20,27).

Inflammatory adaptation of EMSCs enhances osteogenic
differentiation. Based on the aforementioned studies, it was
investigated whether the elevated levels of IL-10 affected
osteogenic differentiation. Alizarin red staining can detect
calcium deposits as a marker to confirm successful osteo-
blastic differentiation of stem cells. EMSCs domesticated by
LPS obtained an enhanced osteogenic characteristic (Fig. 5A).
The ALP staining results also corroborated this observation
(Fig. 5B). Meanwhile, the expression of Glil and OPN as
indicators of osteogenic-related proteins was test. As shown
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Figure 8. Following inflammatory acclimation, the expression of Shh in EMSCs was observed to increase. (A) Fluorescent expression of Shh, red represents
CY3 labeled antibodies and blue represents DAPI. (B) Western blot analysis of Shh. Scale bar, 100 gm, “P<0.05. Shh, Sonic hedgehog; EMSCs, ecto-mesen-

chymal stem cells; LPS, lipopolysaccharide.

in Fig. 6, EMSCs exposed to LPS exhibited high levels of
expression of (A) Glil and (B) OPN.

Unraveling factors beyond IL-10 in promoting EMSCs
osteogenic differentiation during inflammatory adaptation.
IL-10 can enhance the osteogenic differentiation of MSCs (23).
In order to investigate whether the heightened osteogenic
induction following inflammatory acclimation was primarily
attributed to the increase in IL-10, cells treated solely with
IL-10 were allocated into a control group (Fig. 7A). Briefly,
IL-10 expression was measured in the inflammatory adapta-
tion of EMSCs by ELISA (Fig. 7B). The IL-10 level acted as a
benchmark, prompting the introduction of the corresponding
IL-10 factor for intervention. Fig. 7C showed that ALP activity
in the LPS group was also higher compared with the IL-10
group. The LPS group exhibited a higher prevalence of calcium
deposits (Fig. 7D). The high expression of proteins, such as
OCN and RUNX2, further confirmed these phenomena
(Fig. 7E).

Shh contributes to EMSCs osteogenic differentiation during
inflammatory adaptation. The question is what leads to the
outstanding osteogenic differentiation potential observed in
inflammatory-acclimated EMSCs? Is it simply the upregula-
tion of IL-10? Shh serves as a morphogen regulating skeletal
and vascular development in embryos (28). Research has
documented its beneficial impact on fostering osteogenic
differentiation (29). For this reason, the expression of Shh

in EMSCs under the inflammatory adaptation was further
detected. Notably, the results showed that the evaluated expres-
sion of Shh was also triggered by LPS (Fig. 8). Domestication
is a complex process influenced by various factors, including
cellular stress. This discovery suggested that Shh could act
as an additional facilitator in osteogenic differentiation,
highlighting the need for further investigation into other
contributing factors.

Discussion

The process of domesticating EMSCs, a novel and intriguing
approach, has the potential to alter numerous properties of
EMSCs. Inflammatory adaptation, a unique model of adap-
tation characterized by its heightened anti-inflammatory
attributes, raises new considerations. However, the reported
absence of osteogenic induction in these domesticated MSCs,
with the underlying mechanisms of induction remaining
unclear, presents a significant gap in our understanding. The
present study aimed to fill this gap by exploring the effect of
inflammatory adaptation on MSC differentiation into osteo-
blasts and elucidating potential underlying mechanisms.

LPS can trigger inflammation in MSCs, elevate levels
of oxidative stress, induce ROS generation, disrupt mito-
chondrial function and induce various metabolic changes.
These detrimental effects impede the osteogenic differ-
entiation process of MSCs (30,31). However, the varying
outcome primarily relies on the concentration of LPS and
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the specific type of cell affected. A previous investigation,
with LPS concentrations reaching 1 yg/ml, led to poten-
tial harm to MSCs, ultimately impeding their osteogenic
differentiation (32). The present study also confirmed that
exposure to LPS at a concentration of 1xg/ml could harm
EMSCs, prompting the selection of a lower concentra-
tion of LPS. Thus, a unique approach to acclimate to the
low-concentration stimulation pattern over time was
implemented, diverging from prior research methodologies.
Notably, the present study indicated that EMSCs osteogen-
esis is expedited by inflammatory adaptation. Meanwhile, it
was discovered that the osteogenic capability was initiated
by the heightened secretion of IL-10, a cytokine abundantly
expressed in the acclimated EMSCs, thereby enhancing the
osteogenic differentiation of EMSCs. IL-10 is crucial as an
immunomodulatory agent and an osteoblastogenic cytokine.
The elevation of IL-10 undoubtedly hastens the osteogenesis
process. Hence, the process of inflammatory adaptation
not only enables EMSCs to acquire immunomodulatory
properties but also facilitates their osteogenic potential.
Further investigation is needed to determine if endoplasmic
reticulum stress triggered by LPS is the most plausible
explanation for this phenomenon (33).

Furthermore, the present study employed an equivalent
concentration of IL-10 to stimulate osteogenesis, yet it failed
to yield the marked osteogenic outcomes observed with
EMSCs post-inflammatory adaptation. It was hypothesized
that the inflammatory adaptation process imbued EMSCs
with a complex network of osteogenic factors, albeit poorly
elucidated. Shh, a morphogenetic factor, frequently influ-
ences the osteogenic differentiation of stem cells through its
expression (34,35). The present study conducted a prelimi-
nary examination of Shh expression in EMSCs acclimated
by LPS and the results also indicated an observed increase
in expression in EMSCs. It was provisionally verified that
the inflammatory adaptation of EMSCs induced alterations
in factor metabolism levels and these modifications within
the factor network facilitated the transition of EMSCs into
osteoblasts. However, the present study only demonstrated
the positive involvement of IL-10 and Shh in promoting
osteogenic differentiation in EMSCs under inflammatory
adaption, while a number of other factors contributing to
osteogenic differentiation remain unexplored. It is necessary
to further investigate the effect of inflammatory adaptation on
EMSCs and elucidate the signaling pathways through which
these effects promote osteogenesis. Biological scaffolds also
play a pivotal role in bone regeneration (36,37). Fully under-
standing tissue engineering requires the close integration
of cells with scaffolds. Research interest in chitosan and its
derivatives has surged because of their remarkable biocompat-
ibility and biodegradability. Chitosan has been proved to be
a highly effective scaffold material in numerous applications
within the realm of bone regeneration, demonstrating notable
success (38,39). Integrating bioengineered scaffolds such as
chitosan with MSCs may also provide a promising perspective
for advancement.

In summary, the present study indicated that EMSCs
developed a multifactorial network through inflammatory
adaptation, highlighted by IL-10 and Shh, which enhanced
their osteogenic capabilities. This significant finding not only

deepens our understanding of the osteogenic differentiation
process but also opens up new avenues for the development of
novel approaches to treat bone defects in the future, potentially
revolutionizing the field of regenerative medicine. However,
the present study also encountered some new challenging
questions, including what concentration of LPS can break the
adaptive changes and turn into toxic damage and whether these
cell-level changes are caused by ER stress. These intriguing
inquiries require further examination.
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