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Abstract

3D bioprinting is a focused field in orthopedics, and its application with
physiological osteogenic microenvironments (POMEs) is a prerequisite for
authentic bone reconstruction. Mechanical stimulation produces prostaglandin E2
(PGE,) in mechanosensory osteocytes, but it remains unclear whether osteocytic
PGE, is a POME. PGE, is an inducer of osteogenesis by acting on bone marrow
stromal cells through its receptors EP2/EP4 to initiate osteogenic differentiation
and mineralization. Unfortunately, clinical trials of PGE, have reported side effects,
including fever and drowsiness; targeting the PGE, receptor in specific tissues can
avoid these side effects. Here, we demonstrate that osteocytic cell line MLO-Y4 from
murine long bones treated with EP2/EP4 agonists for 24 h enhance osteogenic
differentiation and mineralization, inhibit adipogenesis of the stromal cell line ST2,
andinduce tubule formation and angiogenic marker expression in human umbilical
vein endothelial cells (HUVECs). Mechanistically, activation of the PGE, signaling
pathway in osteocytes induces autocrine effects by upregulating the expression
of EP2/EP4 receptors and COX-2 (Ptgs2), further amplifying PGE, signaling. PGE,
produced by treated MLO-Y4 cells appears responsible for osteogenesis, alongside
other unidentified factors. MLO-Y4 and ST2 cells, incorporated into POME 3D
constructs, maintained over 95% viability over seven days. Treatment of osteocytes
with a PGE, receptor agonist promotes ST2 cell proliferation and enhances
osteoblast marker expression and mineralization. As 3D bioprinting closely models
in vivo conditions, these data suggest that osteocytic PGE, receptor signaling is a
safe and mild POME with great potential for translational applications.

Keywords: PGE,; Physiological osteogenic microenvironment; 3D bioprinting;
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1. Introduction

3D printing technology has traditionally been used for
rapid prototyping of industrial materials such as metals
and polymers. In recent years, it has been integrated
with biotechnology (this combination is known as 3D
bioprinting), displaying great potential in the biomedical
field.! 3D bioprinting has several advantages, such as
matching complex-shaped organs and precise control of
manufacturing processes,” leading to research. However,
3D bioprinting faces a key challenge: developing a
biologically active material that can achieve the function
of original organs after implantation, and physiologically
responding to internal and external stimuli to adapt to
environmental changes.’

To address this issue, the concept of microenvironment
has been introduced into the field of 3D bioprinting.* In a
broad sense, microenvironment refers to the combination
of physical, chemical, and biological factors present in cells
and their surrounding areas. These factors collectively
influence cell physiology and differentiation. In orthopedic
3D bioprinting, creating an osteogenic microenvironment
that mimics physiological conditions is crucial for the
reconstruction of authentic bone.*

Bone tissue is sensitive to mechanical stimulation,
and enhanced mechanical stimulation has positive and
anabolic effects on bone formation.’ Osteocytes are the
main mechanosensory cells in the skeleton, detecting
changes in their microenvironment due to mechanical
loading and converting them into biological responses by
secreting prostaglandin E2 (PGE,).° In a study on CX43 in
murine osteocytes, a CX43-specific antibody inhibited the
secretion of PGE,, osteoblastic activity, and bone formation
induced by mechanical loading. However, PGE, reversed
this inhibition and restored the osteogenic response to
mechanical loading.” Therefore, PGE, generation induced
by mechanical loading is positively correlated with bone
formation, leading us to question whether activating PGE,
signaling in osteocytes could enhance bone formation.
Osteocytes may be the ideal target for drug action as they
account for more than 90% of the total number of cells in
the skeleton. Additionally, osteocytes interact with each
other through their dendrites to form a large regulatory
network that facilitates drug action.

Moreover, PGE, also plays an active role in angiogenesis,
which is responsible for the delivery of nutrients and
oxygen in the body. Therefore, the formation of blood
vessels is essential in bone regeneration and repair. In vitro
and in vivo research data indicate that PGE, can promote
the formation of blood vessels, primarily mediated by EP4
receptors and the downstream Protein Kinase A (PKA)
signaling pathway.® However, due to its side effects, such

as fever and drowsiness, PGE, is not acceptable as a bone-
forming drug in clinical practice. Consequently, activating
PGE, receptors is preferred to avoid these side effects.” EP2
and EP4 are the two PGE, receptors most associated with
bone formation. In the cultivation of rat calvarial cells, PGE,
not only promotes the expression of osteoblast markers
and mineralization. Additionally, agonists of EP2 and EP4
further enhance these effects.!” In humans, functional EP2
is lacking in osteoblasts or osteoclasts, leading to increased
focus on EP4. In murine osteoblasts, the main downstream
effect of EP4 signaling is the increased production of
cAMP and COX-2."

In our study, PGE2-treated osteocytic cell line
MLO-Y4 promotes osteogenic differentiation of ST2 cells
and mineralization. Moreover, EP4 and EP2 agonists
CAY10580 (C10)- and Taprenepag isopropyl (Tap)-treated
MLO-Y4 cells replicate the osteogenic effects of PGE,. We
found that MLO-Y4 cells treated with EP4 agonist C10 can
promote osteogenic differentiation and mineralization of
ST2 cells. As 3D scaffolds can rapidly simulate the in vivo
microenvironment, in our established polycaprolactone
(PCL)- and cell-integrated 3D bioprinting system
(PCI3D)," the 7-day survival rate of cells can reach over
95% and support the osteogenic differentiation and
mineralization of ST-2 cells. Meanwhile, the conditioned
medium of osteocytes treated with EP2/4 agonists can
induce the migration and angiogenesis of human umbilical
vein endothelial cells (HUVECs), which is important for
the regeneration and repair of bone tissue. In summary,
osteocytic PGE, receptor signaling enhances osteogenesis
and angiogenesis, inhibits adipogenesis, and promotes cell
proliferation, osteogenic differentiation, and mineralization
within simulated in vivo 3D scaffolds, suggesting a safe
and mild physiological osteogenic microenvironments
(POME). We built this POME using hard biomaterial as a
bone developmental module through 3D bioprinting. This
system allows cells to survive, grow, and develop for up to
28 days, effectively simulating physiological conditions for
bone formation.

2. Materials and methods

2.1. Reagents and cells

PGE, and Tap were purchased from MedChemExpress
(China); C10 was purchased from Chemegen (China);
celecoxib was purchased from TargetMol (China); Matrigel
was purchased from Corning (United States of America
[USA]); Alizarin Red S was purchased from Solarbao
Company (China); lyophilized gelatin methacryloyl
(GelMA) and photo-cross-linking agent lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) were purchased
from Sunp Biotech (China); and PCL was purchased from
Aladdin (China).
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MLO-Y4 was kindly provided by Dr. Lynda Bonewald
of Indiana University School of Medicine, USA. ST2
cells were kindly provided by Dr. Steve Teitelbaum of
Washington University in St. Louis, USA.

2.2. Assay kits

5-Bromo-4-chloro-3-indolyl phosphate p-toluidine salt
(BCIP)/Nitrotetrazolium Blue chloride (NBT) alkaline
phosphatase (AP) detection kit, AP activity detection kit,
live/dead viability assay kit, cell counting kit-8 (CCK-
8), and modified Oil Red O staining kit were purchased
from Beyotime Biotechnology (China). The reverse
transcription premix kit and Synergy Brands (SYBR)
premix quantitative polymerase chain reaction (qQPCR) kit
were purchased from Accurate Biology (China).

2.3. Cell culture

Minimum Essential Medium a (a-MEM) and Dulbecco’s
Modified Eagle Medium (DMEM) were purchased from
Gibco (USA); streptomycin and trypsin were purchased
from Beyotime Biotechnology (China); fetal bovine serum
(FBS) was purchased from Biological Industries (Israel);
and HUVECs, Wnt3a-expressing cell line, and its control
cell line were purchased from American Type Culture
Collection (ATCC, USA).

Murine stromal and osteocytic cell lines ST2 and
MLO-Y4 were cultured in a-MEM containing 10% FBS and
1% penicillin and streptomycin, as previously described."**
Wnt3a-expressing, its control cell lines, and HUVECs
were cultured in DMEM containing 10% FBS and 1%
penicillin and streptomycin.”**> MLO-Y4 cells were seeded
at 1 x 10*/well in a 24-well plate and cultured overnight.
The cells were then stimulated with PGE, (1, 2.5, and 7.5
uM), Tap (1, 5, and 20 uM), or C10 (10, 100, and 500 nM),
respectively, for 24 h. Thereafter, the culture medium was

removed, and ST?2 cells were immediately added into each
well to be co-cultured with the drug-treated osteocytes for
three days before harvesting for assays.

2.4. Preparation of conditioned medium

MLO-Y4 cells were stimulated with 5 pM Tap or 500
nM C10 for 24 h, washed with serum-free medium, and
further cultured with growth medium for another 24
h. The culture medium was collected as the conditioned
medium and stored at —80°C until use. The control
medium was collected in the same way in MLO-Y4 cells
treated with dimethyl sulfoxide (DMSO) or ethanol. The
Wnt3a medium was collected from the Wnt3a-expressing
cell line treated with DMSO as described.'*!*

2.5. RNA extraction and gene expression analysis
Total RNA extraction and qPCR were performed as
reported.’® To analyze gene expression, total RNA
was extracted from the cells using Trizol. The cDNA
was synthesized from total RNA using the reverse
transcription premix kit and used as templates of gPCR
to detect genes with specific primer sets (Table 1 and 2).
The relative expression levels of mRNAs were normalized
to the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) using the 272 method.

2.6. Polycaprolactone- and cell-integrated 3D
Printing

As previously described,” lyophilized GelMA was
thoroughly dissolved in a-MEM to prepare a 20% (w/v)
GelMA solution containing 0.5% (w/v) of LAP that
serves as an initiator of photo-crosslinking. The solution
was sterilized through a filter (0.22 um; Merck Millipore,
Germany) and stored as a stock solution at 4°C until
further use. The MLO-Y4 cells were first treated with
DMSO/ethanol or Tap/C10 for 24 h. Following treatment,

Table 1. Sequences of primers (mouse) used for quantitative reverse transcription polymerase chain reaction (RT-qPCR).

Primer Sequence

Forward Reverse
Gapdh GCACAGTCAAGGCCGAGAAT GCCTTCTCCATGGTGGTGGTGAA
B-actin AGAGGGAAATCGTGCGTGAC CCATACCCAAGAAGGAAGGCT
Ptger2 TGCTTATCGTGGCTGTGCTC GGAGAATGAGGTGGTCCGTC
Ptger4 ATGGTCATCTTACTCATCGCCAC CTTTCACCACGTTTGGCTGAT
Ptgs2 CACAGCCTACCAAAACAGCCA GCTCAGTTGAACGCCTTTTGA
Alpl TTCGCTATCTGCCTTGCCTG AGTCTGTGTCTTGCCTGCC
Runx2 CCGTGGCCTTCAAGGTTGT TTCATAACAGCGGAGGCA
Collal TCAACCCCGTCTACTTCCCT TTCAACAGTCCAAGAACCCCAT
Ibsp CAGAGGAGGCAAGCGTCACT GCTGTCTGGGTGCCAACACT
Pparg GCCAAGGTGCTCCAGAAGATGAC GTGAAGGCTCATGTCTGTCTCTGTC
Cebpa GCCAAACTGAGACTCTTC TGGCATCTCTGTGTCAAC
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Table 2. Sequences of primers (human) used for quantitative reverse transcription polymerase chain reaction (RT-qPCR).

Primer Sequence
Forward Reverse
Gapdh GCACAGTCAAGGCCGAGAAT GGCTGTTGTCATACTTCTCATGG
Hif-1 CCATTAGAAAGCAGTTCCGCAAGC GTGGTAGTGGTGGCATTAGCAGTAG
Vegf AGAGGGAAATCGTGCGTGAC CCATACCCAAGAAGGAAGGCT
Angpt-1 ACTAGTAGTACAATGACAGTTTTCCTTTCC AGATCTTCAAAAGTCCAAGGGCCGGATCAT
eNOS TCACCTTCTTCCTGGACATCACTC ACCACTTCCACTCCTCGTAGCG
VE-cad TGCCTCCTATCCCAGTGTCGTATC GCCTCGGTTCCCATATCTCATCTTG

2 x 10°/mL of the treated cells were subsequently mixed
with 8 x 10°/mL ST2 cells in a-MEM, maintaining a
concentration ratio of 1:4, which was previously reported
as optimal for osteogenic differentiation.’****’An equal
volume of GelMA solution was added to form a cell-
laden solution, which was then placed into a syringe and
refrigerated on ice. The cooled syringe was subsequently
loaded into the cell-printing nozzle (ALPHA-IPT1; SunP
Biotech, China), preparing it for 3D bioprinting.

Next, PCL was pre-melted at 95°C for 30 min before
extrusion as beams (diameter: 400 pum; length: 15 mm) ata
printing speed of 2 mm/s. At the end, the printing direction
was adjusted to be perpendicular to the line just printed,
continuing to print 1.1 mm, then the printing direction
was adjusted again to turn back parallel to the first printing
line, printing 15 mm long. A solution of GelMA loaded
with cells was printed as hydrogel micelles (diameter:
300 pm; length 14 mm) between the PCL strips at 25°C
at a printing speed of 5 mm/s length of 500 um."® Once
a layer was printed, the GelMA hydrogel was crosslinked
under 405 nm blue light for 10 s before printing resumed
vertically for the next layer. After printing four layers
repeatedly, the 3D biological module is completed.

2.7. Cell viability assay

Cell viability in PCI3D modules was quantitated using a
live/dead viability assay kit.”” After 1, 4, and 7 days of cell
culture, the cells were washed with phosphate-buffered
saline (PBS) and incubated in the staining mixture,
containing 1 pL calcein AM (Calcein acetoxymethyl ester)
and 1 puL propidium iodide (PI) in 1 mL of assay buffer.
Calcein AM was used to stain living cells, and PI was used to
stain dead cells. The plates were incubated in an incubator
for 0.5 h, and the samples were imaged immediately using
an inverted fluorescence microscope (Leica, Germany).
Cell viability was quantified using Image]J software.

2.8. Cell proliferation assay

Cell proliferation assay was performed as previously
reported.” Briefly, CCK-8 was used per the manufacturer’s
instructions to evaluate cell proliferation in the functional

modules on days 1, 4, and 7 after culture. PCI3D modules
were washed with PBS, cut into four pieces, and placed in a
96-well plate. A total of 10 uL. CCK-8 solution in 100 uL PBS
was added to each well, and the plate was then incubated
for 2 h. Subsequently, the supernatant was pipetted into a
new 96-well plate to measure the absorbance at 450 nm
using a microplate reader.”

2.9. Osteogenic differentiation

After MLO-Y4 cells were treated with DMSO/ethanol
or Tap/C10 at indicated concentrations for one day, the
cells were co-cultured with ST2 cells at a ratio of 1:4 for
three days. Osteogenesis was measured by AP staining,
AP biochemical activity assay, qPCR for the expression of
osteoblast marker genes, and mineralization assay.

2.9.1. Alkaline phosphatase staining

The culture medium was aspirated from each well. The
cells were washed with PBS and fixed in 3.7% PBS-buffered
formaldehyde for 5 min. AP staining was conducted
according to a previously reported method." Subsequently,
the cells were washed three times with PBS and stained
using the BCIP/NBT AP staining kit for 30 min.

For PCI3D modules, AP staining was performed on
cells that were cultured in the PCI3D modules for 7 and
14 days. The staining process lasted for 4 h due to the slow
differentiation of cells in the 3D scaffolds. The results were
recorded using a digital camera.

2.9.2 Alkaline phosphatase biochemical

activity assay

The biochemical activity of AP was determined in
accordance with a previously reported method." After
adding 0.3 mL of 50 mM Tris/HCI (pH 7.4) to each well,
the cells were scraped off, transferred from the plate to
Eppendorf tubes, and sonicated for 30 s three times.
This step was performed on ice. After centrifugation
at 12,000 rpm/min for 3 min, the supernatant was
immediately tested according to the instructions of the
AP detection kit.
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2.9.3. Matrix mineralization assay

After MLO-Y4 cells were stimulated with drugs for 24 h,
they were cultured with ST2 cells at a ratio of 1:4 in an
osteogenic medium containing 10 mM B-glycerophosphate
and 50 pg/mL L-ascorbic acid, for 14 days to form
mineralized nodules. The 3D module was first cultured in
a complete medium for seven days and then cultured in the
above osteogenic induction medium for 21 days. The cells
were stained with 1% Alizarin Red S dye at 37°C for 30 min
and photographed under a microscope. The samples were
then washed with deionized water at room temperature
and decolorized with 10% cetylpyridinium chloride for 1
h. Finally, the absorbance of the decolorized solution was
measured at 562 nm to evaluate the mineralization status.

2.10. Angiogenesis assays

2.10.1. In vitro HUVEC tube formation assay

Tube formation was assessed as previously reported.'? After
receiving drug stimulation, MLO-Y4 cells were mixed with
HUVEC:s at a ratio of 1:5 and seeded onto a 24-well plate
pre-coated with 500 pL Matrigel. The cells were cultured
in a 37°C, 5% CO, incubator for 4 h, photographed
under a microscope, and quantitatively analyzed using
Image] to evaluate the vascular network structure formed
by HUVECs.

2.10.2. In vitro HUVEC cell migration assay

Transwell migration assay was performed as previously
reported.” The polycarbonate membrane of the transwell
chamber contains 8.0 um small holes for the migration of
cells. HUVECs were starved for 4 h and added with 700
uL DMEM containing 10% FBS and 300 pL conditioned
medium. Approximately 5,000 HUVECs were added
to the chamber and cultured at 37°C and 5% CO, for 24
h to facilitate cell migration onto the membrane. The
migrated cells were stained with crystal violet for 5 min.
Microscopic images were taken and quantitatively analyzed
using Image].

2.11. Adipogenesis assay

2.11.1. Adipogenic differentiation

Adipogenic differentiation assay was performed as
previously reported.”? Brieflyy, MLO-Y4 cells were
stimulated with 500 nM C10 for 24 h, and the control
group was treated with an equal volume of ethanol. The
cells were then co-cultured with ST2 cells at a ratio of
1:4 in adipogenic medium (0.5 uM dexamethasone, 0.5
mM IBMX, 60 pM indomethacin, medium DMEM) for
seven days. The lipid droplets formed in the ST2 cells
were imaged under light microscopy and stained with Oil
Red O.

2.11.2. Oil Red O staining

Oil Red O staining was performed as previously
reported.” After adipogenic differentiation, the cells were
washed twice with PBS and fixed with 4% formaldehyde
for 5 min. The cells were washed three times with PBS
and stained with a modified Oil Red O staining solution
per the staining kit instructions. The stained cells were
photographed under a microscope.

2.12, Statistical analysis

Statistical data analysis was performed using Graph Pad
Prism 8.0.1 software, and all results were based on three
independent replicates. Data is expressed as mean =*
standard deviation (SD). One-way analysis of variance
(ANOVA) was used to analyze differences between
multiple groups, and two-way ANOVA was used to analyze
differences between groups divided by two independent
variables. The comparison between the two groups was
performed using Student’s t-tests, with p-values < 0.05
being considered statistically significant.

3. Results

3.1. PGE -treated osteocytes promote osteoblast
differentiation of murine bone marrow stromal cells
We tested whether PGE,-treated osteocytic cell line
MLO-Y4induces osteoblast differentiation. PGE, treatment
of MLO-Y4 cells for 24 h increased the expression of PGE,
receptors EP2 and EP4 in a dose-dependent manner
Figure 1A, indicating a sufficient activation of PGE,
signaling in osteocytes; however, other receptors EP1 and
EP3 were not upregulated (data not included). CCK-8
assay results indicate that the tested concentrations of PGE,
had little effect on the proliferation activity of MLO-Y4
cells within 24 h (Figure 1B). PGE,-treated MLO-Y4 cells
co-cultured with ST2 cells for three days displayed the
highest increase in osteoblast differentiation at 2.5 uM
PGE,, observed from AP staining, the biochemical activity
assay, and the expression of osteoblast marker genes
(Figure 1C-E). Moreover, PGE,-treated MLO-Y4 cells
also promoted mineralization with increased mineralized
bone nodules in the PGE,-treated group (Figure 1F). PGE,
treatment of MLO-Y4 cells did not increase the expression
of osteoblast marker genes (Figure S1, Supplementary File),
suggesting that activating PGE, signaling in osteocytes
promotes osteoblast differentiation of ST2 cells.

3.2. Osteocytic PGE, receptor signaling promotes
osteoblast differentiation

Subsequently, we examined whether PGE, receptor
agonist-treated  osteocytes may induce osteoblast
differentiation by screening the concentrations of two
agonists (Figure 2A). The EP2 agonist Tap at 1, 5, and
20 uM and the EP4 agonist C10 at 500 nM did not affect
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Figure 1. The effect of osteocytes treated with PGE, on osteogenesis in ST2 cells. (A) The expression of PGE, receptors EP2/EP4 (Ptger2/Ptger4) in MLO-Y4
cells treated PGE, for 24 h. (B) CCKS assay for the proliferative activity of MLO-Y4 cells treated with PGE, for 24 h. (C-E) Osteoblast differentiation assay
of the co-culture of MLO-Y4 and ST2. AP staining (C) and its biochemical activity assay (D), and qPCR for the expression of osteoblast marker genes (E)
in the co-culture of PGE,-treated MLO-Y4 cells and ST2 cells for three days. (F) Mineralization assay of bone nozzle formation by Alizarin Red S staining
in the co-culture of PGE -treated MLO-Y4 cells and ST2 cells in osteogenic medium for 14 days. * p < 0.05 vs. DMSO by one-way ANOVA, n = 3 (A-D);
* p < 0.05 vs. DMSO by Student’s t-test, n = 3 (F). Scale bars: 250 um. Abbreviations: ANOVA: Analysis of variance; AP: Alkaline phosphatase; DMSO:
Dimethyl sulfoxide; CCK8: Cell counting kit 8; OD: Optical density; qPCR: Real-time polymerase chain reaction.
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Figure 2. The effect of osteocytes treated with PGE, receptor agonist on osteogenesis in ST2 cells. (A) PGE, receptor agonist promotes the expression of
PGE, receptor (Ptger2/Ptger4). (B) CCKS8 assay for the proliferative activity of MLO-Y4 cells treated with EP2/4 agonists Tap or C10 for 24 h. (C-H) AP
staining (C and F), its biochemical activity (D and G) assay, and qPCR to test the expression of osteoblast marker genes (E and H) in the co-culture of Tap/
C10-treated MLO-Y4 cells and ST2 cells for three days. (I) Mineralization assay of bone nozzle formation by Alizarin Red S staining in the co-culture of
Tap/C10-treated MLO-Y4 cells and ST2 cells in osteogenic medium for 14 days. *p < 0.05 vs. DMSO by one-way ANOVA, n = 3 (A, B, and I); *p < 0.05
vs. DMSO by Student’s t-test, n = 3 (D, E, and H). Scale bars: 250 um. Abbreviations: OD: Optical density; DMSO: Dimethyl sulfoxide; Ctrl: Control; AP:
Alkaline phosphatase; CCK8: Cell counting kit 8; ANOVA: Analysis of variance.
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the proliferation of MLO-Y4 cells after a 24 h treatment
(Figure 2B). Similarly, these treated osteocytes were co-
cultured with ST2 cells for three days. We observed that 5
uM Tap- and 500 nM C10-treated MLO-Y4 cells effectively
induced osteoblast differentiation of ST2 cells from the
AP staining (Figure 2C and F), biochemical activity assay
(Figure 2D and G), and osteoblast marker gene expression
assay (Figure 2E and H). Taken together, both agonist-
treated osteocytes promoted osteoblast differentiation of
ST2 cells; moreover, both PGE, receptor agonist-treated
osteocytes increased the mineralization of ST2 cells
(Figure 2I). Therefore, osteocytic PGE, receptor signaling
promotes osteoblast differentiation of ST2 cells, consistent
with the function of PGE,-treated osteocytes.

3.3. Osteocytic EP4 inhibits the adipogenesis of

ST2 Cells

The effect of C10-treated MLO-Y4 cells on adipogenesis
was examined in ST2 cells. MLO-Y4 cells were treated
with 500 nM C10 and its control with ethanol for 24 h,
respectively, followed by co-culturing with ST2 cells in
the adipogenesis medium. After seven days of adipogenic
induction, the C10-treated osteocyte group displayed a
reduction in lipid droplet formation, as visualized under
light microscopy (Figure 3A) and after Oil Red O staining
(Figure 3B). In addition, adipogenic gene expression was
measured, and the results revealed that osteocytic EP4
inhibition markedly reduced the expression of Pparg and
Cebpa (Figure 3C), indicating that osteocytic EP4 inhibits
adipogenesis of ST-2 cells.

3.4. Osteocytic PGE, receptor signaling promotes
the formation of vascular tubules in HUVECs
Angiogenesis is essential for transporting oxygen,
nutrients, metabolites, etc. during bone regeneration.
Next, we investigated whether osteocytic PGE, receptor
signaling promotes angiogenesis in a HUVEC model for
the formation of tubules. MLO-Y4 cells were co-cultured
with HUVECs at a ratio of 1:5 for three days, and total
RNA was extracted to detect pro-angiogenic factors.
The expressions of Vegf, Angpt-1, Hif-1, and the vascular
endothelial marker VE-cad were significantly upregulated
in the C10 group compared to the ethanol-treated control
group (Figure 4A). In the co-culture system, the formation
of vascular tubules in the C10 group was significantly
higher than in the ethanol-treated group (Figure 4B).
Specifically, the number, total length, and branching nodes
of the formed tubules increased by 2.8, 1.7, and 1.9 times,
respectively, relative to the control group (Figure 4C).
In addition, we measured the migration of HUVECs
induced by the conditioned medium and observed that the
conditioned medium of C10-treated MLO-Y4 promoted
the migration of HUVECs with a 1.3-fold increase in

migrated cell number and elevated Vegf expression
compared to the ethanol-treated osteocyte group
(Figure 4D and E). Likewise, we also observed similar
results with Tap-treated MLO-Y4 cells (Figure S2,
Supplementary File). Therefore, osteocytic PGE, receptor
signaling promotes angiogenesis.

3.5. COX-2 inhibition of osteocytic EP4 markedly
reduces osteoblast differentiation of ST2 cells

After 24 h treatment, the EP4 agonist C10 significantly
increased the expression of COX-2 (Ptgs2) in MLO-Y4
cells (Figure 5A). Osteocytic EP4 signaling increased
the osteoblast differentiation of ST2 cells, which was
partially reversed by COX-2 inhibitor celecoxib as
observed from the AP staining, biochemical activity
assay, and expression of osteoblast marker genes
(Figure 5B-D). Thus, activation of the PGE2 receptor
signaling in osteocytes induces autocrine effects by
promoting the expression of COX-2 (Ptgs2), further
amplifying PGE, signaling.** PGE, produced by the
treated MLO-Y4 cells appears to be responsible for
osteogenesis, along with other unidentified factors.

3.6. Construction of POME PCI3D modules

We used the in-house-developed PCI3D" to bioprint C10-
treated MLO-Y4 cells as a POME. Cells were embedded
in a 10% GelMA hydrogel, which exhibits rheological
behavior that varies between low and high temperatures.

MLO-Y4 cells treated with C10 for 24 h (POME) were
mixed with ST2 cells in a ratio of 1:4 and then mixed with
GelMA hydrogel. Next, the cell-laden hydrogel micelle was
3D-bioprinted onto the PCL beams, forming a layer of the
PCI3D module. Subsequently,anotherlayer wasbioprinted
perpendicular to the printing direction of the preceding
printed layer. After continuously printing four layers,
the printed construct becomes a POME PCI3D module
(Figure 6A). The module is composed of repeatedly
printed PCL bundles, cell-laden hydrogel micelles, and
tunnels between adjacent cell-laden hydrogel micelles,
with diameters of 400, 300, and 500 um, respectively.

3.7. POME increases cell viability in PCI3D modules

Live/dead cell assay of the modules was performed on
days 1, 4, and 7 of PCI3D module cultivation. The results
indicate that both C10- and ethanol-treated groups
exhibited similar survival rates of over 95% (Figure 6B
and C). Next, we measured cell proliferation in the POME
PCI3D modules, and the CCK-8 assay results indicate
linear cell growth from days 1 to 7 of module cultivation.
The Cl10-treated MLO-Y4 group exhibited a higher
proliferative activity than the ethanol-treated osteocyte
group on days 4 and 7 (Figure 6D). The above results
indicate that cells grow well in the PCI3D modules, and the
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Figure 3. The effect of EP4 agonist-treated osteocytes on adipogenesis. (A-B) Inhibition of adipogenesis in the co-culture of EP4 agonist-treated osteocytes
and ST2 cells in adipogenic medium for seven days without (A) or with (B) Oil Red O staining. (C) Expression of adipogenic transcription factors
Pparg and Cebpa in the co-cultured cells. Scale bars: 50 pm. *p < 0.05 by Student’s t-test, n = 3.

POME PCI3D modules can provide favorable conditions
for ST2 survival, proliferation, and differentiation with
C10-treated osteocytes.

3.8. POME promotes osteoblast differentiation in
the POME PCI3D modules

The POME (C10-treated MLO-Y4) PCI3D modules
were cultured in the growth medium for 7 and 14 days,
respectively, and osteoblast differentiation in the modules
was measured. The results from AP staining and the
biochemical activity assay displayed an increase in
osteoblast differentiation in the POME PCI3D modules

compared to ethanol-treated MLO-Y4 PCI3D modules
on days 7 and 14 of cultivation (Figure 7A and B). The
AP activity of the POME PCI3D modules increased by
1.9 and 3.1 times that of ethanol-treated MLO-Y4 PCI3D
modules on days 7 and 14, respectively. The expression of
osteoblast markers, including Alpl, Collal, and Runx2,
were significantly upregulated in the POME modules
compared to the control (Figure 7C). Mineralization
assay was performed with the modules cultivated in the
growth medium for seven days, then in the osteogenic
medium for 21 days, and finally stained with Alizarin
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Figure 4. The effect of EP4 agonist-treated osteocytes on angiogenesis in HUVECs. (A) Angiogenic-related gene expression in the co-culture of C10-
treated MLO-Y4 cells and HUVEC:s for three days. (B-C) Images (B) and calculation (C) of vascular tubule formation in the above co-culture for 4 h.
(D) Migration of HUVECs cultured in 30% CM for one day. (E) Detection of Vegf expression in HUVECs cultured in 30% CM for one day. *p < 0.05
by Student’s t-test, n = 3. Scale bars: 100 pm. Abbreviations: CM: Conditioned medium of C10-treated MLO-Y4 cells; HUVECs: Human umbilical vein
endothelial cells; ctrl: Control.
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Figure 5. EP4 agonist-COX-2 (Ptgs2) axis in MLO-Y4 cells is responsible for its osteogenic function. (A) Upregulated expression of COX-2 (Ptgs2) in
MLO-Y4 cells treated with C10 for 24 h. (B-D) The effect of COX-2 inhibitor on the osteogenic differentiation induced by C10-treated osteocytes: AP
staining (B), its biochemical activity assay (C), and qPCR to test the expression of osteoblast marker genes (D). *p < 0.05 by one-way ANOVA, n = 3.
Abbreviations: ANOVA: Analysis of variance; ctrl: Control; AP: Alkaline phosphatase.

Red S staining solution. The results demonstrated that
more bone nozzles were formed in the POME PCI3D
group than in the control group (Figure 7D), and the
mineralization level was increased by 1.9 times relative
to the control group. Likewise, we also observed similar
results for the Tap-treated MLO-Y4 group (Figure S3,
Supplementary File). Therefore, POMEs with EP2 and EP4
agonists promote osteogenesis in 3D-bioprinted modules,
which could be developed as functional biomaterials for
bone formation.

In addition, POME enhanced the expression of
angiogenic factors Hifla and Angpt-1 (Figure 7E),
suggesting a potential role for POME in angiogenesis.

4, Discussion

Researchers have been developing biomimetic bones,
but artificially reconstructing authentic bones with both
mechanical support and biological functionality remains
a major challenge in orthopedic regenerative medicine.
A tissue and organ 3D bioprinter reported in 2016 has
produced constructs that support hard materials and stem
cells, achieving cell survival, osteogenic differentiation,
and vascularization,” opening a novel avenue in the
field.?**” Later, it was discovered that POME in biomaterials
is crucial for regulating osteoblast differentiation and
enabling the production of authentic bone.* This study
investigated the physiological function of PGE, produced
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Figure 6. Reconstruction of polycaprolactone (PCL)- and cell-integrated 3D bioprinting system (PCI3D) modules with EP4 agonist-treated osteocytes to
build a physiological osteogenic microenvironment (POME). (A) Schematic design (left) and image (right) of POME PCI3D module with hard biomaterial
PCL bundles, cell-laden hydrogel bundles, and microchannels among these bundles. (B-D) Cell viability assay. Live/dead cell assay for the detection of
cell survival rate (B and C) and cell proliferation by CCK8 (D) in the PCI3D modules cultured for the indicated day. *p < 0.05 vs. the value at day 1; #p <
0.05 vs ctrl-ME by two-way analysis of variance (ANOVA), n = 3. Scale bar: 100 um. Abbreviations: POME: Physiological osteogenic microenvironment
of the MLO-Y4 cells treated by EP4 agonist C10 for 1d; Ot: Osteocytic MLO-Y4 cells; ctrl-ME: Control microenvironment of the MLO-Y4 cells treated
by ethanol for one day.
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Figure 7. Effects of the POME of PCI3D modules on osteogenesis. (A-C) POME promotes osteoblast differentiation of ST2 cells in POME PCI3D modules.
PCI3D modules were cultured for indicated days. AP staining (A), its biochemical activity assay (B), and qPCR for the detection of osteoblast marker
gene expression (C). (D) Mineralization assay of bone nozzle formation by Alizarin Red S staining in the PCI3D modules cultured in growth medium for
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by mechanoreceptors, i.e., osteocytes. Our findings
revealed that osteocytic PGE, and its receptor EP2/4
signaling axis promote osteogenic differentiation and
angiogenesis of bone marrow stromal cells ST2 while
inhibiting adipogenic differentiation. This function has
been validated in a 3D-bioprinted module mimicking
an in vivo environment.”*” Mechanistically, activation
of the PGE, signaling pathway in osteocytes induces
autocrine effects by promoting the expression of the EP2
and EP4 receptors and COX-2 (Ptgs2), further amplifying
PGE, signaling. Thus, the POME PCI3D module is a safe
and novel functional biomaterial reconstructed by 3D
bioprinting, with significant potential applications.

One of our innovative discoveries is that osteocytic
PGE, and the EP2/4 signaling axis form a POME. Although
PGE, directly promotes osteoblast differentiation,” its
effect on bone formation when acting on osteocytes
has not been explored. Previously reported osteogenic
differentiation induced by PGE, is attributed to its direct
effects on bone marrow stromal cells,” calvarial primary
osteoblasts,” mouse osteoblast cell line MC3T3-E1,* and
ST2,”” among others. In addition, studies have reported
that the human prostate tumor cell line PC3 promotes
osteoblast proliferation,* which plays an essential role in
bone formation.” Collectively, these findings indicate a
direct effect of PGE, on bone formation. PGE, produced
by mechanical stimulation in osteocytes enhances the
gap junction among osteocytes. After stress stimulation,
PGE, appears in the MLO-Y4 culture medium in a time-
dependent manner, activating the PKA signaling pathway.
This induces the expression of COX-2, EP2, and CX43,*
thereby enhancing the gap junction among osteocytes.
However, its osteogenic effect has not yet been reported.

The osteocytic PGE, and its receptor signaling axis
reportedly promote angiogenesis. In previous studies, EP4
specifically promoted the formation of vascular tubules
in HUVECs and mice.® In our study, we observed that
EP4 can promote the formation of vascular tubules in the
HUVEC model, with assistance from EP2, suggesting that
the POME PCI3D module promotes angiogenesis in vivo.

In addition, the POME PCI3D module reportedly
inhibits adipogenesis. The role of the prostaglandin family
in adipogenesis is unclear. PGE,-EP4 can specifically and
directly inhibit the expression of adipogenic transcription
factor PPARY to inhibit adipogenesis.*® Mechanical loading
promotes osteogenesis, whereas unloading increases
sclerostin production, which inhibits Wnt signaling and
osteogenesis while promoting fat formation.”” Mechanical
loading induces osteocytes to secrete PGE,, which is a
positive stress response factor.® Surprisingly, osteocytic
PGE, receptor signaling not only promotes osteogenic

differentiation but also inhibits adipogenic differentiation
of bone marrow stromal cells, suggesting a possible
mechanism of fat reduction with exercise.

Osteocytes are an ideal drug target due to their
abundance in the skeleton, especially the lacuno-
canalicular network. In mice, age-related bone loss is
associated with a reduction in lacuno-canalicular network
and osteocyte density.*” Since PGE, enhances gap junctions
among osteocytes, activating the osteocytic PGE, receptor
signaling may be an effective strategy to prevent age-
related bone loss. In our published work, we found that
osteocytes treated with Wnt activator S24 expressed higher
levels of EP4, which potentially promotes osteogenic
differentiation and mineralization of bone marrow stromal
cells. These osteocytes were successfully used to construct
an osteogenic microenvironment® for authentic bone
formation.® The above data suggest the possibility of
activating the PGE, signaling pathway in osteocytes to
construct a POME.

Under physiological conditions (e.g., mechanical
stimulation, exercise), PGE, is secreted by osteocytes.
Thus, activating PGE, receptor signaling in osteocytes
is a safe and physiological approach, promoting bone
formation in a relatively mild and stable manner. In
contrast, sustained drug release may cause pathological
changes or damage to surrounding tissues. The bioactive
module constructed in this study, however, does not
contain drugs. The constructed POME is safe and closely
mimics the natural POME." 3D-bioprinted models can
closely simulate the in vivo microenvironment.* A review
revealed that the 3D-bioprinted tumor organoid models
can be used for personalized drug screening and precise
treatments, achieving sensitivity, specificity, and accuracy
of 63.3, 94.1, and 79.7% respectively for chemotherapy
regimens.* This implies that the 3D module can simulate
POME in vivo with characteristics closely mimicking the
pathological microenvironment. Moreover, this suggests
that the further development of 3D bioprinting will offer
extensive possibilities for basic research and clinical
applications, such as bioactive implants. Nonetheless, the
functional module constructed by 3D printing in this study
demonstrates that the osteocytic PGE,-receptor signaling
is a safe and effective POME with potential applications in
treating bone-related diseases.

5. Conclusion

Mechanical stimulation induces the production of
non-protein PGE, in osteocytes, which upregulates the
expression of PGE, receptors. We found that osteocytic
PGE, receptor signaling in osteocytes promotes osteoblast
differentiation and angiogenesis, while also inhibiting

Volume 11 Issue 1 (2025)

297

doi: 10.36922/ijb.3959


https://doi.org/10.36922/ijb.3959

International Journal of Bioprinting

Bioprinting PGE2-osteocytes in PCL 3D modules

adipogenesis. As previously discovered, osteocytes
promote osteoclast differentiation. Therefore, osteocytic
PGE, receptor signaling constitutes POME with a cellular
basis, potentially enabling the formation of metabolically
active real bones, including bone formation and resorption.
Based on this, we used a small molecule drug to transiently
stimulate osteocytes for 24 h and prepared a safe (drug-
free) and mild POME. We constructed the POME in hard
biomaterials using 3D bioprinting, creating a skeletal
development module where cells can survive, grow, and
develop for up to 28 days, thus simulating the physiological
conditions of bone formation.
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