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Heterotopic ossification (HO) is defined as the formation of bone tissues outside the bones, such as in the muscles. Currently, the
mechanism of HO is still unclear. Tendon stem cells (TSCs) play important roles in the occurrence and development of HO. The
inflammatory microenvironment dominated by macrophages also plays an important role in the course of HO. The commonly
used clinical treatment methods, such as nonsteroidal anti-inflammatory drugs and radiotherapy, have relatively large side
effects, and more efficient treatment methods are needed in clinical practice. Under physiological conditions, retinoic acid
receptor (RAR) signal transduction pathway inhibits osteogenic progenitor cell aggregation and chondrocyte differentiation.
We focus on palovarotene, a retinoic acid y-receptor activator, showing an inhibitory effect on HO mice, but the specific
mechanism is still unclear. This study was aimed at exploring the specific molecular mechanism of palovarotene by blocking
osteogenic differentiation and HO formation of TSCs in vitro and in vivo in an inflammatory microenvironment. We
constructed a coculture model of TCSs and polarized macrophages, as well as overexpression and knockdown models of the
Smad signaling pathway of TCSs. In addition, a rat model of HO, which was constructed by Achilles tendon resection, was
also established. These models explored the role of inflammatory microenvironment and Smad signaling pathways in the
osteogenic differentiation of TSCs which lead to HO, as well as the reversal role played by palovarotene in this process. Our
results suggest that, under the stimulation of inflammatory microenvironment and trauma, the injured site was in an
inflammatory state, and macrophages were highly concentrated in the injured site. The expression of osteogenic and
inflammation-related proteins, as well as Smad proteins, was upregulated. Osteogenic differentiation was performed in TCSs.
We also found that TCSs activated Smad and NF-«B signaling pathways, which initiated the formation of HO. Palovarotene
inhibited the aggregation of osteogenic progenitor cells and macrophages and attenuated HO by blocking Smad and NF-«B
signaling pathways. Therefore, palovarotene may be a novel HO inhibitor, while other drugs or antibodies targeting Smad and
NEF-«B signaling pathways may also prevent or treat HO. The expressions of Smad5, Id1, P65, and other proteins may predict
HO formation.

1. Introduction ities of the adjacent joints decrease initially [1], but the

pathogenesis is still unknown. Currently, the commonly
Heterotopic ossification (HO) is an abnormal growth of the = used clinical treatment methods such as nonsteroidal anti-
laminar bone in soft tissues. Benign HOs have no evident  inflammatory drugs (NSAIDs) and radiotherapy have rela-
symptoms; however, when the disease progresses, the activ-  tively remarkable side effects [2]. Thus, more efficient
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treatment methods are needed in clinical practice. Palovaro-
tene is a retinoic acid gamma receptor (RAR-y) activator, a
member of the nuclear receptor superfamily, which is closely
related to cartilage formation [3]. In the process of cartilage
formation, a low concentration of endogenous retinoic acid
is required, so the administration of retinoic acid receptor
agonists may inhibit the formation of heterotopic ossifica-
tion [4]. Studies have shown that palovarotene can inhibit
the formation of heterotopic bone in HO model mice gener-
ated, but the exact mechanism is unknown [5]. Currently,
progenitor cells, signaling pathway molecules, and the local
microenvironment are considered the three main elements
of HO formation, and new drugs that can interfere with
the formation of these three elements may have the potential
to prevent and treat HO [6].

Tendon stem cells (TSCs) are stem cells with biological
functions similar to mesenchymal stem cells (MSCs). A
study reported that TSCs undergo osteogenic and chondro-
genic differentiation under inflammatory conditions, which
ultimately leads to HO in the tendon site [7]. Considering
the three main factors of HO formation, the inflammatory
microenvironment may be related to HO formation. Stud-
ies have demonstrated that the inflammatory microenvi-
ronment can affect HO formation in local TSCs [8].
Therefore, investigating the levels of inflammatory factors
may indicate the progression of HO. Macrophages are
actively involved in the formation of the inflammatory
microenvironment, and it can polarize in inflammatory dis-
eases [9]. M1 macrophages are classically activated as proin-
flammatory cells and play a crucial role in the host’s
resistance to infection. Conversely, M2 macrophages are
related to anti-inflammatory and tissue remodeling reac-
tions, and they represent the two ends of macrophage activa-
tion. The transformation of macrophages with different
phenotypes regulates the onset, progression, and termination
of inflammatory diseases [10]. Signal transduction pathways
related to osteogenesis mainly contributed to the transforma-
tion of osteogenic progenitor cells into the osteoblasts [11].
The activation of the Smad signal transduction pathway
was observed in animal HO models, with the phosphoryla-
tion of Smadl and Smad5 [12, 13].

Can palovarotene inhibit the Smad signaling pathway to
deter HO formation? Our previous study also found that the
NEF-«B signaling pathway is activated during HO [14]. Inter-
estingly, Smad is also a downstream transcription molecule
of the NF-«B signaling pathway. While NF-«B was inhibited,
the mRNA level of Smad in the osteoblasts is also signifi-
cantly reduced [15]. Do NF-«B and Smad signaling path-
ways play a synergistic role in the course of HO? This
study will explore the above questions.

2. Materials and Methods

2.1. Ethical Information. This study was approved by the
Bioethics Committee of the Shanghai Sixth People’s Hospi-
tal. Experiments involving animals were performed in strict
accordance with relevant regulations. The number and suf-
fering of the animals were minimized as much as possible.
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2.2. Preparation of TSCs and Macrophages. Male SD rats
(4 weeks, weight 200 +5 grams) were sacrificed with their
necks cut off; rats were soaked in 75% alcohol for 5 min, then
moved to the ultraclean workbench, and fixed in supine posi-
tion. Cut the skin of the leg, take out the tendon on both sides
of the thigh, carefully remove the tendon sheath and tendon
tissue, and then cut the tendon into 1 mm? small tissue. The
digestive liquid was added to the tissue, then the suction was
blown and mixed, and the digestion was performed with a
37°C constant temperature water bath and shaking table for
1 h. After digestion, the tissue was blown by suction for 20
times, filtered through a 200-mesh cell sieve; filtrate was
collected and centrifuged at 300G for 5 minutes. The
supernatant was discarded, and 5mL of DMEM-L was
added. The single cell suspension was adjusted to a cell den-
sity of 1 x 106/mL and was inoculated. The cell culture flask
was placed in an incubator at 37°C and 5% CO2 for culture.
The solution was changed after 48 h and subsequently after
every 3 days to remove the cells attached to the wall so as
to purify TSCs. When the confluency of cell growth reached
80%, the cells were digested with trypsin for passage. Subse-
quently, TSCs were identified by immunofluorescence (see
Immunofluorescence for the specific steps).

Two 4-week-old male SD rats were soaked in 75% alco-
hol for about 30 min to obtain the femur and tibia of the rat,
and then, the bone marrow was washed out with «aMEM.
The red blood cells were lysed with schizo erythrocyte solu-
tion. After the lysed, red blood cells were treated with
aMEM complete medium containing MCSF (10 ng/mL) for
intervention. After 5 days of culture, MO macrophages from
mice were obtained and then amplified to 2 x107. They
were placed into 6-well plates and became overgrown 24
hours later. Subsequently, DMEM without serum was used
for 2 hours, and LPS equipped with 100 ng/mL was used
for intervention to induce differentiation. After differentia-
tion, immunofluorescence was used for identification.
According to the results of immunofluorescence, CCR7 con-
tent proportion was more than 80%, which could be used as
seed cells for intervention.

2.3. CCK8 Cell Proliferation Assay. Palovarotene was pre-
pared with complete medium to act on TSCs with three con-
centration gradients of 0.5, 1, and 2 yM. CCK-8 (Dojindo,
#CKO04) was added to each well at 24, 48, and 72h, and the
cells were cultured at 37°C in a 5% CO, incubator for 3h
in dark. The optical density (OD) values were measured at
450 nm at the same time points with a microplate analyzer,
and the influence of the measured OD values on cell prolif-
eration was analyzed.

2.4. Establishment of a Coculture System between
Macrophage Cell Line and Mouse TSCs. The macrophages
of M1 were cultured in Corning Transwell TM cells, and
TSCs were lined in the pore plate. Subsequently, the cells
were combined with the pores in the pore plate to construct
the coculture system of activated macrophages and TSCs.
Osteogenic induction medium were used in coculture sys-
tem to inducted osteogenesis. The osteogenic induction
medium used in this study consisted of 10nM
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dexamethasone, 50 ug/mL ascorbic acid, 10 mM B-GP diso-
dium, 10% fetal bovine serum, and high-glucose Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, MA, USA).

2.5. Protein Extraction and Western Blot Detection. After 14
days of coculture between macrophage and TSCs through
osteogenic induction culture, the cells in each group were
collected and washed with PBS; 1mL of RIPA lysate
(Biosharp, #BL504) with PMSF was added, and the cells
were gently suspended and placed in ice bath for 30 min
and were mixed every 15min. The cells were centrifuged at
12,000 RPM at 4°C for 20 min. The supernatant was care-
fully transferred into a new Eppendorf tube, and the protein
content was measured with a BCA kit (BioSharp, #BL521).
The separation glue and 5% concentrate glue were prepared
using the formula. The samples were then loaded according
to the results of protein quantification. Electrophoresis was
performed subsequently, with concentrated glue at 80V for
20 min and with separation glue at 120 V for 1h. When the
dye reached the end of the gel, the power supply was cut
off, and electrophoresis was stopped. The proteins in the film
were then transferred to a polyvinylidene difluoride (PVDF)
membrane, using 5% skimmed milk powder at room tem-
perature for 1h. OCN (Servicebio, #GB11233) or RUNX2
(Bioss, #bs1134R) or SOX9 (Bioss, #bs4177R), beta actin
(Servicebio, #GB11001) or P65 (Abcam, #ab179463) or
Smad1l/5 (Abcam, #ab38449) or Id1 (Proteintech, #18475-
1-AP) or p-Smadl/5 (Abcam, #ab51451) were added to
the blocking solution to dilute to the desired concentration
and were incubated overnight with the membrane at 4°C.
The secondary antibody was then incubated, and the mem-
brane of the primary antibody was washed 5 times with
TBST, 10 min each time. According to the dosage, the sec-
ondary antibody corresponding to the primary antibody
was diluted at 1:2000 and incubated together with the mem-
brane at 37°C for 1 h. It was washed with TBST for 5 times,
10 min each. Lastly, images were taken using ECL (BioSharp,
#BL520), an all-in-one chemiluminescence instrument. All
the original full gels of Western blots are seen in Supplemen-
tary Figures 1.

2.6. Alizarin Red and Alkaline Phosphatase Staining. After
14 days of osteogenesis, alkaline phosphatase (ALP) staining
was performed; 40 uL of reagent A was added to 1 mL of
reaction buffer, and 40 uL of reagent B was added to the
mix; that is, the reaction working solution (ready for use)
was prepared (the reagents were purchased from Beyotime,
#C3206). Subsequently, 1 mL of PBS was added to each well
and was removed after 1 min, and the cells were washed
twice. Subsequently, 500 L of fixing solution was added to
each well, and the cells were fixed at 37°C (or room temper-
ature) for 30 min. The reaction solution prepared was added
to each well, and the cells were dyed at 37°C (or room tem-
perature) for 30 min. Lastly, 1 mL of washing solution was
added to each well; the cells were washed twice and observed
under a microscope.

Then, after 21 days of osteogenesis, alizarin red staining
(ARS) was performed as follows: 1 mL of PBS was added to
each well and was removed after 1 min. Furthermore, 1 mL

TaBLE 1: The primer sequences used in this study.

Gene Primers

OCN mouse (F)
OCN mouse (R)
RUNX2 mouse (F)
RUNX2 mouse (R)

GGACCATCTTTCTGCTCACTCTGC
TGTTCACTACCTTATTGCCCTCCTG
GACTGTGGTTACCGTCATGGC
ACTTGGTTTTTCATAACAGCGGA

SOX-9-mouse CGGAACAGACTCACATCTCTCC
SOX-9-mouse GCTTGCACGTCGGTTTTGG
MMP9 mouse (F) GGACCCGAAGCGGACATTG
MMP9 mouse (R) CGTCGTCGAAATGGGCATCT

GAGCCATCACGAGCTAAAACC
ACTGGAGGTAAGACTGGACTCT

smad5-mouse-F

smad5-mouse-R

ID1-mouse-F CTTCCCCAACCACCAGTACAA
ID1-mouse-R CTGTGCGAAGGACGAAGAC
TNF-a-M-F GGAACACGTCGTGGGATAATG
TNF-a-M-R GGCAGACTTTGGATGCTTCTT
IL-18-M-F AGCATCCAGCTTCAAATC
IL-18-M-R ATCTCGGAGCCTGTAGTG
IFN-y-M-F AGTGGCATAGATGTGGAA
IFN-y-M-R CTCAAACTTGGCAATACTC
OCN rat (F) ATGAACTAAAGCCTCTGGAAT
OCN rat (R) GGTTGTACTCGCTGTGCC
SOX-9-rat-F GCACATCAAGACGGAGCAA
SOX-9-rat-R AGGTGAAGGTGGAGTAGAGCC
smad5-rat-F AGCCTGTTGCCTATGAAG
smad5-rat-R TGGTTGAGTTGCGATTAA
ID1-rat-F GTGGTGCTTGGTCTGTCGG
ID1-rat-R GGTTCTGAGGCAGGGTAGGC
smadl-mouse-F GCTTCGTGAAGGGTTGGGG

smadl-mouse-R CGGATGAAATAGGATTGTGGGG

of 70% ethanol or 10% neutral formaldehyde was added to
each well, and the cells were fixed at 37°C (or room temper-
ature) for 30 min. The fixed solution was discarded, and
1 mL of washing solution was added to each well. The cells
were washed thrice, and 3 mL of alizarin red S staining solu-
tion (purchased from Sigma, #A5533) was added to each
well; the cells were stained at 37°C (or room temperature)
for 15-20 min. The cells were washed twice with the washing
solution and were observed under a microscope.

2.7. RT-PCR. The transcription level of osteogenic genes was
detected by reverse transcription PCR (RT-PCR). The reac-
tion system used was SYBR Green Mix (Takara, RR420A),
and the fluorescence signal was obtained by a detecting
instrument (Roche, Light Cycler 480). The primer sequences
used in this study are shown in Table 1.

2.8. Immunofluorescence. TSCs, cocultured with macro-
phage, were digested and collected for cell slit. Palovarotene
or LDN193189 and induction treatment were given accord-
ing to the experimental group for 30 min. After washing the
cells with PBS, 4% paraformaldehyde (Biosharp, # BL539A)
was added, and the cells were fixed after 20 min at room



temperature. PBS washes were given twice again, and 0.1%
Tx-100 (Beyotime, # P0096) was added. After 15min at
room temperature, the liquid turned transparent, and 5%
BSA/PBS was added, and the cells were incubated at 37°C
for 1h. The TPPP3 (Biorbyt, #5-F10) or CCR7 (Abcam, #
ab32527) or p65 (Abcam, # ab16502) or Smad5 (Affinity,
#AF5119) or Idl (Proteintech, #18475-1-AP) antibody
working fluid was added, and the cells were incubated at
4°C overnight. After overnight incubation, the samples were
washed 3 times in PBS and were incubated at 37°C for 1h
with anti-rab-CY3 (ABCAM, #AB6939) working solution.
The samples were washed 3 times in PBS and were incu-
bated at room temperature for 15min with Hoechst
(ABCAM, #AB228551) and were washed 3 times in PBS.
Lastly, the samples were seeded and photographed under a
fluorescence microscope.

2.9. Micro-CT. Micro-CT analysis was performed after 12
weeks of feeding. Achilles tendons with lower tibia and cal-
caneus from mice were fixed in 10% formalin overnight.
The X-ray tube settings were 50kV and 60 uA, and the
images were acquired at 50 ym resolution. A 0.5 rotation
step through a 360 angular range with a 50ms exposure
per step was used. The images were reconstructed and ana-
lyzed with Skysan 1275 software.

2.10. Construction of HO Animal Model. The experimental
rats were 24 male SD rats (4 weeks, weight 200 + 5 grams),
8 in each group and 3 groups in total according to our exper-
imental requirements. Rats purchased from Shanghai Jiesjie
Experimental Animal Co., Ltd. First, the rats were given iso-
flurane (model: R510-22); after the general anesthesia took
effect, the Achilles tendon area was disinfected with alcohol;
sterile tissue was spread; 1cm incision was cut along the
Achilles tendon with a blade; and the subcutaneous tissue
was separated layer by layer to expose the Achilles tendon,
and blunt separation was performed to avoid artery injury.
In all rats except the sham group, the Achilles tendon was
cut off in the middle without suture after clamped for 8
times, and 5 mg amoxicillin was given to the wound. Finally,
close the incision layer by layer with 4-0 silk thread, taking
care not to suture to the Achilles tendon. In the sham group,
the Achilles tendon was only exposed and then sutured.
Finally, the surviving and healthy rats in each group were
selected for follow-up experiments. All rats were fed for 12
weeks and treated for experiment.

2.11. Drug Preparation and Administration. Palovarotene
was dissolved in dimethyl sulfoxide (DMSO) solvent, and
100 uL of an oral solution was obtained by mixing 30 uL of
the drug solution and 70 yuL of corn oil. The sham group
and vehicle group received the same proportion of DMSO
and corn oil solution, and the concentration of palovarotene
was 1 mg/kg/day. Palovarotene was administered orally with
no. 20 gavage needle for 21 days.

LDN-193189 and Smad signaling pathway inhibitor
were purchased from MCE, # HY-12071, diluted to 10 uM.

2.12. HE, Safranin O-Fast Green Staining and
Immunohistochemistry. Achilles tendon specimens were
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fixed in 10% formaldehyde solution for 1 day and then dec-
alcified in 15% ethylenediamine tetraacetic acid (EDTA) for
2-3 weeks at 4°C. Then, it was dehydrated with anhydrous
ethanol, embedded in paraffin, cut into 5 ym thick slices with
slicer, and put on slides. HE (Servebio, #G1005-1, G1005-2)
and Safranin O-Fast Green (Solarbio, #G1371) staining and
immunohistochemical staining were performed; P65 (Protein-
tech, #10745-1-AP) and OCN (Servebio, #GB11233) and Sox9
(Bioss, #4177R) and p-Smadl (Abcam, #ab51451) and TNF-«
(Affinity, #AF7014) and TGF-f (Abcam, #ab215725) and
MMP-9 (Abcam, #ab283575) and IL-1f (Abcam, #ab9722)
and IFN-y (Affinity, #DF6045) and Idl (Proteintech,
#18475-1-AP) antibody concentrations were diluted 1:1000.

2.13. Transfection. The Smad5-pcDNA3.1 and siSmad5 were
transfected into TSCs at a final concentration of 100 nM by
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA,
USA). Transfected for 48 h, the cells were harvested for later
experiments.

2.14. Statistical. Independent samples ¢ test was used to con-
firm comparisons of the variables of 2 groups. One-way
analysis of variance (ANOVA) was used to confirm compar-
isons of the variables of 4 groups. Multiple comparisons
were performed by one-way ANOVA test followed by post
hoc contrasts performed by least significant difference
(LSD) test (if the ANOVA results were significant).
p<0.05 was considered statistically significant.

3. Results

3.1. TSCs Were Found in Rat’s Achilles Tendon Tissue; TSCs
and Macrophages from Rats Were Extracted and Identified.
We selected healthy male SD rats (4 weeks, weight 200 + 5
grams). Immunofluorescence was performed on the sections
of its Achilles tendon tissue. We characterized TSCs with the
surface-specific marker TPPP3+ [16] and characterized M1
macrophages with CCR7 [17]. The results showed that there
were TSCs in the Achilles tendon tissue of rats (Figure 1). Next,
TSCs and macrophages of the above-mentioned SD rat were
extracted. The identity was confirmed by immunofluorescence.

3.2. The Inflammatory Microenvironment Promotes Osteogenic
Differentiation of TSCs, and Palovarotene Can Influence
Osteogenesis. To validate the effects of the inflammatory micro-
environment on TSC osteogenic differentiation, we performed
in vitro experiments in a control group (no load, NC group),
inflammatory microenvironment (IM) group, and inflamma-
tory microenvironment group plus palovarotene group (Palo
group). First, we constructed a coculture system of activated
macrophages and TSCs to simulate the inflammatory microen-
vironment in vitro. Second, we used Cell Counting Kit 8
(CCKB8) proliferation assay to explore the suitable administra-
tion range of palovarotene, which was determined as 0.5 uM,
1uM, and 2uM concentration gradient after screening
(Figure 2(a)). Alizarin red and alkaline phosphatase staining
showed that calcium deposits and alkaline phosphatase levels
were significantly upregulated in the IM group compared with
the NC group, which could be inhibited by palovarotene, and
the inhibition degree increased with the increase of
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TPPP3

TSCs

FiGure 1: TSCs existed in tendon tissue were confirmed (n = 3). Scale bar: 25 ym.

palovarotene concentration (Figure 2(b)). WB and RT-PCR
results showed that compared with the NC group and the palo-
varotene group, the expression levels of osteogenic markers
such as osteocalcin (OCN), runt-related transcription factor 2
(RUNX2), and sry-related HMG box-9 (SOX9) and inflamma-
tory markers such as TNF-q, IL-13, MMP9, TGF-f3, and IFN-y
in the IM group were significantly increased. Palovarotene can
reversed this trend (Figures 2(c) and 2(d)). The results sug-
gested that the osteogenic differentiation of TSCs was enhanced
when stimulated by inflammatory microenvironment, while
palovarotene could inhibit this trends.

3.3. Osteogenic Differentiation Induced by Inflammatory
Microenvironment Was Related to Smad Signaling Pathway.
We continued to find that, in our in vitro experiment, the
WB and RT-PCR results showed that compared with the NC
group and the palovarotene group, the expression levels of
pSmadl/5, SMAD5, and ID1 in the IM group were signifi-
cantly increased (Figures 3(a) and 3(b)). This revealed that
when TSCs activated the Smad signaling pathway during stim-
ulation by inflammatory microenvironment, pSMADI1/5,
Smad5, and ID1 are downstream transcription molecules of
Smad signaling pathway. This results suggested that Smad
signaling pathway may play an important role in the
pathological process of HO. Thus, more investigation are
needed to be done.

3.4. Smad and NF-«B Signaling Pathways Play a Synergistic
Role in the Pathological Process of HO, and Palovarotene
Acts as an Inhibitor of Smad Signaling Pathway Similar to
LDN193189, Inhibited HO by the Inactivation of Smad and
NF-xB Signaling Pathways. To further validate the synergis-
tic effects of Smad and NF-«B signaling pathways, in the
pathological process of HO. We constructed a Smad signal-
ing pathway overexpression and knockdown cell model of
TSCs. After confirming the validity of the overexpression
and knockdown models, we performed a series of cellular
experiments, given palovarotene or not, given Smad signal-
ing pathway inhibitor LDN193189 or Smad overexpressed,
knockdown, or no-load NC. RT-PCR and immunofluores-
cence results showed that compared with NC alone, palovar-
otene and Smad5 knockdown plasmids downregulated the
transcription levels of osteogenic and inflammatory markers,
inactivated the Smad signaling pathway, and downregulated
the Smad signaling pathway downstream transcription mol-
ecule Id1. Id1 was scattered throughout the cytoplasm. The
administration of Smad5-overexpressed plasmid signifi-
cantly upregulated the transcription levels of osteogenic
and inflammatory markers, activated the Smad signaling

pathway, and upregulated the downstream transcription
molecule Id1. Id1 was activated and entered the nucleus.
On this basis, the administration of palovarotene or the
Smad signaling pathway inhibitor LDN193189 reversed this
trend (Figures 4(a) and 4(b)). These results confirm our sus-
picion that palovarotene inhibits HO formation by inactivat-
ing the Smad signaling pathway. Interestingly, the protein
levels of the key molecule P65 in the NF-«B signaling path-
way and ID1 were significantly increased. P65 were activated
and entered the nucleus in the SMADS5-overexpressed plas-
mid group. These trends were reversed after palovarotene
administration (Figures 4(c) and 4(d)). This suggests that
not only the Smad signaling pathway but also the NF-«B sig-
naling pathway is involved in HO pathogenesis, which can
be blocked by palovarotene. To verify this, we observed in
the aforementioned in vitro experiment, WB results showed
in the IM group, WB results revealed increased P65 levels,
and immunofluorescence revealed that P65 moved from
the cytoplasm into the nucleus to activate downstream
pathways, which were also reversed by palovarotene
(Figure 4(e)). These results suggest that Smad and NF-xB
signaling pathways play a synergistic role in HO formation,
and palovarotene inhibits HO formation by blocking the
Smad and NF-«B signaling pathways.

3.5. Palovarotene Can Reduce the Formation of Ectopic Bones
and the Accumulation of Macrophages in HO Model Rats. In
a series of in vitro experiments, we confirmed that Smad and
NF-«B signaling pathways play a synergistic role in HO
formation, and palovarotene inhibits HO formation by
blocking the Smad and NF-«xB signaling pathways. Next,
we verified this viewpoint through a series of in vivo exper-
iment. We constructed the Achilles tendon HO model in
rats, and the animals were divided into the sham group
(sham group), Achilles tendon HO group (vehicle group),
and Achilles tendon HO plus administration of palovarotene
group (Palo group). The dose of palovarotene was 1 mg/kg/
day, and the concentration was determined by the prelimi-
nary experimental results and relevant literature [18].
Twelve weeks after the rats were modeled, we started a series
of experiments. Micro-CT findings revealed that compared
with the sham group, HO formation was significantly
increased in the vehicle group, while it was significantly
inhibited in the Palo group. In the hematoxylin and eosin
staining and FerroOrange/rapid green staining of rats in
each group, the vehicle group demonstrated a disordered
arrangement of Achilles tendon tissues, with multiple
ectopic bone tissues, vascular ingrown, and macrophage
aggregation. Conversely, the sham group and Palo group
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coculture with macrophages. Data are means = SD (1 = 3). *p < 0.05 and **p < 0.01. *p < 0.05 and **p < 0.01. Scale bar = 50 um. (c) Western
blot analysis and relevant quantitative analysis of OCN, SOX9, and RUNX2. Data are means + SD (= 3). *p < 0.05 and **p < 0.01. “p < 0.05
and *p <0.01. (d) The mRNA expression of OCN, SOX9, RUNX2, MMP-9, IL-1B, IFN-y, and TNF-a. Data are means = SD (1 = 3).
*p<0.05 and **p<0.01. *p<0.05 and ##p <0.01.
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mRNA expression analysis of Smad5 and ID1. Data are means + SD (1 = 3). *p <0.05 and **p < 0.01. *p < 0.05 and *p < 0.01.
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"p<0.05 and “p<0.01. (d) Immunofluorescence against p65 (n=3). Scale bar=25um. (¢) Western blot analysis and relevant
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means + SD (n=3). *p<0.05 and **p < 0.01. *p < 0.05 and **p < 0.01. Scale bar = 25 ym.

had an orderly arrangement of Achilles tendon fibers, with
only a small amount of cartilage and ectopic bone formation
(Figure 5).

3.6. Construction of HO Model Activated the Smad and NF-xB
Signaling Pathways, Increased Inflammatory Response, and
Enhanced the Osteogenic Differentiation of Progenitor Cells,
which Process Can Be Mitigated by Palovarotene. Immunohis-
tochemical results in animal experiments revealed that inflam-
matory markers such as tumor necrosis factor (TNF)-a,
interleukin (IL)-1f, matrix metallopeptidase 9 (MMP9),
tumor growth factor (TGF)-f3, and interferon (IFN)-y were
upregulated in the vehicle group (Figure 6(a)), while osteogen-
esis and chondrogenic markers OCN and SOX9 were upregu-
lated; PSMAD1/5, a key molecule of the Smad signaling
pathway, and Id1, a downstream transcription molecule, are
also upregulated in the vehicle group (Figure 6(b)). Immuno-
fluorescence shows that Smad5 in the vehicle group enters the

nucleus and executes its function (Figure 6(c)). Western blot
(WB) and quantitative polymerase chain reaction (RT-PCR)
results after histone protein and RNA extraction from the rats
showed increased transcription levels of OCN, SOXO9,
PSMAD1/5, SMADS5, and IDI1, which was consistent with
the immunohistochemical results and increased protein level
of ID1 (Figure 6(d)). The results of the Palo group showed
the same trend as that of the sham groups; i.e., the upregulation
of the osteogenesis and inflammatory markers was inhibited,
the Smad signaling pathway was inactivated, and Smad5 was
scattered in the cytoplasm. The above in vitro experimental
results were consistent with our in vitro experiments and ver-
ified the conclusions that TSCs activate the Smad signaling
pathway and enhance osteogenic differentiation to induce
HO under inflammatory microenvironment and trauma stim-
ulation. The NF-«B signaling pathway acts synergistically in
this process. Palovarotene may act on the common down-
stream transcription target of Smad and NF-«B. Palovarotene
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inhibits HO by blocking Smad and NF-«B signaling pathways
(Figure 7).

4. Discussion

HO can be divided into two types according to its causes,
namely, genetic-related HO, such as progressive ossifying
fibrodysplasia (FOP), which is a rare systemic progressive
connective tissue disease closely related to genetics, and
acquired HO, and its common causes include trauma, sur-
gery, central nervous system injury, and burns, which is
the most common type in clinical practice [19]. NSAIDs
prevented the synthesis of prostaglandin by inhibiting cytase
and the differentiation of ectopic ossification progenitor cells
into the osteoblasts, thereby preventing HO formation [20].
It is the most commonly used method to prevent HO in clin-
ical practice; however, it caused gastrointestinal injury and
postpone fracture healing. Moreover, the effect of the pre-
ventive treatment of HO is not stable; thus, the use of this
drug has some limitations [21].

Radiotherapy is a classical method of preventing HO.
Direct irradiation of the site prone to HO interferes with
osteogenic progenitor cells and their survival microenviron-
ment, thus cutting off the pathway of HO formation [22].
Some studies have compared the efficacy of radiotherapy
and NSAIDs and found no significant difference between
the two [23]. Although radiotherapy is still the conventional
method of preventing HO, radiotherapy may induce serious
systemic complications; thus, given the inconvenience and
high treatment cost, it has been gradually replaced by drug
therapy [24].

Researchers have found that retinoic acid receptor (RAR)
activators can effectively inhibit HO and have no significant
effects on fracture and wound healing. Shimono et al. found
that RAR-y activators CD1530 and NRX195183 can signifi-
cantly inhibit heterotopic bone formation in HO rats. Mean-

while, RAR-y activator inhibited chondrogenesis, reduced
the number of blood vessels and osteoclasts in rats, and signif-
icantly downregulated SOX9 and RUNX2 [25].

The local tissue microenvironment is also one of the
influencing factors of HO formation [26]. In the early stage
of the trauma, the inflammatory factor level was increased
as the acute phase reaction and induced local inflammation
and tissue repair. At the same time, the signal level of related
signal transduction pathway increased. TGF-f and other
osteogenic inducible factors also increased, which cause ossi-
fication progenitor cell proliferation and differentiation and
finally stimulate the occurrence of HO. [27].

The role of the inflammatory microenvironment in HO
formation has received increasing attention. In the early
stage after inflammation and traumatic stimulation, an acute
reaction increases the levels of inflammatory factors such as
IL-6 and TNF-« at the injury site and induces local inflam-
matory response and tissue repair [28]. Meanwhile, signal
levels of related signal transduction pathways and osteogenic
and chondrogenic induction factors such as OCN, RUNX2,
and SOX9 were increased [29]. Dighe et al. found that the
inflammatory microenvironment formed by IFN-y and T
cells can increase the osteogenic activity of MSCs [30]. Wang
et al. also confirmed that high levels of Smad in an inflam-
matory environment induced the recruitment of several
MSCs, leading to HO [31]. Bressan et al. found that the
inflammatory microenvironment induced by Ti particles
would lead to the production of high reactive oxygen species
(ROS) levels, recruiting abnormal quantity of neutrophils to
produce high level of metalloproteinase and the degradation
of collagen fibers, thus destroying the balance of bone regen-
eration [32]. Evans et al. found that inflammatory factor IL-3
was elevated in patients with combat wounds [33]. Similarly,
Schett also found that cytokines such as IL-6, IL-10, and
MCP-1 were elevated in patients with gunshot wounds.
Inflammatory cytokines IL-3, IL-6, IL-10, and MCP-1 are
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NF-«B signaling pathways in HO. In

immunohistochemistry, the positive rate of inflammation such as TNF-a, TGF-f3, IFN-y, IL-1$, and MMP-9 was increased (a), as well as
p65, ID1, p-SMADI/5, and osteogenic genes, concluding OCN and SOX9 (b). Scale bar=25um. (c) Immunofluorescence and
quantitative analysis against Smad5. Scale bar =25 ym. Data are means = SD (n=3) *p<0.05 and **p <0.01. *p <0.05 and **p < 0.01.
(d) The mRNA expression, Western blot analysis of tendon tissues, and relevant quantitative analysis of p65, ID1, OCN, and SOXO9.
Data are means = SD (n=3). *p <0.05 and **p < 0.01. *p < 0.05 and **p < 0.01.

often considered as markers of inflammatory microenviron-
ment [34]. Spinal cord injuries and traumatic brain injuries
can also result in development of HO [35], Macrophages
may secrete oncostatin M to mediate inflammation when
spinal cord injury occurs [36].

Studies have found that the inflammatory microenviron-
ment caused by external stimuli such as trauma or hypoxia
can cause a series of changes in cell homeostasis, such as
the occurrence of metabolic acidosis and extracellular pH
changes [37]. Acidification of the cellular microenvironment
is found in inflammation pathological states. It can affect cell
function and phenotype and aggravate the pathological pro-
cess [38]. In bone sarcomas, acidic pH environment increases
stemness, invasion, angiogenesis, metastasis, and resistance to
therapy of cancer cells [39]. Therefore, it is necessary to
observe the changes of inflammatory microenvironment,
which can effectively indicate the progression of HO.

Bone morphogenetic protein (BMP), a substance found
in the extracellular matrix of the bone, is an activator of
the Smad signaling pathway and can induce HO in soft tis-
sues [40]. The activated Smad signal transduction pathway
plays a central role in bone formation, bone repair, and
HO. In HO animal models, the Smad signal transduction
pathway was upregulated horizontally. BMP phosphorylates
Smadl and Smad5 activates BMP I receptors (such as ALK2)
and BMP II receptors to phosphorylation. The phosphory-
lated Smadl and Smad5 combined with Smad4 formed a
complex, and the complex enters the nucleus. In the nucleus,
these complexes interact with other osteogenic transcription
factors, such as RUNX2, and then bind to target genes to
regulate osteogenic processes [41].

Osteogenic progenitor cells, osteogenic signal transduc-
tion pathways, and local tissue microenvironment are cur-
rently the focus of HO pathogenesis research. Based on
the experimental results of this study, we will try to answer
the mechanism by which palovarotene inhibits HO by act-
ing on the above three elements. Our results demonstrated

that TSCs had osteogenic and chondrogenic potential and
acted as osteogenic progenitors cells in the course of HO.
TSCs underwent osteogenic differentiation in an inflamma-
tory microenvironment dominated by polarized macro-
phages. Alizarine red and alkaline phosphatase staining
presented that, compared with the blank control group,
TSCs underwent osteogenic differentiation in an inflamma-
tory microenvironment dominated by polarized macro-
phages. Under the inflammatory microenvironment, TSC
bone deposition and phosphatase levels increased, and
immunofluorescence revealed that the Smad and NF-«B
signaling pathways were activated, which ultimately
induced HO. After palovarotene treatment, OCN, RUNX2,
SOX9, TNF-q, IL-13, MMP9, and IFN-y were significantly
downregulated in HO animal models and cells with
inflammatory activation symptoms. Inflammatory cyto-
kines TNF-a and IL-1p are thought to promote the produc-
tion of inflammatory mediators. MMP9 and IEN-y are also
inflammatory regulators and play a regulatory role in the
pathogenesis of HO. OCN and RUNX2 are commonly used
as markers of osteogenesis, while SOX9 is often considered
a marker of chondrogenesis. In subsequent experiments, we
found that molecules such as Id1, Smad5, and P65 were
also significantly downregulated in HO animal models with
inflammatory activation symptoms after palovarotene
administration and in HO cells. As a key molecule of the
Smad signaling pathway, Smad5 often indicates the degree
of activation of the Smad signaling pathway [9]. As a
downstream transcription molecule of the Smad signaling
pathway, Id1 also represents the degree of activation of
the Smad signaling pathway [42]. In addition, P65 is a
key molecule of the NF-«B signaling pathway. The level
of P65 and its phosphorylation increased in the Smad-
overexpressed cell model, while it decreased in the Smad
knockdown cell model, suggesting the codirectional interac-
tion between the Smad and NF-xB signaling pathways [43].
Palovarotene, as a RAR activator, interacts with Smad
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of the inflammatory microenvironment.

molecules through the nuclear entry and blocks the activa-
tion of Smad and NF-«B signaling pathways, thereby inhi-
biting HO progression.

5. Conclusions

We verified that tendon stem cells (TSCs) activate the Smad
signaling pathway and enhance osteogenic differentiation to
induce HO under inflammatory microenvironment and
trauma stimulation. The NF-«B signaling pathway acts syn-
ergistically in this process. Palovarotene may act on the com-
mon downstream transcription target of Smad and NF-«B.
Palovarotene inhibits HO by blocking Smad and NF-«B sig-
naling pathways, suggesting that palovarotene may be a

novel HO inhibitor, while other drugs or antibodies target-
ing Smad and NF-«B signaling pathways may prevent or
treat HO. The expressions of Smad5, Id1, P65, and other
proteins may predict HO formation. The above findings
suggest new ideas for further study on HO formation and
development and provide new methods for its prevention
and treatment.
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