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Abstract

Background
Formyl peptide receptor 1 (FPR1), a key member of Formyl peptide receptors (FPRs) from a G-protein
coupled receptor family, was previously well-characterized in immune cells. But the function of FPR1 in
osteogenesis and fracture healing was rarely reported. In this study, using the FPR1 knockout (KO)
mouse, for the �rst time, we demonstrated a close correlation of FPR1 function to osteogenic
differentiation of bone marrow-derived stem cells (BMSCs) in vitro and bone fracture healing in vivo.

Methods
Primary BMSCs were isolated from both FPR1 KO and wild type (WT) mice. Osteogenic markers were
detected during osteogenic differentiation of BMSCs. Biomechanical and structural properties of femur
were compared between healthy WT and KO mice by mechanical test and microcomputed tomographic.
A closed, transverse fracture at the femoral midshaft was created to compare bone healing between KO
and WT mice.

Results
The FPR1 mRNA level increased signi�cantly during osteogenesis of BMSCs. More importantly,
compared to BMSCs from FPR1 KO mice, WT BMSCs expressed signi�cantly higher levels of common
osteogenic markers as well as mineralization at day 14 and 21. In addition, the femur from WT mice had
better biomechanical and structural properties than the femur from FPR1 KO mice. Furthermore, at day 35
following femur fracture, bone healing in WT mice was remarkably improved compared to FPR1 KO mice,
demonstrated by X-ray appearance, H&E stain, bone density, and bone volume/total volume.

Conclusion
FPR1 plays an important role in osteogenic differentiation, bone mechanical strength, and regenerative
capacity of fractured bone. Knockout of FPR1 reduces osteogenesis and bone healing in vivo and vitro.

1. Introduction
Bone fractures are among the most common orthopedic problems, and happen to millions of people
across the United States each year. Despite the best treatment efforts, up to 10% of bone fracture cases
still report undesirable outcomes, and 100,000 fractures per year result in painful non-union. Treatment of
these non-united fractures and bone defects constitutes a major health problem with signi�cant clinical,
social, and economic implications with an average cost of over 10,000 USD per non-union (Hak et al.
2014).
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Bone fracture healing is a complex and highly regulated process which consists of three consecutive and
closely linked phases: in�ammation phase, bone repair and bone remodeling (Claes et al. 2012)(Gibonet
al. 2017). BMSCs are vital in both bone forming processes, endochondral ossi�cation and
intramembranous ossi�cation (Su et al. 2018). Within endochondral ossi�cation, migration of BMSCs
features heavily in the condensation stage at the beginning. On the other hand, within intramembranous
ossi�cation, BMSCs proliferate and differentiate directly following the osteoblastic lineage.

FPRs are an established family consisting of several transmembrane chemoattractant G-protein coupled
receptors (Prossnitz & Ye. 1997). Three genes coding for human G protein-coupled formyl peptide
receptors have been cloned, including FPR1, FPR2 and FPR3. In mouse, FPR gene family has eight known
members consisting of mFPR1, mFPR2, mFPR-rs1, mFPR-rs3, mFPR-rs4, mFPR-rs6, mFPR-rs7 and mFPR-
rs8. Work on mouse FPRs has been focused mostly on the gene products of FPR1 and FPR2, because
they show high similarity in the biological functions to their human counterparts (Prossnitz et al. 1997). A
recent report showed that the FPR1 agonist fMLP could promote osteoblast differentiation and
upregulate osteogenic marker genes in human BMSCs, and improve bone formation (Shin 2011). FPR
ligands have also previously been identi�ed for their abilities to direct chemotactic migration of stem
cells (Viswanathan et al. 2007) (Kim rt al. 2007). In this study using the FPR1 KO mouse, our goal is to
demonstrate, for the �rst time, a close correlation of FPR1 function to osteogenic differentiation of
BMSCs and bone fracture healing. First, in vitro, we expand on our previous work (Xiao et al. 2021) by
providing longer data surveilling the osteogenesis process in osteo-induced bone marrow mesenchymal
stem cells. We observed the difference between the expression in mRNA form of FPR1 as well as
common bone forming markers such as Runx2 and ALP between wild type stem cells and FPR1 de�cient
ones. Additionally, we evaluated the difference in mineralization between the two cell populations using
Alizarin red staining both qualitatively and quantitatively. In vivo, we compared the biomechanical
qualities such as stiffness, maximum load and work to fracture, of wild type femurs and those belonging
to FPR1 KO mice. Using microCT, we also evaluated the cortical bone measurements from the two groups
to evaluate the bone quality. Finally, a mouse femur fracture model was used to compare bone healing in
the presence or absence of FPR1 expression.

2. Materials And Methods

2.1. Animals
All animal studies were performed with the protocol approved by the Institutional Animal Care and Use
Committee at University of Virginia and followed NIH guidelines on animal care and handling for
research. FPR1 KO mice were kindly provided by Dr. Olefsky at UC San Diego and maintained in our lab,
while its wild type (WT) littermates C57BL/6 were purchased from Charles River (Boston, MA). Animals
(male or female, 12–14 weeks old) were used for both in vitro and in animal experiments.

2.2. Isolation and culture of primary BMSCs
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Primary BMSCs were prepared from both WT and FPR1 KO mice following the protocol described
previously (Diduch et al. 1993). In brief, bone marrow cells were �ushed out of the cut ends of the femurs
and tibias harvested from 3 mice, and the stromal population was separated from hematopoietic
elements by serial passaging of adherent cells in basal medium (BM) consisting of α-MEM supplied with
10% fetal bovine serum (FBS, Invitrogen) and antibiotic solution (100 U/mL of penicillin and 100 µg/mL
of streptomycin, Thermo Scienti�c), while bone marrow macrophages were removed by maintenance of
the cultures without the addition of factors sustaining macrophage proliferation. The cells were allowed
to grow to con�uence in BM for 2 weeks.

2.3. Osteogenic induction
Both WT and KO BMSCs at a density of 5,000 cells/cm2 were grown in osteogenic medium (OM) which
was BM supplemented with 100 nM dexamethasone, 10 mM β-glycerol phosphate and 50 mM ascorbate-
2-phosphate), with cells at the same density cultured in BM only as control. At different time points after
induction assays of mineralization using alizarin red staining and gene expression of the speci�c
osteogenic markers by quantitative RT-PCR were done as described earlier (Zhang et al. 2012). For RT-
PCR assay, ampli�cation plots were calculated based on the threshold cycle value. Data were analyzed
based on the 2-∆∆CT method with 18s ribosomal RNA (rRNA) serving as the reference. All gene
expression were normalized to the control group’s expression in each experiment and represented
experimental values as folds of change of WT BM values. The targeted genes and their primer sequences
are as follows: runt-related transcription factor 2 (Runx2) (forward: 5′-AGATGATGACACTGCCACC TCTG-
3′, reverse: 5′-GGATGAAATGCTTGGGAACTGC-3′), alkaline phosphatase (ALP) (forward: 5′-
ACGAGATGCCACCAGAGG-3′, reverse: 55′-AGTTCAGTGCGGTTCCAG-3′), FPR1 (forward: 5’-
CCACATGTGGAGCAGACAAG-3’, reverse: 5’-CCGAGGACAAAGGTGACTG-3’). The forward and reverse
primer sequences for rRNA were 5′- GTGACCAGTTCACTCTTGGT − 3′ and 5′-
CATTGGAAGTGAAGCGTTTCG − 3′), respectively.

2.4. Biomechanical test
Femurs were harvested from healthy FPR1 KO mouse and its WT littermate C57BL/6 (WT), respectively.
Mechanical testing of the femoral shaft was performed at room temperature using a material testing
machine (MZ500S; Maruto, Tokyo, Japan). The mid-diaphysis of the femur was stabilized by placing it
on two supports of the test apparatus placed 20 mm apart. The load of a three-point bending test was
applied in the anteroposterior direction midway between the two supports. Load–displacement curves
were recorded at a crosshead speed of 5 mm/min. Breaking force (N), breaking energy (N mm), maximum
load (N), and breaking time (s) were calculated using software for measuring bone strength (CTR win.
Version 1.05; System Supply, Nagano, Japan).

2.5. Microcomputed tomographic (micro CT) measurement
The femurs from WT and KO mice were �xed in 10% formalin and then transferred to 70% ethanol. The
Scanco vivaCT 40 scanner (Scanco Medical AG) was used for the bone microstructure examination.
Scans were performed on a 0.5-mm region of mid-diaphysis of the femur using 8.96 µm voxel size, 50 KV,
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350 µA and 0.45 degrees rotation. After 3D reconstruction, the CTan software was used for the bone
analysis. Cortical bone mineral density (BMD), bone volume/tissue volume (BV/TV) and cortical bone
thickness (Ct. Th) were measured.

2.6. Bone fracture model
Both WT and FPR1 KO mice were underwent a surgical protocol to create a closed, transverse, midshaft
femur fracture following the procedure previously reported (Shen et al. 2012) without a �attened 25g
needle to stabilize the femur fracture, using a fracture apparatus set up in our lab. Brie�y, each animal
was anesthetized with Ketamine (60–80 mg/kg)/Xylazine (5–10 mg/kg) IP after weighing the animal.
Then a 300-gm weight was applied to drop 35 cm depressed the blunt guillotine 1 mm (one-half the
diameter of the femur) to produce a closed diaphyseal fracture in the midshaft of the right femur. No
manipulation was done with the left femur. Mice were permitted to bear weight immediately
postoperatively. Bone healing of the injured femur was assessed by histology, X-ray scan and microCT
measurement, respectively.

2.7. Histology
Mice were euthanized in a carbon dioxide chamber and the injured femurs were collected and were
decalci�ed. They were then para�n-embedded and routinely processed to produce 5 µm micro-sections.
The tissue sections were stained by Hematoxylin/Eosin. Microscopic images of each section were taken
by a Nikon ECLIPSE E600 microscope with a Zeiss software.

2.8. X-ray scans
In vivo X-ray scan for live animals was performed on the Albira Si Trimodal preclinical scanner (Bruker)
(Yang et al. 2021). Anesthesia of animals was induced and maintained as needed by iso�urane gas,
which release was controlled by the scanner system. Reconstruction of 3D images was accomplished by
the Volview software (Kitware Inc., New York, USA). For in vitro scan, femurs were isolated from
euthanized animals and placed on an X-ray �lm, radiographs were taken; the �lms were subsequently
developed and placed into a GS-800 Calibrated Densitometer (Bio-Rad) to convert the radiograph �lms
into digital images (Shen et al. 2002).

2.9. Data analysis
All data were reported as mean ± SD, and statistical evaluation of data from two groups was performed
by a two-tailed Student’s t-test. A p value of 0.05 or less was considered as signi�cant difference between
the two groups.

3. Results

3.1. FPR1 promotes osteogenesis of primary BMSC cultures
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By in vitro cell culture assays, expression of FPR1 was found to signi�cantly increase at day 2 and day 7
after induction by OM in primary mouse BMSCs (Fig. 1). The osteogenic capacity of BMSCs from FPR1
KO mice was remarkably diminished compared with that of BMSCs from the WT, indicated by the
expression of osteogenic markers Runx2 and ALP (Fig. 2a) and mineralization (Fig. 2b).

3.2. WT mouse possesses better mechanical properties of
the femur bone than FPR1 KO mouse
In our study, the results showed that displayed the representative force-displacement curves of the
femoral diaphysis, a cortical bone-rich site (Fig. 3a). The WT group showed a signi�cantly higher
stiffness (Fig. 3b), maximum load (Fig. 3c) and work to fracture (Fig. 3d) than the FPR1 KO group (p < 
0.05). The stiffness, maximum load and work to fracture were 83.50 ± 8.98 (N/mm), 16.30 ± 1.15 (N) and
10.02 ± 2.98 (mJ) from the WT, compared to 64.60 ± 11.99 (N/mm), 13.74 ± 2.20 (N) and 5.17 ± 3.26 (mJ)
from the KO, respectively.

3.3. WT mouse possesses better structural properties of the
femur bone than FPR1 KO mouse
Figure 4. The cortical bone measurements of the femurs from WT and FPR1 KO mice by micro-CT. The
measurements including the bone density (b), bone volume/total volume (BV/TV) (c) and cortical
thickness (d) were performed on a 1.0-mm region of the mid-diaphysis of the femur. The 2D images of
the femurs from WT and KO mice were shown in a. In b, c and d, *Represents KO is p < 0.05 from WT.
Eight right femurs (4 WT and 4 KO) were used for the measurements.

3.4. Bone healing was delayed in FPR1 KO mice compared
to WT mice
A closed fracture model of femur without �xation was used to further determine the role of FPR1 in bone
fracture healing. Histological analysis uncovered different types of bone cells including osteoblasts,
osteocytes and osteoclasts and cartilage chondrocytes in the callus from WT mice which numbers were
much higher than in the callus from KO mice, implying that bone healing was delayed in KO mice (Fig. 5).
This observation was further con�rmed by comparing the in vivo and ex vivo X-ray images of femurs
from WT and KO mice after 35 days of fracture, uncovering better healing in WT than KO (red arrows,
Fig. 6). Furthermore, microCT analysis of these bones showed that bones from the WT mice possess
signi�cantly higher bone density and BT/BV than those from the FPR1 mice, suggesting that less bone
regeneration in KO mice than in the WT mice (Fig. 7).

4. Discussion
In this study, we examined the association between FPR1 expression and bone regeneration through a
series of in vitro and in vivo experiments. Using FPR1 WT and KO models, including primary BMSCs as
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well as animals, we characterized FPR1’s impact on osteogenic differentiation, bone mechanical strength,
and regenerative capacity of fractured bone. When BMSCs were induced osteogenesis in vitro, FPR1’s
expression is associated with improved expression of osteogenic markers and mineralization (Figs. 1 &
2). It was also found that, compared to FPR1 KO mice, bones from WT mice exhibit signi�cantly better
biomechanical properties, bone density, volume, and cortical thickness (Figs. 3 & 4). In the femur fracture
model, WT was associated with more dynamic bone healing compared to FPR1 KO mice (Figs. 5–7).

As discussed previously, formyl peptide receptor is a large group of receptors that has received a lot of
research interest. Receptors within this family has been implicated in a wide range of settings, most
notably as part of the innate immune system and the in�ammation response (Rot et al. 1987) (Raoof et
al. 2010). FPR1 speci�cally have also been explored for its role in bone metabolism. FPR1 has been
implicated within the pathogenesis of osteoarthritis through its role in immune cell migration (Yang et al.
2021) (Gjertsson et al. 2012) (Yang et al. 2016). Other orthopedic diseases such as degenerative disc
disease and rheumatoid arthritis also involved the FPR family (Duvvuri et al. 2021) (Xiao et al. 2019).
Viswanathan et al in 2007 demonstrated that human mesenchymal stem cells (hMSCs) exhibited FPR1
and FPR2 expression in both mRNA and protein, which were involved in the chemotactic migration of
these stem cells (Viswanathan et al. 2007). This is further supported by Kim et al who showed that
ANXA1, a FPR ligand, induced hMSCs migration (Kim et al. 2007). Similar conclusions were drawn by the
Gao group, who used corticosteroid, an agent that can upregulate FPR1 expression, to mobilize hMSCs
(Gao et al. 2021). Given that human stem cells have been shown to possess the capacity to differentiate
to different bone cell lines (Dominici et al. 2006), the ability to direct migration of these cells to speci�c
areas of interest confer signi�cant therapeutic possibilities.

FPR1’s chemotactic properties work synergistically with its ability to induce osteogenic differentiation in
human mesenchymal stem cells. Shin et al noted that FPR1 signaling was signi�cantly associated with
differentiation into osteoblasts of hMSCs (Shin et al. 2011). The authors also used zebra�sh and rabbit
models to demonstrate that stimulation of the FPR1 receptor led to grossly and histologically more
notable osteogenesis in vivo. The proposed mechanism of osteogenesis is through the
FPR1/phospholipase C/phospholipase D-Ca2+-calmodulin-dependent kinase II-ERK-CREB signaling
pathway. A previous work in our lab (Xiao et al. 2021) further expanded on Shin’s work by showing that
following osteogenic induction of human adipose-derived MSCs, at day 7, FPR1 expression was
increased in tandem with a variety of osteogenic markers as well as mineralization. We also found that
without FPR1 signaling, mouse adipose-derived MSCs demonstrated decreased osteogenic
differentiation and increased adipogenic tendencies. Furthermore, a critical transcription factor, FoxO1,
was proposed as an intermediary in the signaling mechanism of FPR1, linking it to the eventual
commitment to either osteoblasts or adipocytes. Building upon existing literature, we further illustrate
FPR1’s association with osteogenic differentiation of BMSCs and how lack of FPR1’s expression causes
weakened BMSCs’ capacity to make bone. We provided quantitative analysis of the impact of FPR1’s
expression on in vivo bone formation and biomechanical strength (Figs. 3 & 4). It is clear that the
knockout of FPR1 led to decreased quality of bone in mice.
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As noted earlier, bone healing is a complicated process requiring mobilization of bone marrow
mesenchymal stem cells, which is the motivation for our development of the FPR1 KO mice fracture
model. The different stages of bone healing requires involvement of different types of cells including
osteoblasts, osteoclast, and chondrocytes (Bahney et al. 2019). Our FPR1 KO mice model clearly show
that without expression of FPR1, the recruitment of these cell types, likely from bone marrow stem cells, is
delayed. At day 7 following surgery, the knockout mice showed only �brous tissue in the bone callus at
the site of fracture (Fig. 5). At day 35 following surgery, Xray showed that bone healing in FPR1 KO mice
was at least delayed, maybe even showing signs of nonunion (Fig. 6). MicroCT con�rmed the inferior
quality of the newly formed bone in knockout mice (Fig. 7). Based on our knowledge of the existing
literature, we are the �rst group to attempt using FPR1 KO mice to study the role of FPR1 in fracture
healing, which is likely to be pivotal.

While our research is centered around FPR1, it would be remiss to not discuss the potential roles of FPR2
and FPR3. Similar to FPR1, FPR2 and FPR3 are expressed in a variety of immune cells (Murphy et al.
1992) (Nagaya et al. 2017). Within the rheumatoid arthritis literature, FPR2 has been recognized for its
likely anti-in�ammatory and anti-osteolytic properties through decreased production of IL-6 and
osteoclast differentiation (Kao et al. 2014). FPR2 has also been observed to have a signi�cant role in
angiogenesis and promotion of fracture healing through increased exosome secretion and activation of
M2 macrophages (Zhao et al.2021) (Corliss et al. 2016) (Heo et al. 2017) (Stegen et al. 2015). FPR3 is
notable for its chemotaxis of monocytes and monocyte-derived dendritic cells as well as its presence in
multiple key innate immune processes (Migeotte et al.2005) (Devosse et al.2009).

Based on current understanding, FPR1 has been found to have the ability to in�uence the migration and
enhance osteogenic differentiation of human mesenchymal stem cells. This is a powerful synergistic
combination with great potentials to be translated therapeutic tools to support stem cells therapy
speci�cally for orthopedic disorders. As such, further characterization of FPR1’s mechanisms should be
explored, speci�cally the signaling pathways leading to osteogenesis and increased bone quality.
Furthermore, according to our fracture model, FPR1 is likely to play a signi�cant role in the support of
fracture healing, which a new avenue to address fracture nonunion. As such, more research could be
extended to bone healing in an animal model with critical size bone defects under different conditions of
normal, enhanced or impaired FPR1 expression. Use of FPR1 agonists and antagonists in such studies
would lead to discovery of new pharmaceutical candidates for large-volume tissue reconstruction in clinic
(Shin et al. 2011). Additionally, FPR2 has been noted for its contribution to fracture healing, and therefore
should be explored in tandem with FPR1. Since these two receptors are believed to in�uence difference
aspects of healing, it is possible that they might have synergistic effects. ANXA1, for instance, is a ligand
previously described as capable of activating both FPR1 and FPR2 (Kim et al. 2007), which should be
looked into for this purpose. In all these possible research directions, we advocate for the use of FPR1 KO
mice models, which provides an opportunity to de�nitively describe the downstream effects of FPR1.

5. Conclusions
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In conclusion, we found Fpr1 plays an important role in osteogenic differentiation, bone mechanical
strength, and regenerative capacity of fractured bone. Knockout of FPR1 reduces BMSCs osteogenesis
and bone fracture healing. Besides that, compared to WT mice, bones from FPR1 KO mice exhibit
signi�cantly worse biomechanical properties, bone density, volume, and cortical thickness.

Abbreviations
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bone marrow-derived stem cells
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FPR2
Formyl peptide receptor 2
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Formyl peptide receptor 3
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Formyl peptide receptors
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human mesenchymal stem cells
KO
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osteogenic medium
Runx2
runt-related transcription factor 2
WT
wild type.
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Figure 1

FPR1 mRNA level increased during osteogenesis of BMSCs from WT mice, determined by quantitative RT-
PCR. BM, basal medium; OM, osteogenic medium. n=4
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Figure 2

BMSCs from FPR1 de�cient mice expressed lower osteogenic markers and produced less mineralization,
determined by quantitative RT-PCR (a: up, Runx2; bottom, ALP) and alizarin red staining (b: up, photos;
bottom, quantitative results), respectively. WT, wild type; KO, knockout; BM, basal medium; OM, osteogenic
medium. n=4.
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Figure 3

Biomechanical properties (stiffness, maximum load and work to fracture) of the femur from wild type
(WT) and FPR1 knockout (KO) mice. Representative force-displacement curves of WT and KO femurs
were presented in a. In b, c and d, *Represents p<0.05 between KO and WT. Eight right femurs (4 WT and 4
KO) were used for the measurements.
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Figure 4

The cortical bone measurements of the femurs from WT and FPR1 KO mice by micro-CT. The
measurements including the bone density (b), bone volume/total volume (BV/TV) (c) and cortical
thickness (d) were performed on a 1.0-mm region of the mid-diaphysis of the femur. The 2D images of
the femurs from WT and KO mice were shown in a. In b, c and d, *Represents KO is p<0.05 from WT. Eight
right femurs (4 WT and 4 KO) were used for the measurements.
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Figure 5

Representative images of H & E stain for microsections of bone fracture sites in femurs from WT (a) and
FPR1 KO mice (b) at day 7 after surgery. Images came from 6 right femurs (3 WT and 3 KO).
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Figure 6

Representative X-ray images of femurs with fracture from WT (a, c) and FPR1 KO (b, d) mice in situ (a, b)
and isolated (c, d) femurs at day 35 after surgery. In c & d, left and right photos were direct view and X-ray
image, respectively. Compared to WT mice, bone healing was delayed in KO mice. Images came from 10
right femurs (5 WT and 5 KO).
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Figure 7

Evaluation of microCT scan for regenerated femurs from WT and FPR1 KO mice. The femurs with newly
formed bones were harvested and scanned at day 35 after surgery. Images came from 10 right femurs (5
WT and 5 KO).


