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With the development of social population ageing, bone fracture has become a
global public health problem due to its high morbidity, disability and mortality.
Fracture healing is a complex phenomenon involving the coordinated
participation of immigration, differentiation and proliferation of inflammatory
cells, angioblasts, fibroblasts, chondroblasts and osteoblasts which synthesize
and release bioactive substances of extracellular matrix components, Mortality
caused by age-related bone fractures or osteoporosis is steadily increasing
worldwide as the population ages. Fibroblasts play an important role in the
process of fracture healing. However, it is not clear how the growth factors and
extracellular matrix stiffness of the bone-regeneration microenvironment affects
the function of osteoblasts and fibroblasts in healing process. Therefore, this
article focuses on the role of fibroblasts in the process of fracture healing and
mechanisms of research progress.
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1 Introduction

Fracture healing regenerates bone through a complex series of proliferative and
morphogenic events within the injured skeletal tissues. Fractures are the most common
large organ trauma in human (1). Human bone fracture has become a common public
health concern globally, with 178 million new cases of fractures and 445 million cumulative
cases of fractures in 2019 (2). Fractures have become a global public health problem as the
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number of people suffering from the incidence continues to grow
from different reasons. Healing regenerates bone through a complex
series of proliferative and morphogenic events within the injured
skeletal, and the vast majority of fractures healed well, however the
period of healing varies, depending on various factors like age,
nutrients,operation process,treatment, the type of fracture and
severity of the injury, and other pre-existing conditions (3).Many
complex clinical conditions such as large traumatic bone defects,
osteoporosis, tumor resection, or skeletal abnormalities can impair
normal bone healing. Most elderly people develop osteoporosis with
age. Osteoporosis results in bone loss and an increased risk of
fractures that can lead to death (4, 5). Fracture healing is a
complicated and slow process of repair It involves systemic or
local circumstances, together with some types of cells and growth
factors that antagonist works together with adjacent tissues and
immunity to promote bone healing. Fracture healing can be divided
into three partially overlapping phases: the inflammatory phase, the
repair phase, and the remodeling phase (6). Of these, the
inflammatory phase is the most critical in the overall fracture
healing process, and this phase is regulated by multiple systems,
including the skeletal system and the immune system (7).
Fibroblasts in tissues are key cell types that regulate the activation
or suppression of immune responses and play an important role in
fracture healing.

Fibroblasts primarily considered as cells that support organ
structures and have recently gained a privilege attention to the
researcher for their roles in regulating immune responses in health
and disease. Fibroblasts are not a homogenous population and show
variation in gene expression and behaviors depending on the site
from which the cells are isolated. Microarray analysis of genes
associated with inflammation highlighted that not only do
unstimulated fibroblasts have differing gene expression patterns
but also that the response of fibroblasts to various stimuli varies with
the site from which the cells were taken, resulting in distinct
phenotypes and functions in different organs (8-10).With roles in
growth and development, injury response, and tissue homeostasis,
fibroblast functions within the body are dynamic and multifarious
(11, 12). Fibroblasts are present in significant amounts in bone and
numerous previous studies have suggested that fibroblasts have
impacted in normal fracture healing (13). It is well established that
fibroblast growth factors have mutagenic and angiogenic activities
on mesoderm and neuroectoderm derived cells. Of particular
interest as a member of the fibroblast growth factor family, basic
fibroblast growth factor stimulates mitogenesis, chemotaxis,
differentiation, and angiogenesis (13). Besides, recently studies
have reported that fibroblast may be involve in fracture healing
by regulating the interaction of immune cell and bone remodeling
process (14). Although the role of fibroblast in role in fracture
healing is not yet fully understood. we proposed this study aiming
that fibroblast may be play a special role in fracture healing.
Therefore, we discussed this speculation and its possible
mechanisms, to find a new therapeutic strategy for fracture healing.
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2 Characteristics and functions
of fibroblasts

2.1 The origins and characteristics
of fibroblasts

Fibroblasts were first identified in the 1800s by Virchow as
“spindle-shaped cells of the connective tissue”. In 1895, Ernst
Ziegler termed these cells as “fibroblast” (15). Today, fibroblasts
are defined in a number of different ways. Morphologically,
fibroblasts typically appear spindle-shaped and elongated, and
when activated and differentiate into myofibroblasts, they can
spread and become stellate in appearance (16). Though there are
some markers considered typical of fibroblasts, such as vimentin
and collagen, these are considered nonspecific (12). Fibroblasts
possess an impressive plasticity in pathological states where these
cells attempt to correct damages and restore tissue homeostasis.
Numerous studies now suggest fibroblasts are heterogeneous in
their origins, molecular markers, and functions, particularly during
the pathological remodeling of organ tissue (17). It appears that
distinct niches of fibroblasts engage or are recruited to various
tissues in response to injury (12). On top of the different
subpopulations of fibroblasts, and the different roles these
fibroblasts play as a result, their heterogeneity is also illustrated
by the ability of these cells to interconvert with other cell types. In
the context of scarring, lung and skin fibroses show transition of
adipocytes, fascial fibroblasts, pericytes, and hematopoietic cells
into myofibroblasts (18, 19). One established framework classifies
fibroblasts on the basis of function during homeostasis, denoting
fibroblasts found in various regions of bone, such as the periosteum
(the outer membrane of bone), the endosteum (the inner lining of
bone), and within the bone marrow. The functions and
characteristics of fibroblasts can vary based on their specific
location. Bone fibroblasts can exhibit different phenotypes or
states. Some may be more quiescent, while others are activated
and involved in tissue repair or inflammation (12).

2.2 The heterogeneity of fibroblasts

Fibroblasts have been extensively characterized in culture; the
advent of single-cell RNA sequencing (scRNA-seq) has recently
enabled in-depth exploration of fibroblast identity in vivo. Taking
advantage of this, numerous studies have described inter- and intra-
tissue heterogeneity of fibroblasts across several murine organs (20).
scRNA-seq is one of the most widely applied methods used to
explore fibroblast heterogeneity. Analysis typically begins by
clustering cells in the dataset based on gene expression using
computational methods, and annotation of these cluster groups
based on cluster gene signatures (21). Fibroblasts from mouse skin,
colon, heart, and skeletal muscles show vastly different
“matrisomal”(ECM-related) gene expression patterns and share
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less than 12% of their markers, suggesting that the transcriptional
profile of fibroblasts is highly tailored to their specific tissue of
residence (22). Fibroblasts are restricted to single tissues and
express tissue-specific markers, while universal fibroblasts are
dispersed across multiple tissues, show elevated expression of
“stemness” genes, and are predicted to serve as progenitors for
specialized fibroblasts (23). Fibroblast subtypes are abundantly
characterized by the variable expression of specific genes involved
in various cellular processes such as extracellular matrix
remodeling, cell migration, immune modulation, tissue repair and
angiogenesis. This heterogeneity suggests that fibroblasts play
multifaceted roles in bone fracture healing, with each subtype
contributing to different aspects of the repair process. Regulation
of fibrotic fibroblasts by the E26 transformation-specific (ETS)
family of transcription factors has also been revealed by
scRNAseq analysis of inflamed tissues (21, 24). Recently the
researchers demonstrated that expression and the functional
effects of exogenous administration of FGFs in fracture repair
have been limited to studies of the proto typical family members,
however over the past few years molecular technique based on
investigate crosstalk among cell types with the development of a
scRNA-seq tool such as Cell Chat has given a novel method
preserving the spatial integrity of the fibroblasts’ contribution to
healing (25).

2.3 The function of fibroblasts in health
and disease

In homeostasis, fibroblasts are responsible for depositing and
maintaining collagen and proteins of the extracellular matrix
(ECM), and as previously mentioned, in wound healing,
fibroblasts contribute to the formation of new connective tissues
by proliferating and secreting collagen (26). These cells are also
known to play roles in cancer, angiogenesis, and inflammation (27).
In cancer, for example, studies have demonstrated that fibroblasts
secrete growth factors that promote tumor cell proliferation.
Fibroblasts are also known to secrete cytokines such as
Interleukin 8 (IL-8), which are important in inflammation (28,
29). During the process of fracture healing, fibroblasts play a
significant role, primarily during the later stages of repair and
bone remodeling. It can synthesize and secrete proteins, collagen
fibers, elastic fibers, reticular fibers, and organic matrix, all of which
play a role in different stages of fracture healing (11).

3 The mechanism of fibroblast
regulating fracture healing

3.1 Cytokines promote osteogenic
differentiation of human fibroblasts

Bone is considered a structurally and functionally complex

tissue (30). Fracture healing is a complicated and slow process of
repair. It involves systemic or local circumstances, together with
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some types of cells and growth factors that communicate with
adjacent tissues and blood to promote bone healing (31). Fracture
healing regenerates bone through a complex series of proliferative
and morphogenic events within the injured skeletal tissues. The
repair of a bone fracture progresses from the inflammatory stage
that follows the initial wound, through intramembranous bone
formation, bridging of the fracture gap by chondrogenesis and
endochondral bone formation, and finally remodeling of the
fracture callus matrix. Each stage of repair requires the
communication between diverse tissue types that must be
mediated through local cellular growth factors. Although the
molecular coordination of fracture repair is largely undefined,
examination of the spatial and temporal expression domains has
offered indirect evidence for the functional involvement of growth
factors and signaling molecules expressed in skeletal development
and repair (32). In the process of fracture healing, a variety of
growth factors are involved, mainly bone-morphogenetic protein
(BMP), transforming growth factor- B (TGF-B), fibroblast growth
factors (FGF) and insulin-like growth factor (IGF), etc., which play
a role in bone regeneration and repair, cell proliferation and
differentiation, as well as the formation of extracellular matrix,
which are candidates for therapeutic applications in bone healing
(33). Fibroblasts are chemotactic and are attracted to the fracture
site by the stress of trauma and by chemokines (e.g., lymphokines,
complement, platelet-derived factor, 3 -transforming growth factor,
collagen type L, IL, III) (34, 35) (Figure 1) (Table 1). Thus, fibroblasts
play an important regulatory role in fracture healing.

3.11FGF

FGF initially was isolated in brain and pituitary extracts long
time ago. The mammalian FGF family contains 22 members. Some
of them are intracellular FGF (iFGF), which act without binding to
FGF receptor (FGFR) (50). In the recent years, the specific
structural and functional information on homologous members of
this family was determined. FGF are involved in a number of
cellular processes that include mitogenesis; chemotaxis,
differentiation, and angiogenesis; development of the vascular,
nervous, and skeletal systems; maintenance and survival of
tissues; and stimulation of wound healing. It plays an important
role in the development of vascular, nervous, and skeletal systems
promotes the maintenance and survival of certain tissues and
stimulates wound healing and tissue repair (51). The FGFR is a
highly conserved complex signaling pathway, categorized
differently such as canonical (paracrine), hormone-like
(endocrine), and intracellular (intracrine). The canonical
subfamily comprises 15 known receptor-binding ligands (52, 53).
FGF are important signaling molecules that regulate many stages of
endochondral bone development. recently various healing of a
skeletal fracture, several features of endochondral bone
development are reactivated. study on the role of FGF in skeletal
fracture healing, evaluated the temporal expression patterns of FGF,
FGFR, and molecular markers of bone development over a 14-day
period following long bone fracture. These studies identify distinct
groups of FGF that are differentially expressed and suggest active
stage-specific roles for FGF signaling during the fracture repair
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BONE FRACTURE
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FIGURE 1

Schematic description of the four phases of fracture healing with sequential need for growth factor. Bone healing can be viewed as a three-stage
biological phase (inflammation, repair, and remodelling) which can be further divided into six main sub-steps: hematoma, inflammation, soft callus
formation, hard callus formation, remodelling, bone healing. Immune cells are activated and recruited towards the fracture gap. Platelet derived
growth factor (PDGF) acts in recruitment and proliferation of mesenchymal stem cells/osteoprogenitor cells. Activation of cytokine, for instance,
(VEGF) also paves the way for angiogenesis. Bone morphogenic protein-2 (BMP-2) promotes osteoblastic and chondrocyte differentiation. Fibroblast
growth factor-2 (FGF-2) acts mitogenic on MSC/OPC, osteoblasts, chondrocytes and osteoclasts, and enhances matrix synthesis and angiogenesis.
Fibroblast growth factor 23 (FGF-23) inhibits osteoblast differentiation and matrix synthesis. IGF, PDGF, and VEGF promote the increase activity of
osteoblast proliferation and differentiation. TGFB has a positive effect to bone remodelling through regulation of both osteoblasts and osteoclasts.

Ang1,TGF-82,BMP2--BMP8, M-CSF JI/

TABLE 1 Summary of growth factors affecting fibroblasts in fracture healing.

Osteocyte

GF Cell source Biologic effect Action on fibroblast osteogenic Reference
BMP Osteoprogenitor cell, osteoblast, Chondro-osteogenesis, osteo- regulating bone balance by controlling the differentiation of (36-38)
Chondro-osteogenesis, Migration of induction (BMP-2) osteoblasts and osteoclasts
osteoprogenitors, chondrocyte, BMPs can indirectly influence fibroblast activation and
endothelial cell (BMP-2) behaviour through their effects on other cell types
FGF Macrophage, monocyte BMSC, Angiogenesis, proliferation of regulates genes for osteoprogenitor proliferation and (39-42)
chondrocyte, osteoblast, fibroblast, and smooth muscle differentiation, and apoptosis of osteoblasts.
endothelial cell cells of vessels
IGF Osteoblast, chondrocyte hepatocyte, Regulation of growth, promote the growth and proliferation of various cell types, (43)
endothelial cell hormone effects including fibroblasts involved in tissue repair and
bone formation.
PDGF | Platelet, osteoblast endothelial cell, Proliferation of connective, tissue  stimulates the proliferation and migration of fibroblasts to the (44)
monocyte, macrophage cells, monocyte/macrophage and site of injury, including bone fractures.
smooth muscle cell
chemotaxis, angiogenesis
TGEF- Platelet, osteoblast, BMSC Immunosuppression, plays a significant role in promoting fibroblast proliferation (45, 46)
B chondrocyte, endothelial cell, angiogenesis, stimulation of cell and collagen production during tissue repair, bone healing.
fibroblast, macrophage growth, differentiation and
ECM synthesis
VEGF Osteoblast, platelet Angiogenesis Conversion of cartilage into bone, osteoblast proliferation and (47, 48)
differentiation, modulates chondrocyte functions and is crucial
for proper endochondral ossification
CTGF  Endothelial Cells, Smooth Muscle Adhesion, migration, CTGF is often produced by fibroblasts in response to various (49)
Cells, Chondrocytes, mesenchymal proliferation, and extracellular signalling molecules and mechanical cues, especially during
stem cells matrix production tissue repair and fibrotic processes, are essential processes in
tissue repair and osteogenesis.
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process (54). However, FGF and FGFR gene families encode
essential signaling molecules that function throughout all stages
of endochondral bone development. For example, deficiencies in
FGF2 have been linked to decreased bone formation and bone mass
(55), while FGF9 and FGFI18 signaling regulate hypertrophic
chondrocyte differentiation, skeletal vascularization, osteoblast/
osteoclast recruitment to the growth plate (56, 57). In addition,
FGEFR also function in osteogenic differentiation and maturation.
FGFRI1 signaling in osteo-chondroprogenitor cells regulates
osteoblast maturation (58). FGFR2 is important in skeletal growth
and bone density (59) and mutations in FGFR2 are linked to a
variety of craniosynostosis syndromes in humans (60). FGFR2 has
been found to play a key regulatory role in bone development. For
example, FGFR2 is involved in the regulation of aqueous extract of
Aralia echinocaulis Hand on fracture healing (61). Skeletal
overgrowth has been seen in association with FGFR3 deficiency
in both mouse and human (62). Disruption of FGF signaling during
bone development results in a range of phenotypes from relatively
mild shortening of limbs to severe dysmorphology, including
truncated and missing limbs.

Acidic FGF (aFGF, FGF1) and basic FGF (bFGF, FGF2) are two
typical members of the FGF family (63). In studying the effects of
aFGF and ascorbic acid on human periodontal fibroblast growth,
osteogenic differentiation, and modulation of the inflammatory
response to mechanical stress, it was found that high
concentrations of aFGF promoted cell proliferation with short-
term stimulation, while prolonged treatment induced the
expression of osteogenic markers even at low concentrations (64).
Furthermore, it has been demonstrated that bFGF plays an
important role in fracture repair (65, 66). bFGF can improve the
mechanical stability of fibrous bone scabs and accelerate fracture
healing by affecting fibroblast proliferation and collagen synthesis
(67). bFGF activates ERK and Akt phosphorylation in a dose
dependent manner in both adult and fetal skin fibroblasts, which
suggests that bFGF in amniotic fluid plays the most major role in
cell proliferation. Application of bFGF from an early fracture
healing may lead to better fibroblast proliferation and DNA
synthesis through the process of ERK/Akt phosphorylation (68).

3.1.2 BMPs

BMPs were originally discovered to promote bone growth in
muscle. They are important morphogens during embryogenesis and
development and regulate the maintenance of homeostasis in adult
tissues. Further categorized into subgroups based on amino acid
similarity: BMP-2/4, BMP-5/6/7/8, BMP-9/10, and BMP-12/13/14.
The BMPs belong to the TGF- B superfamily except for BMP-1,
which is a metalloprotease. Among them, BMP-2 and BMP-4 play
an important role in regulating bone formation (69). In
orthopedics, BMPs are naturally secreted multifunctional proteins
that play crucial roles throughout the developing skeletal system.
BMPs have been proven to be key factors with significant osteogenic
functions, regulating bone balance by controlling the differentiation
of osteoblasts and osteoclasts (36, 70). Notably, BMP-2 and BMP-7
can significantly enhance osseointegration (37). Therefore, Studies
have shown that fibroblasts can differentiate to osteoblasts when
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induced by BMPs. Dumic-Cule I et al. (71) found that joint
fibroblast-like cells can be transformed into osteoblasts under the
action of BMP-2 or BMP-2 in combination with TGF-f. The results
of Schwarting et al. (72) suggested otherwise. The researchers
established an in vitro bone-tendon co-culture model in mice
designed to test the region-specific effects of BMP-2 on osteoblast
and fibroblast differentiation. The expression of osteogenic markers
in the osteoblast region was significantly upregulated by BMP-2
stimulation, whereas the effect on fibroblasts was not significant.

Fibroblasts showed similar osteogenic responses to BMP-4 and
BMP-2/7, both of which significantly increased ALP activity and
calcium production (73). Simanshu DK’s experimental results
proved that tumor necrosis factor-o. could change the collagen
phenotype of fibroblasts from type I and type III to predominantly
secreting type I collagen, and induced fibroblasts to express Ras and
BMP type I receptors. Type I collagen stimulates the formation of
“bone nodule”-like structures, forming the bone
microenvironment. Ras protein, through the activation of
adenylate cyclase and its own guanine nucleosidase activity,
causes the guanine nucleotide conversion, which leads to the
activation of mitogen-kinase, resulting in the phosphorylation of
nuclear transcription factors and the activation of cell division,
proliferation and development, and differentiation; and the BMP I
receptor may be the target of the action of BMP2, thereby inducing
the fibroblasts, which show multidirectional potential for
differentiation under the action of TNF-a, to differentiate towards
the direction of osteoclasts (74). In addition, TNF-o. combined with
BMP-2 induces fibroblasts to express the osteoblast-specific
transcription factors Cbfal and osteocalcin mRNA and regulates
osteoblast differentiation (75). Another study found that BMP-2
acts synergistically with TNF to stimulate the production of nerve
growth factor in fibroblasts through an indirect mechanism and
plays an important role in the regulation of peripheral nerve
regeneration after fracture injury (76). Yu et al. (77) found that
BMP-9 could induce fibroblasts to differentiate into hyaline
cartilage, and then carried out in vivo experiments to implant
hyaline cartilage into acutely damaged joints. It was found that
the transplanted hyaline cartilage survived and maintained the
hyaline cartilage phenotype after implantation, but did not form
mature articular cartilage. Thus, fibroblasts could also be a cellular
source of articular cartilage. In vivo experiments are different from
in vitro experiments and may need to take the influencing factors of
the body’s immune microenvironment into account, and the
specific mechanisms still need to be further explored.

3.1.3 TGF-B

TGF-f stimulates chondrocyte proliferation and matrix
synthesis. TGF-f expression has been identified in the bone and
cartilage of fracture callus by several investigators, suggesting an
autocrine or paracrine role in this process (45, 46). Together with
activin, inhibin, Mullerian inhibiting substance and BMPs, TGF-f3
forms the TGF-B superfamily. A variety of cells in the body can
secrete TGF-f in an inactive state, with three isoforms, TGF-B1,
TGF-B2, and TGF-B3. Under acidic conditions, especially near
fractures and wounds, TGF-B can be activated into a
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multifunctional active peptide, with the main function of regulating
cell growth and differentiation, ECM production, and immune
modulation (78). In 2014, Aloise et al. (79) addressed the role of
TGF-B1 on the induction of osteogenic differentiation in human
dermal fibroblasts, and the analysis revealed that the addition of
TGF-BL1 to the osteogenic medium increased the activity of ALP and
the amount of osteocalcin in the supernatant of fibroblasts, but that
TGF-B1 did not alter the presence of mineralized calcium
phosphate deposits in fibroblasts. Yamamoto et al. (80) induced
human fibroblasts to display an osteoblast phenotype, i.e.,
transformed osteoblasts, by culturing them with the TGF-B
receptor inhibitor ALK5i II. The expression profile of osteogenic-
related genes in transformed osteoblasts was similar to that of
primary human osteoblasts, and the addition of vitamin D3 to
ALKS5i II induced additional osteoblast-like traits with a
transformation efficiency of approximately 90%. In addition, the
transformed osteoblasts produce a large amount of calcified bone
matrix, similar to mesenchymal cells-induced osteoblasts, and
transplantation of them into artificially induced femoral defect

lesions in immunodeficient mice promotes bone healing.

3.1.4 IGFs

IGFs are a class of multifunctional cell proliferation regulators
that play an important role in promoting cell differentiation,
proliferation, and individual growth and development (81). They
are mainly of two types, IGF-1 and IGF-2. IGF-1 plays many
important roles in both bone development and remodeling. IGF-1
is the most abundant growth factor stored in bone, and with its
receptor IGF1R forms a major growth-promoting signaling system
for the skeleton (82). IGF-1 was found to promote the proliferation
of fibroblasts during osteogenesis as well as increase their osteogenic
capacity (83). Two concentrations (10 uM and 100 uM) of L-
carnitine were added to fibroblasts, after which fibroblast osteoblast
differentiation was reassessed. The results showed that 100 uM L-
carnitine inhibited fibroblast differentiation as evidenced by
decreased ALP activity, mineralized nodule formation, calcium
deposition, and down-regulation of the osteogenic marker genes
ALP, Runx2, and OCN, while 10 uM L-carnitine exerted the
opposite effect. Mechanistically, the IGF-1/PI3K/Akt signaling
pathway plays an important role in this (83). A report
demonstrated the trans differentiation of human fibroblasts into
functional osteoblasts using insulin-like growth factor binding
protein 7(IGFBP7). Cytological experiments confirmed that
recombinant IGFBP7 induced a phenotypic switch from
fibroblasts to osteoblasts. In vivo experiments revealed that when
1 ug/mL IGFBP7-treated fibroblasts were cultured for 14 days and
then transplanted into mice, several samples from the treatment
group showed substantial bone formation and their mean BV values
were significantly higher, as well as the appearance of mineralized
tissues, and nodularity was also observed in micro-CT images. The
main mechanism lies in the fact that IGFBP7 triggers an IL-6-
dependent pathway in osteoblast reprogramming in fibroblasts and
correlates with cellular senescence, which is a new strategy for bone
regeneration (84).
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3.1.5 Other factors

It is well known that human skin fibroblasts (HSFs) have a
multidirectional differentiation potential close to that of
mesenchymal stem cells. A study on the mechanism of osteogenic
differentiation of HSFs found that depolymerization of
microfilaments inhibited the expression of osteogenesis-related
proteins and ALP activity of HSFs, whereas polymerization of
microfilaments enhanced the osteogenic differentiation of HSFs.
PDLIMS5, a cytoskeleton-associated protein, can mediate osteogenic
differentiation of fibroblasts by affecting microfilament formation
and polymerization (85). Another study found that membrane-
bound protein A2 promotes the ossification of ligament fibroblasts
in patients with ankylosing spondylitis, and experiments suggest
that it may function through the extracellular signaling-related
kinase pathway (86). In addition, pretreatment with parathyroid
hormone combined with mechanical distraction also promotes
periodontal fibroblast osteogenesis (87). Osteogenic factors are
commonly used in orthopedics to promote bone growth and
improve fracture healing. Osteogenic oxysterols are naturally
occurring molecules that have been shown to induce osteogenic
differentiation in vitro and promote spinal fusion in vivo. Among
more than 100 synthesized oxysterol analogs, Oxy133 induced
significant expression of the osteogenic markers Runx2, Osterix,
ALP, bone salivary proteins, and osteocalcin in mouse embryonic
fibroblasts, C3H10T1/2, and mouse bone marrow stromal cells,
M2-10B4.0xy133 has great potential as an osteogenic molecule, and
small molecule osteogenic oxysterols could be used for therapeutic
development as next-generation osteoanabolic agent (88).

3.2 Effect of mechanical stress on
osteogenic differentiation of fibroblasts

Distraction osteogenesis is a well-recognized clinical treatment
for limb length discrepancies and skeletal deformities. Conditioned
media from mesenchymal stromal cells and periodontal fibroblasts
stimulated by cyclic stretching were found to promote bone healing
of cranial cap defects in mice (89). In addition, numerous studies
have confirmed that tension at the distributed action gap correlates
with plasma bone-specific ALP activity during distraction, as well as
the regulatory role of TGF-B1 on ALP activity during fracture
healing (90, 91). Based on this, Yeung et al. (92) conducted a study
on TGF-B1 and mechanical force. The results of the study showed
that mechanical forces induced and maintained TGF-f1 expression
in osteoblasts and fibroblast-like cells of distraction healing tissues,
and in turn, TGF-B1 functioned in transducing mechanical stimuli
into biological tissues during distraction osteogenesis. Connexin43
(Cx43) is a gap junction protein that plays a role in bone formation,
maintains endosteal homeostasis and regulates bone remodeling
(93). Yang et al. (94) observed that gene expression of OCN, ALP,
COLI and Cx43 proteins was significantly upregulated in fibroblasts
under mechanical stress. In contrast, Li et al. (95) found that cyclic
mechanical tension increased Cx43 expression in human fibroblasts
and further up- regulated osteogenic (e.g., Runx2, Osterix, OPG)
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and down-regulated osteoclast (e.g., RANKL) generating signaling
molecules, with a mechanism of action that may be involved in
osteoblastic or osteoclastogenic differentiation potentials of human
fibroblasts through the Cx43-ERK1/2 signaling pathway. In
conclusion, mechanical stress can influence the osteogenic
transformation of fibroblasts, thereby promoting fracture healing.

3.3 Bone microenvironment controls
functions of pre-osteoblasts
and fibroblasts

Fibroblasts and osteoblasts secret matrix to replace granulation
tissue and play a crucial part in achieving bone regeneration. In the
repair phase, fibroblasts are recruited and activated for a fibrotic
response to generate a transient collagenous matrix with enhanced
mechanical strength, to replace the granulation tissue (96). Failure
to terminate the fibrotic response in pathological conditions, such
as polytrauma of bone and skeletal muscle, induces pathological
scarring, termed fibrosis, leading to excess collagen deposition (97,
98). The accumulation of fibrous tissue within the fracture callus
interferes with bone defect consolidation (98). After the fibrotic
response, endochondral ossification occurs in the inter-cortical and
cancellous bone areas, while intramembranous ossification occurs
in the subperiosteal area and the adjacent soft tissue areas (99). In
the inter-cortical and cancellous bone areas, MSCs proliferate and
further differentiate into chondrocytes, which secrete cartilage
matrix that transforms the fiber-rich granulation tissue into a soft
callus with higher stiffness (96). Then, osteoblasts secrete type I
collagen and participate in bone mineralization, transforming soft
callus into hard callus (100). In the subperiosteal area and the
adjacent soft tissue areas, pre- osteoblasts and MSCs are recruited.
These cells differentiate into osteoblasts, which secrete extracellular
matrix proteins and generate bone mineral crystals, and directly
form the hard callus under the periosteum (4). Then, the new bone
is remodeled by osteoblasts, osteoclasts and other cells, to restore
the initial structure of bone in addition, scaffolds were
manufactured to promote bone regeneration by regulating cell
behavior. For example, polyether ether ketone (PEEK)/titanium
dioxide (TiO2) scaffold coating hydroxyapatite (HA) demonstrated
a strong potential to support new bone regeneration via promoting
pre-osteoblast adhesion, proliferation and osteoblastic
differentiation (101).

4 Novel promising strategy of
fibroblasts to osteoblasts

Bone formation (bone ossification or osteogenesis) involves 2
distinct mechanisms: endochondral ossification (EO) and
intramembranous ossification (IO) (102). EO begins with the
transformation of mesenchymal tissue into a cartilage
intermediate, which is later mineralized to form the bone of the
axial skeleton and long bones (103). IO, in contrast, is a process
where bone tissue forms without the involvement of cartilage
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precursors. IO primarily occurs in flat bones of the skull (such as
the parietal and frontal bones) and other bones like the clavicles.
Like mentioned age can involve in impairment of bone healing and
bone regeneration. Age-related heterogeneity of fibroblasts can
impact fracture healing by affecting their proliferation, secretory
profile, collagen production, angiogenic capabilities, and
interactions with other cell types involved in bone repair. Most
elderly people develop osteoporosis with age. Osteoporosis results
in bone loss and an increased risk of fractures that can lead to death
(104). Several techniques for promoting bone regeneration and
repair have been developed to reduce bone fracture-related
mortality in elderly individuals. These techniques include
allografts (105), gene therapy and cell-based therapy, all of which
have undergone testing in patients (106). Recent studies have
highlighted that somatic cells can readily be converted into
specific cell types without the involvement of a pluripotent state
(107). This reprogramming can directly induce the formation of the
intended cell type from somatic cells, whereas it can also be used to
safely generate substantial amounts of the desired cell type (108).
Thus, there have been a number of attempts in recent years to treat
several diseases using direct cell reprogramming techniques (109).
Direct reprogramming is one of the currently techniques for
enhancing bone healing by converting patient fibroblasts directly
to osteoblast-like cells, bypassing the necessity for the cells to
transition through a stem cell phase (21, 110, 111).

Osteoblasts produce calcified bone matrix and contribute to
bone formation and remodeling, rejuvenating their function could
potentially enhance bone regeneration. by converting fibroblasts
into osteoblasts, if this can be achieved, then a sufficient number of
osteoblasts may be obtained from the somatic cells of a patient with
osteolytic disease and issues associated with bone healing. Since
osteoblasts play a central role in bone formation, direct
reprogramming of fibroblasts into osteoblasts may be a new
approach to treating fractures in the elderly. Recently, it was
reported that forced expression of four transcription factors,
Runt-related transcription factor 2 (Runx2), Osterix (Osx),
Octamer-binding transcription factor 3/4 (Oct4), and L-Myc, can
directly convert human fibroblasts to functional osteoblasts as
assayed by gene expression and mineralization. Other
combinations, including Oct6, Oct9, or N-myc, can also convert
human fibroblasts to osteoblasts (108). However, osteoblast gene
expression and mineralization in vitro are not sufficient assays of
osteoblast characterization as even the presence of only a small
fraction of osteoblast lineage cells can yield positive results. In 2015,
Yamamoto’s group proposed that transduction of Oct9 and N-myc
could transform human fibroblasts into osteoblast-like cells, thereby
inducing an osteoblast-like phenotype and expression of Runx2 and
osteocalcin (112). Yamamoto et al. (113) also constructed a plasmid
vector encoding Oct4, Osterix, and L-Myc that was transfected into
normal human fibroblasts cultured in osteogenic medium. The
expression of bone matrix-producing and osteoblast-specific
genes demonstrated that human fibroblasts could be directly
transformed into osteoblasts; calcitonoid deposits were formed in
situ after transplantation of the cells into mice. These results
strongly suggest that plasmid-induced osteoblasts are a new cell-
based therapy for bone disease. In addition, retroviral gene
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transfection of the osteoblast transcription factor Runx2/Cbfal also
promotes osteogenic differentiation of primary dermal fibroblasts
cultured in monolayer (114). Murine embryonic fibroblasts
reprogrammed with transcription factors (c-Myc and Oct4) and
hLMP-3 were transplanted into an animal model of femoral defects
in rats, which effectively promoted the healing time and efficiency of
bone defects (11). This shows that reprogramming is an effective
treatment technique in the field of orthopedics.

Several previous studies have demonstrated that fibroblasts
applied to bone tissue engineering have also achieved good results
in promoting bone regeneration. Sommar et al. (115) combined
human dermal fibroblasts with microporous gelatin microcarriers
to form a three-dimensional osteogenic biomaterial, which
produces a mineralized extracellular matrix in vitro when exposed
to osteogenic induction medium. Human dermal fibroblasts
transplanted on gelatin microcarriers for osteogenic induction
were subsequently implanted into rats with femoral defects, with
the aim of finding out whether the fibroblasts retained their
osteogenic-induced phenotype in vivo. CT 4 weeks after
transplantation showed that the cells survived and maintained
their osteogenic properties, and although the defects did not heal
at 4 weeks, the stability of the phenotype of the cells after in vitro
induction has been confirmed, suggesting their possible value in
new protocols for bone regeneration.

5 Conclusion

A variety of growth factors can promote the osteogenesis of
fibroblasts during fracture healing and play a role in bone
regeneration and repair, cell proliferation and differentiation, and
extracellular matrix formation. The application of genetic coding
technology. Fibroblasts has a high proliferative capacity, which does
not decline with increasing donor age. Thus, direct reprogramming
may provide another option for such patients in whom MSC
transplantation might not be an appropriate therapy, fibroblasts
will also be a proven therapeutic approach in the field of
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