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ABSTRACT
Prior research on angiogenesis and osteogenesis during bone fracture healing has primarily focused on stabilized models, often

within controlled environments. However, the dynamic interplay of these processes in the context of long bone fractures

without scaffolds or external factors remains poorly understood. This study investigated the temporal dynamics of angiogenesis

and osteogenesis in a non‐stabilized incomplete transverse tibia bone fracture model. Multi‐modal observation approach was

carried out using micro‐CT analysis of bone mineral density, histological assessment of fracture healing, and confocal

microscopy for visualization and co‐localization of key angiogenic (CD31, endomucin) and osteogenic (collagen 1, osteocalcin,

PDGFRB) markers. Our findings revealed a dynamic and interdependent relationship between these processes. H type blood

vessels persisted throughout the healing process, and significant correlations were observed between the expression of angi-

ogenic and osteogenic markers. The role of hypoxia, a critical regulator of both processes, was investigated by analyzing HIF1‐α
expression. Increased expression of SLIT3, a guidance molecule, was also observed at later stages of healing, suggesting its

potential involvement in vascular remodeling. These findings provide crucial insights into the molecular mechanisms under-

lying bone fracture repair in the absence of additional supporting external elements such as scaffolds or stabilizers. By

elucidating the temporal dynamics of these key processes, we identify potential targets for therapeutic interventions aimed at

accelerating and optimizing bone regeneration. Consideration of these interactions can lead to the development of effective

clinical strategies for enhancing bone healing in non‐stabilized incomplete fractures.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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1 | Introduction

Bone tissue consists of a mineralized matrix encased by a
membranous periosteal layer and is richly vascularized. Its
blood supply includes nutrient arteries that penetrate the
diaphysis, periosteal vessels that nourish the outer layers, and
metaphyseal and epiphyseal vessels located near the ends of
long bones. The general structure of blood vessels involves an
endothelial lining and a basement membrane, with larger ves-
sels benefiting from the support of pericytes and smooth muscle
cells [1–3]. However, the bone's unique demands necessitate
specialized vascularization. Consequently, the bone is supplied
by primarily two types of blood vessels: L type along the
diaphysis and H type in the growth plate and metaphysis.
Considering the critical role of vascularization in skeletal repair,
it's significant that fracture healing, a complex biological pro-
cess involving the coordinated action of numerous cellular and
molecular components, heavily depends on H type blood ves-
sels, a specialized vascular network within the skeletal system
[4–6]. Furthermore, these H type blood vessels, also found in
the bone growth plates and metaphysis, are closely associated
with osteogenic activity [7, 8]. They are characterized by high
expression of endomucin and CD31 [4, 5, 9]. These vessels form
in the cancellous bone area during long bone development to
provide adequate nutritional support for cells near the growth
plate. This nutrient supply ensures the proper development and
maintenance of bone tissue, allowing for a larger surface area
for nutrient and oxygen exchange [4–6, 10].

Beyond nutrient delivery, H type blood vessels also support
hematopoiesis by creating a conducive environment for hema-
topoietic stem cells within the highly vascularized bone marrow
[4, 5, 9]. These vessels provide physical support and deliver
essential growth factors and signaling molecules, promoting the
proliferation, differentiation, and maturation of blood cells.
Additionally, they regulate the immune response within the
bone marrow, ensuring effective immune cell trafficking. In the
context of bone formation, H type blood vessels actively par-
ticipate in osteogenesis by providing a scaffold for the deposi-
tion of mineralized matrix and regulating the activity of
bone‐forming cells such as osteoblasts [7, 8]. They influence
osteoblast activity through the delivery of growth factors
and signaling molecules, facilitating the balance between bone
formation and resorption.

Rats are widely used in bone regeneration studies because they
share biological similarities with humans, have a fast healing
process, and their bones are structurally comparable to human
bones. They are cost‐effective and easier to manage than larger
animals, and established models allow for consistent studies on
bone defects [11–16]. Although previous research has charac-
terized H type blood vessels, these studies fall short of observing
the said phenomena under non‐stabilized and non‐scaffold‐
based studies. Therefore, exploring the role and interactions of
angiogenic and osteogenic markers in bone fractures can lead to
several intriguing research questions. Studying non‐stabilized
incomplete fractures, which mimic clinical scenarios, offers a
unique opportunity to understand the body's natural healing
mechanisms, the role of controlled micromotion in bone repair
and angiogenesis, early healing events, and potentially identify
novel therapeutic targets when rigid fixation is not ideal.

Understanding the temporal dynamics involves examining how
the expression levels of angiogenic markers (e.g., CD31, en-
domucin) [17–20] and osteogenic markers (e.g., osteocalcin,
platelet‐derived growth factor receptor beta (PDGFRB)) change
over the course of fracture healing [21–24], and identifying the
specific time points at which these markers peak and how these
peaks correlate with different stages of bone repair. Addition-
ally, the role of hypoxia, indicated by markers such as Hypoxia‐
inducible factor 1‐alpha (HIF1‐α) [25–27], in regulating angio-
genesis and osteogenesis during fracture healing, and how the
hypoxic environment affects the expression and function of
both angiogenic and osteogenic markers, is another area of
interest. More so, understanding the localization of develop-
mental and guidance markers such as noggin [28–30] and
SLIT3 [31–33], linked with the coupling of angiogenesis and
osteogenesis can also provide additional information on possi-
ble routes of novel treatments for bone regeneration. The au-
thors hypothesize that there is a dynamic and interdependent
relationship between angiogenesis and osteogenesis which
could be observed better in a non‐stabilized incomplete trans-
verse tibia bone fracture animal model. This study explores the
temporal dynamics of angiogenesis (blood vessel formation)
and osteogenesis (bone formation) during the healing of non‐
stabilized incomplete transverse tibia bone fractures in rats.
Doing so will help identify potential targets for therapeutic
interventions aimed at accelerating and optimizing bone
regeneration.

2 | Methods

2.1 | Non‐Stabilized Incomplete Transverse Bone
Fracture Animal Modeling

All procedures for this experiment were evaluated, approved,
and conducted according to the rules and regulations set by the
Institutional Animal Care and Use Committee of Dankook
University (DKU‐22‐027). Male Sprague‐Dawley (SD) rats, aged
6 weeks, were obtained from Orient Bio (Songnam, South
Korea). Animals were provided with ad libitum food and water
and acclimatized for 1 week in a climate‐ controlled animal
room with 12‐h light‐ dark cycle before induction of the
incomplete transverse tibial fracture. The 24 rats were randomly
divided into four groups, with six rats per group, accounting for
1, 2, 4, and 8 weeks post‐fracture induction observation points.
Surgical procedures were performed in a sterile operating room
with the animal under anesthesia using isoflurane inhalation.
Isoflurane was used considering its efficacy and wide adapta-
tion for bone surgical procedures for animal experiments
[34–36]. Upon full anesthetic induction, the animal was posi-
tioned supine on the operating table and the fur was shaved
from the right leg shank along the surface of the tibial bone.
The exposed skin was then cleaned with 70% ethanol and dis-
infected with povidone‐iodine in preparation for skin‐level
incision. To access the tibia bone, a longitudinal incision mea-
suring 1.5–2.0 cm in length was made approximately 1.5 cm
below the knee joint. The overlaying periosteal layer was cut
and carefully retracted laterally to fully reveal the tibial bone
surface. An incomplete transverse fracture was simulated by
creating a 2mm deep cut along the tibial diaphysis using a
circular saw disk while being constantly irrigated with sterile
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saline solution. Upon completing the cut, the retracted perios-
teum was repositioned over the bone surface and secured with
sutures. The skin‐level incision was also closed using sutures.
The operated leg was secured to the side of the animal with a
minimal amount of casting tape, which was removed after
3 days. The animal was then returned to its home cage to
recover fully. Postoperatively, the animals were regularly
monitored for signs of severe distress. Postoperatively, the ani-
mals were regularly monitored for signs of severe distress.

2.2 | Micro‐CT Analyses

At the indicated time point (1, 2, 4, 8 weeks post incomplete
transverse fracture induction), the rats were killed by carbon
dioxide inhalation. The legs were then isolated and fixed with
10% formalin for 3–4 days. Surrounding soft tissues were re-
moved and specimens were pat‐dried and wrapped with par-
afilm in preparation for microcomputed tomography (micro‐
CT) scanning. Tissue samples were scanned with a Skyscan
1176 micro‐CT scanner (Bruker micro‐CT, Belgium) with the
device set at 65 kV, with a source current of 385 μA through
a 1.0 mm aluminum filter. Submicron scans were taken
360 degrees with a 1.0‐degree rotational step and 400ms ex-
posure time. Data sets were then reconstructed using Nrecon
software (Bruker micro‐CT, Belgium) and rotated using Data
Viewer (Bruker micro‐CT, Belgium). We then analyzed the
diaphyseal section measuring 3.0 mm× 3.0 mm× 4.0 mm of the
rotated datasets using CTAn software (Bruker micro‐CT,
Belgium) to determine the volumetric bone mineral density
of cortical and trabecular bone. For visualization, three‐
dimensional reconstructions of the micro‐CT data were gener-
ated from representative data sets using CTVox software
(Bruker micro‐CT, Belgium). Samples that resulted in complete
irregular malunion due to total breakage were no longer
included in further analyses.

2.3 | Tissue Section Staining and Analyses

2.3.1 | Hematoxylin and Eosin Staining for
Visualization of Regenerated Bone

The morphological structure of the regenerated bone tissue was
observed by preparing stained tissue sections. Extracted tibia
bone tissue samples underwent a decalcification process using a
10% v/v EDTA solution at room temperature for a week, with
the solution replaced every other day to ensure thorough
removal of minerals. Subsequently, the decalcified tissues were
processed through a series of alcohol solutions to dehydrate
them, followed by immersion in xylene to clear them. These
tissues were then infiltrated with paraffin using an automated
Tissue‐Tek VIP®5 Jr. processing machine (Sakura Finetek,
USA). The paraffin‐infiltrated tissue samples were embedded in
paraffin blocks, from which 5.0 µm sections were cut using a
Leica RM2135 microtome (Leica, Germany). These sections
were then stained with hematoxylin and eosin (H&E). The
stained tissue sections were imaged using an Olympus BX53
light microscope equipped with cellSens imaging software
(Build 18987).

2.3.2 | Immunofluorescence for Angiogenesis
and Osteogenesis Coupling

Immunofluorescence (IF) staining was conducted to examine
the expression of tissue markers associated with both H type
blood vessel formation and bone regeneration. For antigen
retrieval of the deparaffinized and rehydrated tissue sections, a
heat‐induced antigen retrieval method was employed using
citrate buffer (10 mM, pH 6.0). This process facilitated the
exposure of epitopes for subsequent antibody binding. The tis-
sue sections were then blocked with 3% bovine serum albumin
(BSA) to minimize nonspecific antibody binding. Individual
slides were incubated with paired primary antibodies specifi-
cally chosen to investigate either angiogenesis or osteogenesis.
Table 1 provides a detailed list of the primary and secondary
antibodies utilized in this study. Immunofluorescent stained
tissue sections mounted with Vectashield (H‐1200, Vector
Laboratories, Burlingame) containing DAPI for counter‐
staining cell nuclei. Micrographs were then taken via z‐tacked
multi‐area time‐lapse (MATL) in a 3 × 3 area grid with subse-
quent stitching using the FV‐3000 software (Olympus, Tokyo,
Japan). Images were then analyzed for colocalization and
co‐relation of stained tissue markers for angiogenesis and
osteogenesis using FIJI (ImageJ with plugins). Mean fluores-
cence intensities for green and red channels of the confocal
images were measured using conventional mean gray value
measurements with specifications indicated through regions of
interest. Colocalization analysis was used to determine the co-
localized expression of paired markers for angiogenesis and
osteogenesis. This was accomplished by using the JACoP
plugin [37]. To visualize colocalization, a color map was then
generated using the Colocalization Color Map plugin [38].

2.4 | Statistical Analyses

Statistical analyses for comparing the results of the micro‐CT
data made use of the One‐way analysis of variance (ANOVA)
test followed by the Tukey test for multiple comparisons among
groups. A significance threshold of p≤ 0.05 was applied to
determine statistical significance in all analyses. GraphPad
Prism version 8.4.3 for Windows (GraphPad Software, San
Diego, CA, USA) was used for both plotting and analyzing data
points. Co‐localization data was analyzed through Pearson's
correlation index (r) within the JACoP plugin, gauging the
colocalization of selected marker pairs.

3 | Results

3.1 | Micro‐CT

After sacrificing the animals at each observation time point
(1, 2, 4, and 8 weeks post incomplete transverse fracture
induction) micro‐CT scans of the tissue samples were taken to
compare the integrity and bone mineral density of pristine bone
and simulated an incomplete fracture. Malformed bone unions
were no longer included in further analyses as this condition
does not allow for proper identification of the simulated
fracture line. At most, each group had 2 animals that were
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categorized for exclusion for further analyses. Figure 1A. shows
the three‐dimensional section reconstructed from the Micro‐CT
scans of the tissue samples taken at 1 week, 2 weeks, 4 weeks,
and 8 weeks post‐fracture induction. Measurements of the tra-
becular and cortical bone densities taken along the proximal
tibial metaphysis indicate no significant change in bone mineral
densities between fractured (right) and non‐fractured bones
(Figure 1B). However, measurements of cortical bone density
along the fracture site on the right leg and the similar area
on the left leg showed significantly lower bone mineral density
at 8 weeks postfracture induction.

3.2 | Regenerated Bone Tissue Morphology

Morphological changes occurring to the tissues at the fracture
site were observed using tissue sections stained with hematox-
ylin and eosin (H&E). Figure 2 shows the temporal progression
of bone tissue formation within the simulated fracture site in
the tibia bone samples. At 1 week postfracture induction, the
fracture site was readily identifiable due to the interruption
of the lamellar lines that characterize normal bone tissue.
A substantial influx of various cell types was observed within
the fracture gap. This is accompanied by the formation of ex-
tensive spongy internal bony callus within the medullary cavity.
The periosteal layer exhibited significant thickening, cell
infiltration, and permeation of blood vessels. By 2 weeks post-
fracture, the spongy bony callus had also extended on the ex-
ternal surface of the cortical bone fracture site and begun to
bridge and cover the existing gap. Although the fracture site
remained visible, the periosteal layer had markedly thinned
compared to the 1‐week time point. The internal callus within
the medullary space continued to thicken, indicative of ongoing
bone formation. Four weeks postfracture, both external and
internal bony callus had undergone significant maturation,
acquiring a morphology similar to that of native bone tissue.
The lamellar lines of the newly formed bone aligned with those
of the surrounding intact bone, although the fracture gap
remained noticeable due to the opposing directions of the lines.

The external new bone formation converged with the pattern of
the native cortical bone, while the new bone within the fracture
gap and medullary space resembled highly thickened and
compact trabecular bone. By 8 weeks postfracture, the fracture
site was no longer discernible. The formation initially observed
at 4 weeks had fully integrated with the surrounding cortical
bone tissue, leaving no visible trace of the initial fracture. These
findings demonstrate the dynamic process of bone fracture
healing, characterized by a cascade of cellular and molecular
events that ultimately lead to the restoration of bone integrity.

3.3 | Angiogenesis in Incomplete Transverse
Bone Fracture

To investigate the dynamics of angiogenesis within fracture
sites, we focused on H type blood vessels and the expression of
Hypoxia‐inducible factor 1‐alpha (HIF1‐α). The persistence of
H type blood vessels over time was determined by observing
tissue sections stained for CD31 and endomucin. Figure 3A
presents confocal images of sectioned tibia fracture sites at 1, 2,
4, and 8 weeks postfracture induction. These images revealed
the decreasing presence of H type blood vessels throughout the
observation time points. Fluorescence intensity measurements
of CD31, an endothelial cell surface marker, demonstrated
consistent expression throughout the observation period, sug-
gesting a stable presence of blood vessels. In contrast, en-
domucin, another endothelial marker, exhibited a peak in
expression around 2 weeks postfracture induction, followed by
a gradual decline. This pattern indicates that while H type blood
vessels are initially abundant, their density may decrease over
time. Pearson's correlation analysis between CD31 and en-
domucin revealed a decreasing correlation over the 8‐week
observation period (Figure 3B). This finding further supports
the notion that while H type blood vessels are present
throughout the healing process, their composition from the
overall vasculature may change. To explore the relationship
between angiogenesis and HIF1‐α expression, we conducted
paired observations of HIF1‐α and endomucin, taking into

TABLE 1 | Primary and secondary antibodies used for observing angiogenesis and osteogenesis.

Primary antibody Catalogue number/company

Angiogenesis Goat anti‐ CD31/PECAM‐1 (AF3628, R&D Systems)

Rabbit anti‐Endomucin (PA5‐115178, Invitrogen)
Mouse anti‐HIF1 alpha (MA1‐166504, Invitrogen)

Osteogenesis Mouse anti‐ Collagen I (NB600‐450, Novus Biologicals)
Rabbit anti‐Osteocalcin (PA5‐78871, Invitrogen)
Rabbit anti‐PDGFRB (MA5‐15143, Invitrogen)
Rabbit anti‐Noggin (BS‐2975R,Bioss)
Rabbit anti‐SLIT3 (PA5‐104142, Invitrogen)

Secondary antibody Catalogue number/company

Alexa Fluor™ 568 Goat anti‐Mouse (A‐21144, Invitrogen)
Alexa Fluor™ 488 Donkey anti‐Rabbit (A‐21206, Invitrogen)

Antibody, Alexa Fluor™ 568 Donkey anti‐Goat (A‐11057, Invitrogen)
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consideration previous studies noting increased expression of
endomucin for identifying the presence of H type blood vessels
in bone tissue [39–42] and HIF1‐α as a potent regulator of
angiogenesis [25, 26, 43–45]. Figure 3C shows confocal images
of these paired observations. Fluorescence intensity measure-
ments revealed that HIF1‐α expression gradually peaked at
4 weeks postfracture induction and then stabilized at a level
similar to that observed at 2 weeks. Correlation analyses
between HIF1‐α and endomucin demonstrated an increasing
Pearson's correlation over the 8‐week observation period. This
suggests a decreasing association between HIF1‐α and H type
blood vessels during the healing process. The increased colo-
calization of HIF1‐α and endomucin may indicate that HIF1‐α

plays a role in the maintenance or remodeling of H type blood
vessels in the early stages of fracture healing.

3.4 | Osteogenesis in Non‐Stabilized Incomplete
Transverse Bone Fracture

To investigate osteogenesis within fracture sites, tissue sections
were stained for collagen 1, PDGFRB, and osteocalcin. These
proteins are involved in various stages of bone development and
remodeling. Figure 4A presents confocal images of sectioned
tibia fracture sites at 1, 2, 4, and 8 weeks postfracture induction,
stained for PDGFRB expression. Fluorescence intensity

FIGURE 1 | Whole and sectioned 3D reconstruction of Micro‐CT data of intact tibia bone tissue and fracture site sampled at 1 week, 2 weeks,

4 weeks, and 8 weeks (A). Bone mineral density (BMD) measurements comparing trabecular and cortical bone density along the metaphyseal area

and (B) comparison of cortical BMD at the diaphyseal segment of the non‐fractured and fractured tibia bone tissue sampled at 1, 2, 4, and 8 weeks

post‐fracture induction (Scale bar = 500 µm).
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measurements of collagen 1 demonstrated extensive expression
in bone tissue throughout the observation period. In contrast,
PDGFRB expression exhibited a decline at 4 weeks postfracture
induction. Pearson's correlation analysis between collagen 1
and PDGFRB revealed a gradual decrease over the 8‐week
observation period (Figure 4B). A decrease in PDGFRB, despite
the continued presence of collagen 1 during healing, suggests a
potential shift in cellular activity or a reduction in mesenchymal
stem cell (MSC) involvement. PDGFRB activates intracellular
signaling pathways (like PI3K and MAPK) that regulate
cell proliferation, survival, migration, and differentiation. A
decrease could lead to altered signaling and downstream cel-
lular responses in various cell types. Changes in PDGFRB could
reflect a shift in the overall growth factor signaling landscape,
potentially favoring other receptor tyrosine kinases and their
associated cellular activities. This is because PDGFRB is crucial
for MSC identity and function in tissue repair and blood vessel
support, but its presence also extends to other cells involved in
vascular health and tissue remodeling [46, 47] The relationship
between collagen 1 and osteocalcin in later stages of bone
healing was also observed. Figure 4C shows confocal images of
tissue sections stained for collagen 1 and osteocalcin. Fluores-
cence intensity measurements revealed a gradual increase in
osteocalcin expression over time, while collagen 1 expression
remained relatively constant. Pearson's correlation analysis
between collagen 1 and osteocalcin showed a weak initial cor-
relation (1–2 weeks postfracture induction), followed by a peak
at 4 weeks and a subsequent decline to near‐initial levels by
8 weeks. This pattern suggests that the most intense tissue

remodeling may occur around 4 weeks postfracture induction
when there is a heightened association between collagen syn-
thesis and osteoblast activity. These results are similar to that of
previous findings from other studies where osteocalcin levels
out upon resolving the fracture [48, 49].

3.5 | Correlation of Developmental and Guidance
Markers in Relation to Angiogenesis and
Osteogenesis Non‐Stabilized Incomplete
Transverse Bone Fracture

To further explore the regulatory mechanisms underlying
angiogenesis and osteogenesis in bone fracture healing, we ex-
amined the expression of markers related to tissue development
and guidance. Noggin and SLIT3 markers were chosen for
this analysis. Figure 5 presents confocal images of sectioned
tibia fracture sites stained for collagen 1 paired with Noggin
(Figure 5A) and CD31 paired with SLIT3 (Figure 5B) at 1, 2, 4,
and 8 weeks postfracture induction. As previously observed in
our analysis of angiogenesis and osteogenesis, the expression of
collagen 1 (Figure 5A) and CD31 (Figure 5B) remained rela-
tively consistent throughout the healing process. Fluorescence
intensity measurements revealed that Noggin expression
peaked at 1‐week post‐fracture induction and subsequently
declined to a minimum at 4 weeks, recovering slightly by
8 weeks. In contrast, SLIT3 expression was initially low but
exhibited a noticeable increase from 2 to 4 weeks, maintaining
elevated levels until 8 weeks. Pearson's correlation analysis

FIGURE 2 | H&E stained tissue sections of the tibia bone fracture site taken at 1 week, 2 weeks, 4 weeks, and 8 weeks post‐fracture induction showing

the tissue formation over time. Compared to the fractured bone, pristine bone tissue showed relatively low numbers of cells within the

bone matrix and appeared relatively uneventful in terms of microstructural changes. Spongy bony callus can be observed within the medullary space after

1 week. Thickened and externally expanded bony callus can be observed at 2 weeks. Highly consolidated bony callus is observed at 4 weeks although the

fracture gap is still highly discernable. No visible trace of the fracture can be observed at 8 weeks post‐fracture induction (Scale bar = 200 µm).
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between collagen 1 and Noggin showed a consistently weak
correlation across all observation points. This suggests a limited
association between these two markers throughout the healing
process. On the other hand, the correlation between CD31 and

SLIT3 exhibited a slight elevation at 4 weeks, which persisted
until 8 weeks. This finding indicates a potential interaction
between retained vasculature and SLIT3 signaling during later
stages of fracture healing.

FIGURE 3 | Confocal images of sectioned tissue samples of tibia fracture site stained for observing angiogenesis: CD31 paired with Endomucin

for identification of H type blood vessels (A‐control group; C‐fracture group) and HIF1‐α paired with Endomucin (E‐control group; G‐fracture
group) (Fluorescence intensity value = inset number). Confocal images of Colocalization color map of CD31 paired with Endomucin (B‐control
group; D‐fracture group) and HIF1‐α and endomucin (F‐control group; H‐fracture group) with corresponding calculated Pearson's r value

(Scale bar = 200 µm).
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3.6 | Temporal Expression of Angiogenic and
Osteogenic in Long Bone Fracture Site

Fluorescence intensity data from confocal images were nor-
malized against the maximum grayscale value and were used as

a reference for establishing the temporal expression of the dif-
ferent markers. Figure 6 illustrates the temporal expression
patterns of angiogenic (CD31, endomucin, HIF1‐α), osteogenic
(collagen 1, PDGFRB, osteocalcin), developmental (Noggin),
and guidance markers (SLIT3) at the fracture site over 8 weeks.

FIGURE 4 | Confocal images of sectioned tissue samples of tibia fracture site stained for observing initial and late osteogenesis: collagen 1 paired

with PDGFRB (A‐control group; C‐fracture group) and collagen 1 paired with Osteocalcin (E‐control group; G‐fracture group) (Fluorescence

intensity value = inset number). Confocal images of Colocalization color map of collagen 1 paired with PDGFRB (B‐control group; D‐fracture group)
and collagen 1 and osteocalcin (F‐control group; H‐fracture group) with corresponding calculated Pearson's r value (Scale bar = 200 µm).
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Angiogenic markers such as CD31 and endomucin exhibited a
gradual increase followed by a decline, suggesting initial vas-
cularization and subsequent remodeling. HIF1‐α expression
remained elevated after consolidation, which may indicate that

HIF1‐α plays a different role in bone tissue other than the
formation of blood vessels during the early stage of fracture
healing. Osteogenic markers PDGFRB and osteocalcin showed
inverse levels of expression at 4 weeks, suggesting a dynamic

FIGURE 5 | Confocal images of sectioned tissue samples of tibia fracture site stained for observing developmental and guidance markers of bone

tissue formation: collagen 1 paired with noggin (A‐control group; C‐fracture group) and CD31 paired with Slit3 (E‐control group; G‐fracture group)

(Fluorescence intensity value = inset number). Confocal images of Colocalization color map of collagen 1 paired with noggin (B‐control group;
D‐fracture group) and CD31 and Slit3 (F‐control group; H‐fracture group) with corresponding calculated Pearson's r value (Scale bar = 200 µm).
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interplay between the early and late stages of bone regenera-
tion. Collagen 1 expression followed a similar trend, indicating
initial matrix deposition with subsequent remodeling phase.
Developmental and guidance markers Noggin and SLIT3 ex-
perienced transient decrease and increase respectively, sug-
gesting their opposing roles in early‐stage fracture healing or
regulation of cellular migration.

4 | Discussion

Bone regeneration is a crucial process by which the main sup-
porting structure of the human body is maintained. Unlike the
complex structures of the skull, where fractures also demand
regeneration [10, 50–53], the robust nature and weight‐bearing
function of long bones underscore the profound importance
of effective bone regeneration for maintaining mobility and
overall physical well‐being. This study investigates the temporal
dynamics of fracture healing, specifically examining the per-
sistence of H type blood vessels, the expression patterns of
angiogenic and osteogenic markers over time, and their corre-
lation with distinct stages of bone repair in a non‐scaffold
supplemented fracture model. The current study did not
include other modes of observation such as protein assay and

flow cytometry but instead focused on image‐based analyses to
accommodate initial testing such as micro‐CT scanning and
gross tissue morphology. Both aforementioned methods were
no longer considered to conserve the number of animals used
and maximize the samples for downstream image analyses.
Initial characterization analyzing the metaphyseal segment of
the control and fracture leg using micro‐CT scans revealed that
overall bone structure and mineral content remained largely
unchanged in both groups, suggesting the fracture did not sig-
nificantly impact overall bone quality. However, localized
micro‐CT analysis along the diaphyseal segment demonstrated
a significant decrease in cortical bone density in the operated
leg compared to the similar region in the non‐operated leg at
8 weeks. This finding aligns with previous research [54, 55],
indicating that fracture‐induced disruption of bone remodeling
and the presence of less mineralized callus formation can lead
to localized bone density reductions. Over time, as the callus
matures and undergoes remodeling, its mineral density may
increase to approach that of the surrounding intact bone [56–58].

H&E‐stained tissue sections further supported these observa-
tions. Changes in lamellar structures were evident within the
evolving callus, demonstrating distinct morphological features
at different time points. Notably, at 8 weeks postfracture, the

FIGURE 6 | Expression levels based on fluorescence intensity measurements (normalized relative to maximum gray value) of angiogenic (A),

osteogenic (B), and developmental and guidance (C) markers were plotted using tissue samples from an incomplete transverse fracture animal

model. The integrated temporal plot (D) highlights key time points where significant shifts in marker expression levels occur across the afore-

mentioned group.
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previously observed callus had fully consolidated with the
original bone tissue, indicating successful bone repair.

Type H blood vessels, distinguished by their high expression of
endomucin and CD31, are typically found in the growth plate
and metaphysis, where they play a crucial role in both bone
development and repair [4–7, 59, 60] and are known to develop
in bone fractures. While their importance in the early stages of
callus formation is well‐documented, their behavior in the later
phases of fracture healing is less understood. Some research
indicates their continued involvement in bone remodeling and
the maintenance of a regenerative microenvironment. Another
key marker analyzed in this context was HIF‐1α, a transcription
factor activated by low oxygen levels. HIF‐1α plays a critical role
in fracture healing by stimulating angiogenesis and enhancing
osteogenesis coupling vascularization with bone formation
[7, 25, 61–64]. HIF‐1α induces the expression of Vascular En-
dothelial Growth Factor (VEGF), a potent angiogenic factor that
stimulates endothelial cell proliferation and migration, leading
to the formation of new blood vessels essential for nutrient and
oxygen supply to the healing tissue [45, 63]. Simultaneously,
HIF‐1α can also enhance osteogenesis by promoting the dif-
ferentiation and activity of osteoblasts through the upregulation
of factors like BMPs and Runx2 [62, 64]. This coordinated
regulation ensures that the developing bone tissue is adequately
vascularized, a crucial aspect of successful bone regeneration.

Ideally, the levels of HIF‐1α are lowered as oxygenation levels
are restored [62, 65, 66]. This is in contrast with our current
results wherein the HIF‐1α level maintained a relatively high
even at 8 weeks post‐fracture, which might indicate the need for
supportive factors even after full consolidation of the fracture
site. Additionally, sustained HIF1‐α expression in regenerated
bone may contribute to bone remodeling, which cycles between
osteogenesis and osteolysis [67, 68] through regulation of
RANKL/OPG ratios that affects osteoclast activity [69, 70].

Markers related to bone formation were observed to establish
osteogenesis in the sampled tissues. Previous studies have
shown that fractures can alter the expression of collagen type I
(Collagen1) in bone tissue [71–73]. During repair, osteoblasts
produce collagen type I to rebuild the bone matrix, a process
influenced by mechanical stress and microenvironmental
changes [73]. Collagen type I expression initially increases but
fluctuates during remodeling and consolidation, ultimately
decreasing as the bone matures [71–73]. This dynamic regula-
tion was evident from H&E staining and fluctuating fluores-
cence measurements of collagen 1 expression [71, 72].

PDGFRB serves as an early marker for bone formation at
fracture sites, where its expression is typically elevated
[22, 74–76]. It plays a key role in bone healing by promoting
fibroblast and vascular mural cell proliferation and chemotaxis,
facilitating extracellular matrix synthesis critical for tissue
scaffolding [77–80]. This increased PDGFRB expression recruits
and differentiates skeletal stem/progenitor cells, aiding
homeostasis and blood vessel formation essential for bone
regeneration [77]. Additionally, PDGFRB influences bone re-
modeling by regulating osteoblast and osteoclast activity,
impacting bone resorption and formation [78, 81–83]. It is ex-
pressed by osteoblast‐lineage cells and upregulates factors like

colony‐stimulating factors, supporting bone resorption, and
mesenchymal stem cell differentiation [21].

Osteocalcin, a bone‐forming protein produced by osteoblasts, is
a key marker of bone mineralization [23, 84, 85]. Its expression
varies across bone regions and during fracture healing. While
elevated in the early stages, osteocalcin levels may not con-
sistently increase with fracture consolidation, suggesting a
dynamic role in bone remodeling [24]. Our observations,
including collagen 1 staining, support this, indicating peak re-
modeling around 4 weeks postfracture. This understanding
contributes to our knowledge of bone fracture repair and may
guide future therapeutic strategies.

During bone regeneration, collagen type I forms the essential
structural scaffold for new bone tissue and supports cell attach-
ment [86, 87]. PDGFRB signaling orchestrates the recruitment
and proliferation of mesenchymal stem cells and promotes angi-
ogenesis, ensuring adequate blood supply [88]. As osteoblasts
mature within this collagenous matrix, they secrete osteocalcin, a
protein that contributes to matrix organization and potentially
regulates mineralization [89]. The coordinated interplay between
collagen I providing the framework, PDGFRB guiding cellular
events and vascularization, and osteocalcin influencing matrix
quality and mineralization is crucial for successful bone repair
and the formation of functional bone.

To further investigate the interplay between angiogenesis and
osteogenesis, markers for tissue development and guidance
(Noggin and SLIT3) were analyzed within the fracture site.
Noggin, known to be released from H type blood vessels
[31–33], and SLIT3, secreted by osteoblasts and osteoclasts
[31–33], were chosen for their potential to provide insights into
both processes. This pairing is a form of cross‐referencing for
the synergistic effect of angiogenesis and osteogenesis., Fluo-
rescence intensity measurements revealed an initial increase in
Noggin expression in fractures, consistent with previous find-
ings demonstrating its role in regulating BMP activity during
early callus formation [31–33, 90, 91]. Noggin acts as a BMP
antagonist, inhibiting bone formation and resorption [91].
While crucial for early callus formation, excessive Noggin can
hinder healing [91–94]. Conversely, SLIT3 expression was ini-
tially low at the fracture site but increased as osteoclast activity
and bone healing progressed [31–33]. SLIT3, derived from os-
teoblasts or osteoclasts, promotes bone formation by activating
signaling pathways that enhance H type vessel formation and
stimulate cell migration [4, 5, 39, 95, 96]. These findings suggest
a complex interplay between Noggin and SLIT3 in regulating
angiogenesis and osteogenesis during fracture healing.

The relationship between Noggin and SLIT3 in bone fracture
healing is complex. While Noggin expression peaks tran-
siently, Slit3 expression increases steadily, correlating with
angiogenesis (CD31). This suggests opposing roles for these
factors in bone remodeling. Noggin's limited correlation with
collagen 1 indicates a less direct influence on osteogenesis. In
contrast, Slit3's sustained increase suggests involvement
in angiogenesis and potentially other processes. Key changes
in marker expression occur at 2 and 4 weeks postfracture.
Some markers (HIF1‐α, SLIT3, Osteocalcin) remain elevated
even after consolidation, suggesting long‐term effects of the
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injury. Our study highlights the importance of H type blood
vessels throughout healing, with HIF1‐α playing a crucial role
in their regulation. Collagen 1 expression persists, reflecting
ongoing matrix deposition. PDGFRB and osteocalcin expres-
sion dynamics suggest a dynamic interplay between cell
proliferation, differentiation, and mineralization. The peak in
collagen 1 and osteocalcin expression around 4 weeks
indicates maximal bone formation.

The study has several limitations. The rat model may not fully
reflect human bone healing and vascularization, and the 8‐week
observation period may miss long‐term remodeling. The focus
on specific angiogenic and osteogenic markers may overlook
other key pathways, and controlled lab conditions may not
reflect real‐world healing factors. The persistence of HIF1‐α
expression raises questions about its role, and the study does
not fully explore immune cell involvement or cellular mecha-
nisms, suggesting areas for future research. Although these
results might relate to the role of HIF1‐α in the regulation of the
RANKL/OPG ratio that influences osteoclast activity [69, 70],
further experimentation would be required to confirm this
theory. Lastly, the current study does not cover observations of
similar phenomena in stratified age groups, limiting the current
observations within the context of a young adult animal model.

5 | Conclusions

This study advances our knowledge of how angiogenesis, bone
growth, and regulatory molecules interact during bone fracture
healing. These findings may inform the development of new
treatments to improve bone repair and reduce fracture com-
plications. Potential therapeutic targets include HIF1‐α and
other factors influencing H type blood vessel formation, as well
as Noggin and Slit3, which regulate angiogenesis and bone
growth timing. Future studies should delve deeper into H type
blood vessel regulation and their role in bone repair, including
their interactions with other cell types (like immune cells and
stem cells). Finally, investigating the impact of various thera-
pies on H type blood vessel formation and bone repair is crucial
for identifying effective clinical strategies.
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