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Introduction

Pseudarthrosis (PSA) is defined as a lack of radiographic 
consolidation six months after a traumatic incident, which is 
connected with the need for revision surgery. According to 
the Food and Drug Administration (FDA), PSA is diagnosed at 
least nine months after the incident, with no obvious signs of 
progressive healing for three months [1,2]. 

An increased incidence of pseudarthrosis in femoral shaft 
fractures has recently been observed due to the increased 

survival of patients with multiple severe injuries and the 
widening of indications for intramedullary nailing [3]. A recent 
study confirmed that [4], the overall non-union rate has been 
higher in the tibia and in the femur, compared to the humerus. 
Moreover, Ekegren et al. designed a large study using the 
Victorian Orthopedic Trauma Outcomes Registry of Australia 
to determine the rate of failure of long bone fractures and, 
according to the type of bone fracture, 2.3% of failures were 
found in the proximal humerus, 7.8% in the humerus shaft, 
4.2% in the subtrochanteric fracture, 13.5% in the femur shaft, 
8.4% in the distal femur, and 11.7% in the tibia shaft [5].

Abstract

Aims: The present study investigated Runt-related transcription factor 2 (RUNX2) and collagen type A1 (COL1A1) gene expressions in 
pseudarthrosis with the objective of creating a novel shaft femoral pseudarthrosis rabbit model. 

Methods: Sixteen rabbits were used in this experimental study. We divided rabbits into two groups, control group and pseudarthrosis group. 
The study aimed to compare bone consolidation between two groups: a control group, where a resection site was created and stabilized 
using an external fixator on both sides, and the pseudarthrosis (PS) group, where a muscle interposition was performed at the resection site 
in addition to the external fixation. At eight weeks, radiographic and molecular studies were undertaken to investigate bone consolidation 
in the resection area. We used Quantitative Polymerase Chain Reaction (Q-PCR) to evaluate the expression of the RUNX2 and COL 1A1 genes. 

Results: In the control group, complete bone consolidation was achieved in all rabbits, as evidenced by macroscopic and radiographic 
assessments showing cortical continuity, a homogeneous medullary cavity, and the formation of a mature, continuous callus with clear 
cortico-medullary differentiation. In contrast, all animals in the PS group exhibited failed bone healing, characterized by the absence of 
cortical bridging and the presence of a persistent inter-fragmentary gap, medullary canal obliteration, and resorption of bone ends. At the 
molecular level, quantitative PCR analysis revealed significantly higher expression of RUNX2 and COL1A1 in the control group compared to the 
PS group (p = 0.01), with both genes demonstrating a 10-fold upregulation, reflecting increased osteogenic activity associated with successful 
bone regeneration.

Conclusion: We successfully established a rabbit model of femoral shaft pseudarthrosis, confirmed through the analysis of COL1A1 and RUNX2 
gene expression levels.
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The non-consolidation of femur fracture causes pain, 
especially during loading, increased and abnormal mobility at 
the fracture site, functional limitations of the contiguous joints 
and muscle hypotrophy [6]. It represents a major challenge for 
orthopedic surgeons, and current therapeutic methods remain 
inadequate. It is often associated with reduced bone quality 
and can, therefore, adversely affect quality of life. Numerous 
surgical approaches for the treatment of pseudarthrosis were 
mentioned in the literature, such as electromagnetic fields 
[7]; low-intensity ultrasound [8], extracorporeal shock wave 
therapy (ESWT) [9], external fixators [10] and osteosynthesis 
with plate and screws [11]. Moreover, several studies have 
reported positive results after the treatment of non-union of 
the femur with single or double plate fixation combined with 
autologous bone graft [12,13]. Despite the progress in surgical 
methods and the development of novel implants, treatment of 
bone nonunion remains a challenge for orthopedic surgeons. 
Extended therapy, which can last months or even years, is 
expensive and adversely affects the patients’ professional and 
personal life [14,15]. 

To minimize complications, successful revision surgery for 
pseudarthrosis often requires a surgical approach that is 
different from the first, further instrumentation, and other 
materials such as bone grafts or biologics. For this purpose, 
in our study, we are planning to create a novel model of 
pseudarthrosis in a small animal for further in vivo and in vitro 
research, aimed finally as a foundation in research to study 
the bone healing process and at identifying the most suitable 
treatment technique for pseudarthrosis. 

The development of appropriate models of pseudarthrosis in 
animals will improve the knowledge of therapeutic procedures 
and allow the assessment of a variety of new surgical 
techniques for obtaining more effective and objective results. 
In the literature, several preclinical in vivo animal models of 
PSA have succeeded in creating a model of pseudarthrosis 
in rats, extensive resection of the periosteum and bone 
marrow is important for a reproducible model of atrophic 
pseudarthrosis in a rat femur [16]. Others have created a rat 
model of tibia fracture [17].

Rabbit models for spinal and tibial pseudarthrosis have been 
well-documented in the literature [18]. However, there is no 
robust evidence on which biological approach is more reliable 
for creating femoral shaft pseudarthrosis. Therefore, in our 
study, we suggest for the first time an approach of creating PS 
using muscle interposition technique in rabbits. This approach 
involves creating a bone defect in the femoral shaft of a rabbit, 
interposing the tensor fascia lata (TFL) muscle at the defect 
site, and stabilizing the construct with an external fixator. 
Radiographic and macroscopic assessments were realized at 
8 weeks post-animal model establishment. Interestingly, we 
also validated the success of our technique through molecular 

quantification of bone consolidation markers RUNX2 and 
COL1A1. 

Runx2/Cbfa1 is a pivotal transcription factor essential for 
bone consolidation and skeletal development. It serves as a 
master regulator of bone formation and repair by orchestrating 
the differentiation, maturation, and functional activity of 
osteoblasts and chondrocytes throughout the consolidation 
process [19]. Moreover, COL1A1 is fundamental to bone 
structure and function. It not only provides the framework for 
mineralization but also plays a dynamic role in bone growth, 
remodeling, and repair. Its integrity is vital for skeletal health, 
and disruptions in its expression or structure can lead to 
severe bone disorders [20].

Materials and Methods

Animal groups

Sixteen healthy adult New Zealand white rabbits of 7 to 
8 months of age were used in this study (with an average 
body weight of 2.5 ± 0.09 kg). They were housed in individual 
cages. All animals were allowed free access to food and water 
under a temperature-controlled environment (25 ± 2°C) 
with regular 12:12h light-dark cycle. Rabbits were also given 
an acclimatization period of 10 days before initiation of our 
research. Rabbits were randomly divided into two groups, 
including one control group and one experimental group of 
PSA (group G1). The principle was to perform a 10 mm bone 
resection in femur protected by an external fixator with 2 
plugs on both sides of the fracture in order to maintain the 
alignment of both extremities in both groups. In the second 
group, representing pseudarthrosis, muscle interposition 
was performed at the resection site. Bone consolidation was 
then evaluated at 8 weeks in both groups. In our model, 
pseudarthrosis was defined as the absence of bone healing 
after 8 weeks. The choice of this 8-week period was based on 
the time required for complete bone healing in rabbits, as 
reported in the literature [21].

Ethical statement

All experimental procedures were approved by the Ethics 
Committee of the Laboratory of Targeted Therapy and 
Animal Experimentation, Faculty of Medicine, Sfax, Tunisia 
(Protocol No.21/2023). The study was conducted in strict 
accordance with international guidelines for the care and use 
of laboratory animals and adhered to the principles of the 
3Rs (Replacement, Reduction, and Refinement). All efforts 
were made to minimize animal suffering. Surgical procedures 
were performed under general anesthesia using ketamine 
(35–50 mg/kg) and xylazine (5–10 mg/kg, IM), with additional 
local anesthesia when needed. Postoperative analgesia was 
provided using buprenorphine (0.05–0.1 mg/kg, SC, every 
8–12 h) and/or meloxicam (0.1–0.2 mg/kg, SC, for 2–3 days). 
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Animals were monitored daily for signs of distress, changes 
in behavior, appetite, or locomotion. At the end of the study, 
animals were euthanized humanely following approved 
institutional protocols.

Establishment of a rabbit PSA model

After anesthesia, the anterolateral aspect of the thigh was 
shaved, and the limb was washed with physiological saline. 
Brushing was done aseptically with Betadine®, and then the 
limb was covered with a sterile field with holes leaving the 
shaved area exposed (Figure 1A). After that, the skin incision 
was made on the anterolateral aspect of the thigh along 
the femur, sparing the adjacent proximal and distal joints 
(approximately 4 cm) (Figure 1B). 

For the control group, in order to expose the femur, a 
dissection was performed through the aponeurosis, which is 
situated between the muscles of the anterior and posterior 
compartments of the thigh, straight up to the bone (Figure 
1C).

After this, two 1.6 mm diameter pins were symmetrically 
placed on either side of the resection area using an orthopedic 

motor, and a mini external fixator was installed on the four pins. 
A bone resection of 10 mm was carried out using an electric 
micro-saw, followed by irrigation with saline solution. The 
alignment of the four pins, and consequently the two bone 
ends on either side of the fracture site, was verified. Finally, 
the stability of the external fixator and pins was checked using 
a screwdriver (Figure 1D). The procedure ensured proper 
stabilization and alignment of the bone fragments for optimal 
healing conditions.

For the PS group, after placement of the external fixator, a 
bone resection was performed. The TFL was identified at 
the level of the anterior surface of the thigh. It was resected 
partially at the level of its distal insertion opposite the patella 
and was reattached with a non-absorbable suture (Figure 
2A). Subsequently, we proceeded with a dissection through 
the aponeurosis located between the muscles of the anterior 
compartment and those of the posterior compartment of 
the thigh to the bone to expose the femur. Then, we created 
a passage of the TFL between the muscles of the anterior 
compartment of the thigh and its interposition in the already 
prepared fracture site. The thickness of the interposed TFL 
occupied the entire resection zone in all cases (10 mm).

Figure 1. A) Sterile disinfection of the limb after shaving using Betadine®, followed by placement of a sterile drape exposing the shaved 
area; B) Skin incision made on the anterolateral aspect of the thigh along the femur, sparing the proximal and distal joints (approximately 
4 cm), C) Exposure of the femur in the control group by dissection through the aponeurosis between the anterior and posterior thigh 
muscles, reaching the bone; D) Installation of a mini external fixator after symmetrical placement of two 1.6 mm diameter pins on each side 
of the resection site, followed by a 10 mm bone resection and verification of alignment and stability.
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The TFL was fixed in the muscles of the posterior compartment 
of the thigh by an X-shaped point reinforced by two half-
overlocks. Then, reinforcement of the fixation of the TFL by a 
point using a non-absorbable wire which passes through the 4 
pins in 8 and housing the TFL on either side of the bone (Figure 
2B). Finally, the wound was irrigated with sterile saline. The 
muscle and skin were afterward sutured back over with 3-0 
nylon (Ethilon, Ethicon, Norderstedt, Germany) (Figure 2C).

In the postoperative period, the rabbits were given 
tramadol HCl® Ampule (Teriak, Zaghouan, Tunisia) (10 mg/
kg) intramuscularly, every 24 hours for three days. They were 
also given daily cleanings of the surgical site with 0.9% NaCl 
solution for ten days. The sutures were removed thereafter.

Rabbits were sacrificed after 8 weeks (for the control and P1 
groups) and the specimens were conserved at -80°.

Euthanasia and Sample preparation

Euthanasia was carried out by sectioning the two jugular 
veins at the neck. The resection was performed by cutting 
between the two pins located on either side of the target area, 
initially preserving the external fixator. The resected area, 

including the surrounding soft tissue, was removed in one 
piece (Figure 3A). This block was then divided longitudinally 
into two fragments (Figure 3B). Subsequently, the external 
fixator and its pins were removed. One of the fragments was 
allocated for molecular biology analysis. 

Macroscopic study

A careful visual inspection of the samples was performed 
after fixation. The macroscopic factors evaluated in our study 
included cortical continuity, the appearance of the bone ends, 
the characteristics of the tissue occupying the bone resection 
area and its consistency, and the presence of deformity.

Radiographic evaluation: volumetric imaging by 
conical beam: the « cone beam »

The lower limbs were transported for a radiological study 
based on cone-beam volumetric imaging. All samples were 
placed on a plate after numbering, and a metallic marker was 
positioned in one corner of the plate for identification. The 
evaluation of the bone callus using cone-beam volumetric 
imaging was performed through the analysis of axial, 
frontal, and coronal slices, as well as 3D reconstruction. The 

Figure 2. A) TFL identification marked with a non-absorbable suture (TFL = Tensor Fasciae Latae), B) Interposition of the TFL between the 
anterior thigh muscles and placement within the fracture site, then fixation to the posterior compartment muscles using an X-shaped 
suture reinforced with two half-overlocks and an additional non-absorbable suture passed in a figure-eight configuration around the four 
pins; C) Final wound closure after irrigation with sterile saline and suturing of the muscle and skin layers using 3-0 nylon (Ethilon, Ethicon, 
Norderstedt, Germany). 
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radiological parameters assessed included cortical continuity, 
the appearance of the bone ends, the persistence of the 
interfragmentary gap, and the presence of bridging callus 
formation connecting the two bone ends.

Molecular analysis

To determine the expression of COL1A1 and RUNX2 during 
bone healing, the expression levels of COL1A1 mRNA and 
RUNX2 mRNA will be measured in two groups of healing 
tissues at the 8th week after the operation.

RNA extraction and cDNA synthesis

For RNA extraction, tissue from the shaft femoral fracture area 
was collected and immediately frozen in liquid nitrogen. The 
frozen tissue was ground to a fine powder in liquid nitrogen 
using a freezer mill (Bone Mill; SPEX CertiPrep, Metuchen, 
NJ, USA). TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
USA) was used to extract RNA from specimens according to 
the manufacturer’s protocol followed by quantification with 
NanoDropND-1000 (Thermo Fisher Scientific). A quantity of 
300 ng of RNA served as a template for complementary DNA 
(cDNA) synthesis using hexamer primers (50 nmol) and a dNTP 

mix (10 nmol). This step was followed by ten-minute incubation 
at 70°C. Next, buffer, DTT (0.2 μmol), and SuperScriptM II RTase 
(200 units) were added. The reaction was then incubated for 
12 minutes at 25°C followed by 50 minutes at 42°C, and a final 
incubation at 70°C for 15 minutes.

Quantitative real-time PCR

Quantitative polymerase chain reaction: qPCR was performed 
using SYBR green master mix (Bio-Rad, USA). Primer sequences 
and annealing temperatures (Tm) are described in Table 1. 
The reaction was performed in a volume of 10 μl using the 
following protocol: denaturation at 95°C for five seconds, 
annealing at 58°C for 15 seconds, and extension at 72°C for 20 
seconds, for 40 cycles. The relative amount of gene expression 
was calculated using the 2−ΔΔCt method, which was expressed 
by the mean (standard error). Experiments were performed in 
triplicate. The mean Ct values were calculated from triplicate 
PCRs for RANKL, OPG, RUNX2, and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), and the ΔCt value for each specimen 
was obtained by subtracting these two values. Then the 
relative amount of RANKL, OPG, and RUNX2 expressions were 
calculated by the 2−ΔΔCt method.

Figure 3. Post-euthanasia sample collection and macroscopic evaluation: A) En bloc resection of the bone and surrounding soft tissues 
between the two pins while preserving the external fixator; B) Longitudinal division of the resected block into two fragments; C) In the 
control group, macroscopic analysis showed complete cortical continuity restored (→) by a rigid bone bridge, with a homogeneous 
medullary cavity and no deformation; D) In the PS group, macroscopic evaluation revealed the absence of bone continuity restoration 
between the two bone ends (*) in a rabbit from the pseudarthrosis group. 
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Statistical analysis

Statistical analyses were performed using SPSS 20.0 (IBM, 
USA). Comparisons between two independent groups were 
carried out using the Mann–Whitney U test (Wilcoxon rank-sum 
test). A p-value <0.05 was considered statistically significant.

Results

Macroscopic and radiographic assessments of the 
shaft femoral pseudarthrosis rabbit model

For control group T, the macroscopic examination of the 
samples revealed that cortical continuity was reestablished by 
a rigid bone bridge in all rabbits. Furthermore, the medullary 
cavity appeared homogeneous, and no deformation was 
observed (Figure 3C).

In the other hand, in the second PS group, the macroscopic 
examination revealed the absence of reestablishment of bone 
continuity in all rabbits (Figure 3D). The tissue that united the 
two bone ends was heterogeneous in appearance and soft in 
consistency. Resorption of bone ends, indicated by widening 
of the resection gap and tapering or rounding of bone ends, 
was noted in all rabbits. No bone deformity was observed in 
any case. 

The radiological analysis revealed a homogeneous and 
continuous callus, thick and continuous cortices, and a 
remodeled appearance of the bone with clear cortico-
medullary differentiation for the control group. The emergence 
of ossification bridges and the early stages of bone remodeling 
and cortico-medullary differentiation were also observed 
(Figure 4). Overall, for all rabbits, a hard callus indicating 
radiological consolidation was evident after 8 weeks. 

Table 1. Primer sequences and annealing temperature (T°).

COL1A1 Forward

Reverse

5‘ GCA ACA TGG AGA CTG GTG AG 3’

5‘ GGA TGG AGG GAG TTT ACA GG 3’

Runx2 (cbfa1) Forward

Reverse

5‘ CAG TGA TTT AGG GCG CAT TC 3’

5‘ CTA GGC ACA TCG GTG AT G 3’

 GADPH Forward

Reverse

5‘ TCACCATCTTCCAGGAGCGA 3’

5‘ CACAATGCCGAAGTGGTCGT 3’

Figure 4. Radiological analysis in the control group showing a homogeneous and continuous callus, thick and continuous cortices, and a 
remodeled bone appearance with clear cortico-medullary differentiation. Early signs of ossification bridges and bone remodeling were also 
observed, a) axial, b) frontal, c) coronal sections and, d) in 3D reconstruction.
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In the PS group, pseudarthrosis was observed in all cases. 
This was characterized by the presence of an interfragmentary 
gap, thin cortices interrupted at the resection site, a rounded 
and corticalized appearance of both bone ends, and occlusion 
of the medullary canal (Figure 5).

Molecular expression profiling of RUNX2 and 
COL1A1

To compare the expression levels of the two genes between 
the two groups, their expression was quantified using qPCR. 

RUNX2 gene expression

The expression levels of the RUNX2 gene were analyzed in 
two groups: the control group (consolidation group) and the 
PS group. A significant difference in RUNX2 gene expression 
between the two groups has been demonstrated (p = 0.01). 
As shown in Figure 6A, RUNX2 expression was significantly 
higher in the control group compared to the PS group. The 
mRNA expression level of RUNX2 in Group 2 (9.71 ± 4.65) was 
markedly higher than in Group 1 (0.97 ± 0.16), with a fold 
change of 10 (Figure 6A).

Figure 6. Expression of COL1 and Runx2 genes, A) Expression of the Runx2 gene in the two groups (control group and PS group); B) 
Expression of the COL1 gene in the two groups (control group and PS group).

Figure 5. Radiological analysis in the PS group showing typical features of pseudarthrosis, including a persistent interfragmentary gap, 
thin and discontinuous cortices at the resection site, rounded and corticalized bone ends, and occlusion of the medullary canal. a) Axial, b) 
Frontal, c) Coronal sections, and d) 3D reconstruction.
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COL1A1 gene expression

Similarly, the expression levels of the COL1A1 gene were 
assessed in the same two groups and a significant difference 
in COL1A1 gene expression has been demonstrated. As shown 
in Figure 6B, COL1A1 expression was also significantly higher 
in the control group compared to the PS group (p = 0.01). The 
level of COL1 mRNA expression in PS group 2 (7,47380942± 
4,47) is higher than group T (0,67930146 ± 0,08), with a fold 
change of 10 (Figure 6B). 

Discussion 

In this study, we aimed to develop a rabbit model of femoral 
shaft pseudarthrosis and to investigate the expression of 
RUNX2 and COL1A1 as a molecular approach to assess bone 
consolidation. For the first time, we successfully developed 
a rabbit model of femoral shaft pseudarthrosis, our model 
seems appropriate for studying the pathogenesis of PSA and 
testing new therapeutic approaches. Additionally, molecular 
outcomes validated this surgical technique through the 
analysis of COL1A1 and RUNX2 gene expression levels. 

Within our study, we chose the rabbit as an animal model 
in accordance with the international guidelines for the care 
and management of laboratory animals. We considered the 
advantages of using rabbits, the availability of the necessary 
technical facilities, and, most importantly, the scarcity 
of pseudarthrosis models in this species. Additionally, in 
literature, rabbits are regarded as an ideal model for studies 
involving tissue engineering of cartilage, bone, tendons, and 
skin [22]. Moreover, the rabbit femur has been well-established 
as a model for osteological research since the 1980s [23,24]. 

We were interested in developing a pseudarthrosis model 
for several reasons. The high frequency of pseudarthrosis and 
the significant challenges it poses in the field of orthopedics. 
It is often associated with reduced bone quality. Moreover, 
treatment of pseudarthrosis remains challenging and subject 
to ongoing debate due to the variety of surgical techniques 
available and the lack of clearly defined indications [25]. 

As previously described, our technique is based on the 
interposition of the tensor fasciae latae (TFL) and represents 
a novel muscle interposition approach, described for the 
first time in a rabbit model. Several fixation techniques have 
been reported for the management of bone substance loss 
in animal models. In rabbits, internal fixation methods such 
as intramedullary nailing, centromedullary drilling, or screw–
plate systems have been described [26,29]. In contrast, studies 
conducted in rat models which present distinct anatomical 
and biomechanical characteristics compared to rabbits have 
reported divergent findings. Gebauer et al. recommended 
intramedullary nailing for femoral bone substance loss in rats 
[30]. However, M. Jäger et al. demonstrated that intramedullary 

nailing may be inadequate for stabilizing bone substance 
defects, underscoring limitations that appear to be species-
dependent and influenced by experimental conditions [31].

According to the literature, the external fixator is the most 
commonly used fixation system in bone healing studies 
requiring a high degree of stability [32,34]. For this reason, 
in our model, we opted for external fixation to ensure 
interfragmentary stability. We took care to secure the pins 
properly to prevent any spontaneous extraction, thereby 
maintaining the stability of the setup.

Regarding the size of the bone loss, numerous techniques 
have been described in the literature. According to Nauth et 
al., there is no uniform definition of critical-size defects (CSD). 
However, in general, it refers to a bone defect that does not 
heal spontaneously despite surgical stabilization and requires 
additional surgical intervention, such as a bone autograft [35]. 
In the literature, a wide variety of definitions for CSD can be 
found, with different fixation systems. Most models developed 
in rats have chosen a CSD smaller than 10 mm. They have 
obtained a PSA in rats with small sizes of CSD [36].

In contrast, in our model, we chose a significant loss of 
substance of 10 mm and we obtained consolidation in the 
control group. This could be explained by the significant 
remodeling potential of the rabbit compared to the rat. Bone 
consolidation in the control group suggests that the size of 
the defect in our model has no influence on the creation of 
PSA. 

The most commonly used techniques for creating a 
pseudarthrosis model in the literature include periosteal 
cauterization following diaphyseal resection of a long bone 
[37,41]. Additional, clinical and experimental evidence has 
shown that periosteal disruption at the fracture site can impair 
bone healing [42]. Kowalski et al. reported that the periosteum 
supplies blood to up to one-third of the cortical bone [43]. 
This highlights the importance of vascularization around the 
fracture site for normal healing and indicates that periosteal 
damage disrupts blood supply to the fracture site. 

Other experimental techniques have been employed in the 
study of bone healing, including muscle interposition. In this 
context, Kumar et al. consider the interposition of soft tissues 
as a major factor in the development of pseudarthrosis, along 
with instability, infection, soft tissue injuries, and loss of 
vascularization [42]. 

In our model, we opted for the interposition of soft tissues at 
the osteotomy site. This element is essential to prevent bone 
healing. Suturing the TFL to the posterior thigh muscles using 
a Nylon thread, with a figure-eight configuration through 
the pins, provided better stability for the interposition. This 
approach effectively prevented its displacement during the 
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postoperative period. The choice of the TFL was based on 
several criteria. It is the most anterior muscle of the thigh, 
making it easily accessible. It is also a thin muscle, which 
facilitates its passage through the muscle compartments. 

Ferreira et al. in 2009 established a similar pseudarthrosis 
model with regard to the choice of soft tissue interposition. 
However, this model differed in the choice of animal (rat) and 
the technique of fixing the TFL through two tunnels on either 
side of the fracture site [44]. In our study, we decided not to 
create these two tunnels to avoid weakening the femoral 
diaphysis and to prevent certain perioperative complications, 
such as the creation of bone defects or adjacent fractures. 

The macroscopic and radiographic study showed, in 
control group T, a cortical continuity was reestablished by a 
rigid bone bridge in all rabbits, also, a hard callus indicating 
radiological consolidation was evident after 8 weeks. For the 
PS group, pseudarthrosis was oligotrophic, even atrophic, 
and resembled most animal models of pseudarthrosis. It was 
characterized by the presence of an interfragmentary gap, a 
rounded corticalized appearance at both ends, and occlusion 
of the medullary canal. 

To validate our results, we opted for molecular biology 
study. We focused on the COL1A1 gene, which encodes type I 
collagen, a key indicator of osteoid matrix production, and the 
RUNX2 gene, responsible for the differentiation of stem cells 
into the osteoblastic lineage. These two genes have a crucial 
role in bone formation. Indeed, RUNX2 is a key transcription 
factor essential for the differentiation of mesenchymal stem 
cells into osteoblasts, the cells responsible for bone formation. 
It regulates the expression of several osteogenic genes, 
including COL1A1, which encodes type I collagen, the primary 
structural protein of the bone matrix. Together, RUNX2 and 
COL1A1 play pivotal roles in promoting osteoblast activity and 
ensuring proper bone formation and mineralization [45]. 

Our results revealed the high expression levels of RUNX2 
and COL1A1 genes were significantly higher in the control 
group compared to the PS group. These results confirmed 
macroscopic and radiographic results. Bone healing was 
assessed through macroscopic, radiological, and molecular 
analyses. 

Conclusion

The analysis of the results demonstrated clear radiological 
and anatomopathological consolidation in all rabbits from 
the control group, accompanied by robust expression of the 
COL1A1 and RUNX2 genes. In contrast, the PS group exhibited 
pseudarthrosis. This condition was confirmed by macroscopic, 
radiographic, and molecular analyses. Notably, the PS group 
showed significantly reduced expression levels of the COLIA1 
and Runx2 genes, suggesting that their downregulation 

could serve as a critical biomarker for pseudarthrosis in future 
studies.

In conclusion, we successfully developed, for the first time, 
a femoral pseudarthrosis model in rabbits. This model is 
highly reproducible and provides a valuable experimental 
platform for investigating the mechanisms of bone healing 
and exploring innovative therapeutic approaches for treating 
pseudarthrosis.
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