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A bone fracture occurs when there is a complete
or partial disruption of the bone’s anatomical
structure. Pathological fractures, often caused by
metastasis from bone tumors, are increasingly
common. Additionally, fractures from occupational
or traffic accidents result in significant disability
and economic burden. As a result, fracture healing
remains a critical area of research for both scientists
and physicians. Healing is a complex, regulated
process influenced by various factors, and studies
indicate that 5 to 10% of fractures fail to heal
properly, leading to a reduced quality of life.l"?

Thymoquinone (TQ) (C10H1202, 2-isopropyl-5-
methyl-1,4-benzoquinone), the primary bioactive
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ABSTRACT

Objectives: This study aims to investigate whether thymoquinone
(TQ) accelerates fracture healing and modulates inflammatory and
regenerative markers in a rat model.

Materials and methods: Forty-five male Wistar-Albino rats
were randomly divided into seven groups and administered
intraperitoneal doses of TQ. A femur fracture was surgically
induced, and healing was assessed through radiological,
histological, and biochemical analyses. The study included seven
groups: a sham-operated control (Group 1), untreated fracture
controls at two and four weeks (Groups 2 and 5), and fracture
groups treated with TQ at 2.5 or 5 mg/kg/day for two weeks
(Groups 3 and 4) or four weeks (Groups 6 and 7). Fracture
healing was evaluated at two time points: at the end of two
weeks (Groups 1-4) and at the end of four weeks (Groups 5-7).
Intraperitoneal administration was chosen to ensure accurate
and consistent dosing, as oral administration could lead to
variability in bioavailability and potential loss during ingestion.
Radiological assessments included measuring total callus diameter,
radiopacity ratios, and callus surface area using high-resolution
tomography. Histological analysis involved hematoxylin-eosin and
immunohistochemical staining. Biochemical analyses measured
complete blood count, sedimentation rate, C-reactive protein
(CRP), total protein, albumin, calcium, alkaline phosphatase
(ALP) and phosphorus.

Results: Significant differences in callus diameter were observed
between the high dose TQ group (Group 7) and the untreated
control (Group 5), while callus area showed significant differences
among Groups 5, 6 and 7, and callus surface differed significantly
between Groups 3 and 6. In Group 6, total protein and calcium
levels increased, while albumin and ALP were lower in Group 7.
Histological findings demonstrated that TQ treatment reduced dense
fibrous tissue, with initial formation of spongy structures followed by
trabecular bone development, indicating enhanced bone formation.
Immunohistochemical analysis showed increased interleukin (IL)-10
and proliferating cell nuclear antigen (PCNA) levels, supporting
improved fracture healing in high-dose groups.

Conclusion: Thymoquinone enhanced fracture healing, particularly
in the fourth-week groups, improving callus formation, biochemical
markers, and histological outcomes.

Keywords: Bone healing, fractures, immunohistochemistry, rats,
thymoquinone.
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compound in black seed oil, comprises 18.4 to 24%
of the oil. It is well-known for its potent antioxidant
and anti-inflammatory properties. Over the past
decade, more than 1,500 studies have explored
TQ’s antioxidant, anti-inflammatory, anti-diabetic,
anticancer, and anti-hyperlipidemic effects.
However, fewer studies have examined its effects
on bone healing.*® Histopathological evaluations
have shown that systemic administration of TQ can
accelerate new bone formation in rat tibia models,
suggesting its potential as an adjunct to expedite
bone healing.”! Additionally, TQ from Nigella sativa
has demonstrated antioxidant effects on bone tissue
by mitigating oxidative stress induced by ferric
nitrilotriacetate (FeNTA).®!

While various factors such as stem cells, growth
factors, and hemostatic agents have been explored
to enhance bone healing, no studies have yet
comprehensively evaluated the effects of TQ on
fracture healing through histological, radiological,
and biochemical assessments. In the present study,
we hypothesized that TQ could accelerate fracture
healing in rats in a dose-dependent manner, as
evidenced by improved radiological callus
formation, histological maturation, and systemic
biochemical markers. We, therefore, aimed to
investigate whether TQ accelerates fracture healing
and modulates inflammatory and regenerative
markers in a rat model.

MATERIALS AND METHODS

Forty-five male Wistar-Albino rats supplied from
Selcuk University, Faculty of Medicine, Experimental
Animal Laboratory were used to minimize hormonal
variations. A total of rats aged between six and eight
weeks weighing 280 to 300 g were housed in clean
polypropylene cages with controlled humidity,
temperature (25+2°C), and a 12-h light/dark cycle.
The animals were randomly divided into seven
groups and monitored throughout the study. No
water restriction was applied, and they were fed
standard chow without preoperative antibiotics.
Intraperitoneal (IP) feeding was performed
on a daily basis by the same operator to ensure
procedural consistency.”) The study protocol was
approved by the Sel¢uk University Experimental
Medicine Application and Research Center Animal
Experiments Ethics Committee (Date: 29.02.2024,
No: 2024-13). All procedures involving animals
were conducted in accordance with the institutional
ethical guidelines for animal research and the
principles of humane care, including efforts to
minimize pain and distress.
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Determination of the sample size

The number of animals required to assess
the significance of differences in the total callus
diameter (TCD)/femur diameter (FD) ratios across
seven experimental groups (Group 1 to Group 7),
designed to evaluate the effects of TQ on fracture
healing, was determined using the Source Equation
(1,2,3) method. According to this method, the
number of animals per group was calculated to
be 4, based on the formula 20/7+1=4. However, to
account for potential animal losses during the study,
it was decided to include six animals in Groups 1-4
and seven animals in Groups 5-7, considering the
anticipated higher loss rate due to the longer
duration of the study."" A total of 45 animals were
included in the study.

Dose determination and preparation of TQ

Thymoquinone (15039, Cayman Chemical, MI,
USA) was dissolved in ethanol at 16 mg/mL, then
diluted with distilled water and administered IP
to Group 3 and Group 6 at 2.5 mg/kg/day, and to
Group 4 and Group 7 at 5 mg/kg/day. Doses were
prepared daily in the dark to protect from light,
based on previous studies.2%?]

Procurement of TQ

The study used TQ, which was obtained from a
commercially available company (Kurul Laboratory)
located in Tiirkiye.

Study groups: it was determined as a total of
seven groups. 1

1. Sham group (n=6, G1): Only surgical exposure
of the femur was performed without fracture
induction or treatment.

2. Fracture control - 2 Weeks (n=6, G2): Femoral
fracture induced; no treatment administered.

3. TQ 2.5 mg/kg -2 Weeks (n=6, G3): Following
fracture, 2.5 mg/kg/day TQ administered for
two weeks.

4. TQ 5 mg/kg - 2 Weeks (n=6, G4): Following
fracture, 5 mg/kg/day TQ administered for
two weeks.

5. Fracture control - 4 Weeks (n=7, G5): Femoral
fracture induced; no treatment administered.

6. TQ 2.5 mg/kg - 4 Weeks (n=7, G6): Following
fracture, 2.5 mg/kg/day TQ administered for
four weeks.

7. TQ 5 mg/kg - 4 Weeks (n=7, G7): Following
fracture, 5 mg/kg/day TQ administered for
four weeks.
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The effects of TQ were observed during the
second and fourth weeks, corresponding with
significant fracture healing changes. Blood samples
were taken intracardially under anesthesia.
Analyzed parameters included complete blood
count, sedimentation, C-reactive protein (CRP), total
protein, albumin, calcium, alkaline phosphatase
(ALP), and phosphorus. Group sizes were based
on literature, considering potential deaths from
fractures. After sacrifice, left femurs were cleaned,
preserving callus, and examined radiologically
and histologically. Animal care adhered to the
institutional Experimental Medicine Center
guidelines.

Surgical technique

After preparation, each rat was weighed
to determine the appropriate anesthetic dose.
Ketamine (50 mg/kg) and xylazine (10 mg/kg)
were administered via the IP route. The left femur
area was shaved, cleaned with povidone-iodine,
and a 3-cm incision was made. The vastus lateralis
muscle was retracted to expose the femur. Bone
fragments were stabilized, and a 3-mm drill
created a 2-mm deep bone defect, followed by
sterile saline perfusion. Subcutaneous tissues were
sutured, and intramedullary fixation was achieved
using a 1-mm Kirschner wire (K-wire). The skin
was, then, closed with 2-0 silk sutures, and rats
received paracetamol (200 mg/kg) in drinking
water for postoperative pain relief.

Radiological analysis

After sacrifice, the left femurs were removed
and soft tissues cleaned to preserve the callus.
Femurs were evaluated wusing conventional
thin-section tomography, with each rat
numbered and groups displayed in sequence.
The intramedullary K-wires did not interfere
with imaging, so they were not removed. Total
callus diameter, low radiopacity bone (LRB), high
radiopacity bone (HRB), callus surface (CS), and
FDs were measured. All TCD, LRB, HRB, and FDs
were measured in axial sections, while CS was
measured in coronal sections, using the Radiant
Dicom Viewer program (Medixant, Poznan, Poland)
to calculate measurements in square millimeters.

Histological analysis

The excised tissues were fixed in 4%
paraformaldehyde (PFA) at +4°C (fixative/tissue
ratio 10:1) for 24 h. For decalcification, tissues
were treated with 10% ethylenediaminetetraacetic
acid (EDTA) (pH 7.2 to 74) and fresh PFA for
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10 weeks. Tissues were, then, transferred to a 30%
sucrose solution (with Na azide) for 24 h until they
settled. After embedding in cryomatrix, tissues
were sectioned at 4-um thickness using a cryostat
(Thermo Shandon Cryostat 210160GB, Thermo
Fisher Scientific, Waltham, MA, USA).

Histological studies
Hematoxylin & eosin (H&E) staining

The samples were treated twice with 99.9%
absolute alcohol for 5 sec, rinsed with tap water,
and stained with Harris hematoxylin for 2 min,
followed by two 5-sec washes with tap water.
After a rinse in absolute alcohol, the tissues were
immersed in eosin for 1 min, washed twice with
tap water, and rinsed three times with alcohol. The
samples were, then, treated with xylene for 5 sec
and mounted with Entellan. Fracture healing was
scored for each section using the modified Lane
and Sandhu histological scale, which evaluates
callus tissue, cortex at the fracture line, and
cancellous bone marrow.!"!

Immunohistochemical labeling

For immunofluorescence labeling, sections
were incubated at room temperature for
20 min in phosphate-buffered saline (PBS) with
5% bovine serum albumin (BSA) and 0.2% Triton
X-100, then washed three times in PBS for 5 min
each. After removing excess liquid, sections were
blocked with protein block solution at 37°C for
30 min. The blocking solution was removed
without washing. Primary antibodies (interleukin
(IL]-10, IL-1B, and proliferating cell nuclear
antigen [PCNA]) were incubated at +4°C for one
day. For conjugated antibodies (anti-IL-10 and
anti-IL-1B), sections were washed three times in
PBS, mounted with 4'6-diamidino-2-phenylindole
(DAPI)-containing mounting medium. For the
non-conjugated anti-PCNA, sections were washed,
incubated with goat anti-rabbit immunoglobulin
G (IgG) (H+L) FITC secondary antibody for 3 h
at room temperature, washed three times in PBS,
and mounted with DAPI-containing mounting
medium.

Anti-IL-10 and anti-IL-1p antibody labeling

Sections were labeled with Alexa Fluor®
594-conjugated anti-IL-10 (sc-365858) and anti-IL-1(
(sc-32294) antibodies in a dark, humidified
chamber. Images were captured using an Olympus
BX51 trinocular fluorescence microscope (Olympus
Corporation, Tokyo, Japan) at x40 magnification,
with four random fields recorded for each sample
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via a DP72 camera. Field validation was done at
x4, x10, x20, and x40 magnifications using DAPI
staining. The proportion of IL-10 and IL-1fB labeled
areas to the total area was analyzed using Image]J
software (Image] version 1.54f, National Institutes of
Health, Bethesda, MD, USA).

Anti-PCNA antibody labeling

Sections were labeled with Santa Cruz® Anti-
PCNA Antibody (sc-25280) at 200 pg/mL in a dark,
humidified chamber. Images were captured at x40
magnification using an Olympus BX51 microscope
(Olympus Corporation, Tokyo, Japan) and DP72
camera, with four random fields per section. Field
validation was done using DAPI staining at x4, x10,
x20, and x40 magnifications. The ratio of PCNA-
labeled nuclei to total nuclei was calculated using
Image] software (Image] version 1.54f, National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Statistical analysis was performed using the R
version 4.2.1 software (R Foundation for Statistical
Computing, Vienna, Austria). Descriptive data
were presented in mean + standard error of mean
(SEM) or number and frequency, where applicable.
One-way analysis of variance (ANOVA) was used
to assess differences in radiological, biochemical,
immune-histological, and histopathological
parameters among groups. The Tukey honestly
significant difference (HSD) test was applied for
pairwise comparisons. A p value of <0.05 was
considered statistically significant.

RESULTS

Table I shows the radiological, biochemical,
immunohistological, and  histopathological
evaluations.

Radiological evaluation

After sacrificing the rats and removing the
left femurs, soft tissues were carefully cleaned to
preserve the callus. The femurs were evaluated
using conventional thin-section tomography, with
each rat individually numbered and grouped
in sequence. Forty-five femurs from Groups
1-7 were used for radiological evaluation. The
intramedullary K-wires were not removed as they
did not interfere with CT imaging. Radiological
imaging was performed using a 256-slice 2-section
dual-source computed tomography (CT, Somatom
Definition Flash, Siemens, Germany) with
parameters: slice thickness 0.75 mm, collimation
width 0.6 mm, total collimation width 38.4 mm,

Jt Dis Relat Surg

table speed 30.7 mm, and spiral pitch factor 0.8.
Groups 2, 5, and 7 were excluded due to improper
fracture formation in one femur from each group,
leaving 42 femurs for analysis. Measurements of
FD at the fracture level, callus diameter, largest
callus area (axial plane), and CS (coronal plane)
were recorded (Figure 1).

Radiological evaluation

Measurements in mm? were obtained using the
Radiant Dicom Viewer, with images enlarged for
accuracy. Each measurement was repeated three
times, and the average was used for statistical
analysis.

The callus diameter in G5, G6, and G7 was
significantly higher than in G2, G3, and G4, with G7
also higher than G5. Groups G5, G6, and G7 exhibited
significantly greater callus diameters compared to
G2, G3, and G4. Specifically, G6 showed superiority
over G3, and G7 over G4 (Figure 2a). The callus area
in G4, G5, G6, and G7 was significantly greater than
in G2, and in G5, G6, and G7 compared to G3. G6
and G7 had a significantly larger callus area than G4,
and G7 had a larger area than G5 and G6. Groups
G5, G6, and G7 exhibited enhanced healing in the
callus area compared to G2, G3, and G4. G6 showed a
significantly greater callus area than G3, and G7 than
G4 (Figure 2b). The CS area in G4, G5, G6, and G7
was significantly greater than in G2, and in G5, G6,
and G7 compared to G3. G6 had a significantly larger
surface area than G4. The CS area in groups G5,
G6, and G7 demonstrated better healing compared
to groups G2, G3, and G4. Notably, G6 exhibited a
significantly greater CS area than G3 (Figure 2c). The
H&E staining score was significantly higher in G5,
G6, and G7 compared to G2, G3, and G4.

Biochemical evaluation

The total protein level in G6 was significantly
higher than in G5, G4, G3, and G2, while G7 had
lower levels than G6, G5, and G4 (Figure 3a).
Albumin levels in G7 were significantly lower than
in all other groups (Figure 3b). Calcium levels in
G7 were significantly lower than in G6, G5, and G4,
while G6 had higher levels than G5, G4, G3, G2, and
Gl (Figure 3c¢). In addition, ALP levels in G7 were
significantly lower than in all other groups, and in
G6, they were lower than in G5 and G2 (Figure 3d).
Phosphorus levels in G7 were significantly higher
than in G5, G2, and G1 (Figure 3e).

Histological results
Immunohistochemical results

Images of immunofluorescently labelled
preparates are shown in Figures 4, 5 and 6.
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The immunolabeling percentages for anti-IL-10,

(2 I o3 I o+ Il G5 e

FIGURE 1. Radiological imaging results.

anti-IL-1 beta, and anti-PCNA are shown in
Figure 7. Significant changes were observed in the
experimental groups compared to the control group.
For anti-IL-10, after two weeks, G4 had significantly
higher levels than G2. After four weeks, G7 was
significantly higher than G5. Comparing Weeks 2
and 4, G3 was higher than G5, and G4 was higher
than both G5 and Gé.

Anti-IL-1 beta immunolabeling results showed
significant changes in the experimental groups
compared to the control. There were no differences
between the two-week groups, but after four
weeks, G7 was lower than G5 and Gé6. At both two
and four weeks, G7 was significantly lower than
G2, G3, and G4, G6 was lower than G3, and G5 was
lower than G3.

Anti-PCNA immunolabeling showed significant
differences between the control and experimental
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groups, with G6 and G7 having higher levels than
G2 and G3.

Histopathological results

The light microscopy images obtained by
staining with H&E are presented in Figure 8. The
histopathological evaluations are as follows:

e Gl (Control group): Mature bone trabeculae
appeared in a regular form.

e G2: There was dense fibrous union in
the fracture area. Connective tissue was
predominantly observed, along with
chondrocytes. Early stages of trabecular bone
formation were visible.

e G3: Osteochondral union findings were
observed in the fracture region. Areas of
endochondral ossification consisting of
connective tissue regions, chondrogenic
structures, and immature trabecular bone
tissue were seen.

e G4: Osteochondral union findings and
connective tissue structures were visible.
Areas of bone formation consisting of
chondrogenic structures and immature
trabecular bone tissue were present.

e Gb5: Areas of immature bone tissue were
seen, along with areas of bone tissue. The
trabeculae merged with bone marrow.

e G6:Bone union areas and new bone formation
regions were observed. Reorganized
trabecular bone shadows and mature bone
regions were visible.

(a) (b) (c)
Anova, F(5,30) = 22.23, p = <0.0001, n? = 0.79 Anova, F(5,30) = 16.84, p = <0.0001, n? = 0.74 Anova, F(5,30) = 7.69, p = <0.0001, 1 = 0.56
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FIGURE 2. Radiological assessment of (a) callus diameter, (b) callus area, and (c) callus surface according to the groups.
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FIGURE 3. Biochemical assessment of (a) TPRO, (b) albumin, (c) calcium, (d) ALP, (e) phosphor, (f) hemoglobin according to the

groups.
TPRO: Total protein; ALP: Alkaline phosphatase.

e (G7: Structured bone trabeculae and bone
marrow between the trabeculae were
observed. (scale bar x40=20 pm).

Statistical analysis of H&E-stained preparations,
scored according to the Lane and Sandhu criteria,
is shown in Figure 9. The H&E scores in the fourth
week groups were significantly higher than in the
second-week groups. Additionally, the H&E scores
of G6 showed significantly better healing compared
to G3. The H&E scores of G7 demonstrated more
significant improvement compared to G4.

DISCUSSION

In this study, the healing processes of femur
fractures  induced  experimentally  were
compared across different groups through

biochemical, radiological, histopathological, and
immunohistochemical evaluations. The results
revealed significant differences in the bone healing
process among the groups, with a particular focus
on cellular and molecular changes associated
with callus formation and maturation. Analysis of
callus size, area, and surface showed significant
differences, with Groups G5, G6, and G7 forming
notably larger calluses compared to Groups G2, G3,
and G4. This finding suggests that the treatments
or interventions applied to these groups supported
bone healing and regenerative processes.

The CT measurements revealed that callus
diameter in Groups G5, G6, and G7 was significantly
larger than in Groups G2, G3, and G4. Notably,
the callus diameter in G7 was even greater than
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MERGED

FIGURE 4. Fluorescence microscope images of bone anti-IL10 are shown under the TRITC
filter (red, emission range 570 nm-620 nm) and nuclei under the DAPI filter (blue, emission
range 425 nm-475 nm). Merged images were obtained by overlaying both filters. Sections
were 5 pm thick and images were taken at x40 magnification (Scale x40=20 um).

IL: Interleukin; DAPI: 4',6-diamidino-2-phenylindole.
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IL-1 BETA DAPI MERGED

L LN - ] I RN - .

FIGURE 5. Fluorescence microscope images of bone anti-IL-1 beta are shown under the
TRITC filter (red, emission range 570 nm-620 nm) and nuclei under the DAPI filter (blue,
emission range 425 nm-475 nm). Merged images were obtained by overlaying both filters.
Sections were 5 pm thick, and images were taken at x40 magnification (Scale x40=20 pym).
IL: Interleukin; DAPI: 4',6-diamidino-2-phenylindole.
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MERGED

FIGURE 6. Fluorescence microscope images of bone anti-PCNA show PCNA in green
under the FITC filter (500-550 nm), nuclei in blue with the DAPI filter (425-475 nm), and
CdTe QDs in red with the Rhodamine filter (650-720 nm) under 710 nm excitation. Sections
were 50 pm thick, and images were obtained by superimposing these filters at x40
magpnification (Scale x40=20 pm).

PCNA: Proliferating cell nuclear antigen; DAPI: 4',6-diamidino-2-phenylindole; CdTe QDs: Cadmium telluride
quantum dots.
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Anova, F(6,38) = 10.55, p = <0.0001, n; =0.62

Anova, F(6,38) = 13.52, p = <0.0001, 11: =0.68
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FIGURE 7. Immunohistochemistry results.
IL: Interleukin.

w

in G5, suggesting a more pronounced proliferative
response in this group. Similarly, callus area
measurements showed a significant increase in
Groups G4, G5, G6, and G7 compared to Groups
G2 and G3. G7 exhibited the largest callus area,
indicating a more active bone healing process in this
group. These observations highlight the importance
of specific interventions in these groups, aligning
with previous studies that suggest callus size and
structural integrity are key indicators of effective
bone healing.!¢!

Histopathological analysis using H&E staining
showed that the four-week groups had higher
healing scores compared to the second-week groups.

Study Groups

2 e
FIGURE 8. Hematoxylin and eosin (H&E) stained liver sections at x40 magnification, observed under light microscopy.

These findings support the idea of significant
progress in bone healing over time, with a continuous
regenerative response from early to late stages, in
line with existing literature.l”!

Our findings are in line with previous studies
that demonstrated the beneficial effects of TQ on
fracture healing. In a study conducted by Santoso et
al."® orally administered TQ at a dose of 800 mg/kg
enhanced osteoblast proliferation and accelerated
callus formation by reducing oxidative stress
through its antioxidant properties. In a study by
Aliabadi et al.™ evaluating the effects of TQ-loaded
alginate scaffolds on bone healing in a rat tibial
defect model, the application of 50 pM TQ was
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FIGURE 9. Histopathological results.

shown to increase new bone formation, osteoblast
count, and capillary density. Additionally, it was
suggested that TQ may accelerate bone healing
through angiogenesis and BMP-2 activation. This
finding suggests that the effect of TQ may plateau,
and additional benefit may only be achieved at
higher doses. Therefore, it highlights the need for
further investigation to determine the optimal dose
range of TQ and to elucidate the dose-response
relationship more precisely.

Biochemical analysis revealed significantly
elevated total protein levels in G6, indicative
of heightened metabolic and anabolic activity
associated with active bone regeneration.
This aligns with the observed radiological
and histological enhancements in this group,
suggesting that prolonged administration of
low-dose TQ may promote matrix formation and
osteogenesis more effectively than higher doses.
In contrast, total protein levels in G7 were lower
than in G6, G5, and G4, indicating a different
healing mechanism in this group. Increased
total protein levels indicate enhanced tissue
regeneration and metabolic activity during bone
healing. Proteins, particularly collagen, play a
key role in new bone matrix formation. Studies
have shown that protein synthesis rises during
healing, supporting bone repair. Albumin levels

Jt Dis Relat Surg

were significantly lower in G7 compared to all
other groups, suggesting increased albumin
consumption or suppression of albumin synthesis
during tissue healing. Albumin decrease during
healing is linked to increased consumption due
to inflammation and tissue damage or suppressed
liver synthesis. This is commonly reported in
trauma and postoperative recovery.'”?? Calcium
levels in G7 were lower than in G6, G5, and G4,
while G6 exhibited higher calcium levels compared
to other groups. Considering the critical role of
calcium in bone mineralization, the higher calcium
levels in G6 suggest a more active mineralization
process. Calcium is a key component of the bone
matrix and essential for mineralization. High
calcium levels indicate active bone formation, while
calcium deficiency can delay bone healing.[*>24

In the current study, ALP levels were lower
in G7 compared to all other groups, indicating
a different bone remodeling process. The ALP is
an important biochemical marker of osteoblast
activity and bone mineralization. Low ALP levels
may indicate reduced bone formation or a different
bone remodeling process.™ Phosphorus levels
were significantly higher in G7 compared to G5,
G2, and GI, suggesting that bone metabolism in
G7 follows a distinct pattern, with phosphorus
potentially serving as a biomarker for changes in
the bone matrix. Increased phosphorus levels are
associated with changes in the bone matrix and
elevated metabolic activity. Phosphorus plays an
important role in bone remodeling and energy
metabolism.P!

Immunohistochemical analyses revealed
important insights into the inflammatory and
regenerative processes. Anti-IL-10 staining showed
that IL-10 levels in G4 were significantly higher
than in G2 at two weeks, while after four weeks,
G7 had higher IL-10 levels than G5, indicating
a stronger anti-inflammatory response in G7.
Anti-IL-1 beta staining showed lower IL-1 beta
levels in G7 compared to G5 and G6 after four
weeks, suggesting reduced inflammation. The G7
also showed significantly lower IL-1 beta levels
at both two and four weeks compared to G2,
G3, and G4, indicating rapid resolution of early
inflammation and a shift to regeneration. Anti-
PCNA staining revealed that proliferative activity
in G6 and G7 was significantly higher than in G2
and G3, indicating ongoing cellular proliferation
and key involvement in bone tissue regeneration.’®!

Histopathological evaluation revealed the
progression of bone healing across experimental
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groups. Groups with more mature bone formation
(e.g., G5, G6, G7) exhibited signs of trabecular bone
development and remodeling, while earlier healing
stages (G2, G3, G4) showed dense fibrous and
cartilage-like tissue. The transition from fibrous
and cartilage tissue to mature bone trabeculae
reflects normal healing dynamics and highlights
the importance of these groups in the fracture
repair process. The H&E staining scores in Figure 5
support these findings, with G5, G6, and G7 showing
significantly higher scores and more advanced
healing compared to G2, G3, and G4. These results
align with radiological data, indicating that larger
callus formation is associated with more advanced
healing stages.['192]

Considering the limitations, this study utilized
only a single animal model, which may limit the
generalizability of the findings to other species
or humans. The administration route was IP
injection, and the effects of oral administration
were not evaluated comparatively. Additionally,
mechanical testing such as torsional or bending
strength of the bones was not performed, which
limits the assessment of functional recovery. Finally,
the relatively small sample sizes and potential
variability in callus measurements may affect the
statistical power and reproducibility of the results.

In conclusion, this study provides strong
evidence that specific therapeutic interventions
in G5, G6, and G7 groups significantly enhance
bone healing, as demonstrated by the improving
radiological and histological outcomes in the
experimental groups. Radiological and histological
findings, along with immunohistochemical
analyses of IL-10, IL-1 beta, and PCNA, emphasize
the importance of immune and cellular responses
in the fracture healing process. These findings
may guide the development of future therapeutic
strategies to improve fracture healing, particularly
in individuals with reduced bone regeneration
capacity (e.g., elderly or those with metabolic bone
diseases). Further research is needed to explore the
molecular mechanisms and therapeutic potential
of these interventions in clinical applications.
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