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Heterotopic ossification (HO) is a recognized 
medical disorder characterized by the development 
of bone in the soft tissues and it is a complex 
issue which can significantly restrict the range of 
motion in a joint.[1,2] The only viable solution for 
acquired HO is surgical excision. Consequently, 
there is significant interest in the prevention of 
HO through prophylaxis. Currently, non-steroidal 
anti-inflammatory drugs (NSAIDs) and radiation 
therapy are widely regarded as the most effective 
methods for preventing HO.[3]

The occurrence of HO is initiated by local 
inflammation resulting from trauma and 
surgical procedures, which activates intricate 
biological mechanisms. The conversion of nearby 
fibroblasts into pluripotent mesenchymal cells 
and osteoblasts resulted in increased osteoblastic 

Objectives: In our study, we aimed to evaluate the efficacy of 
prophylactic ozone therapy (OT) for heterotopic ossification 
(HO) development after hip surgery in a rat model.
Materials and methods: We randomly divided a total of 
20 Wistar albino rats into two equal groups (n=10) as the control 
group (Group 1) receiving daily intraperitoneal injections of 
1 mL of Ringer’s lactate solution for a duration of two weeks 
after undergoing hip surgery and the group (Group 2) receiving 
OT daily at a dose of 1 mL of an ozone/oxygen combination 
via intraperitoneal route for a period of two weeks after hip 
surgery. Hip surgery was performed to mimic the formation of 
HO. After 12 weeks, the animals were evaluated functionally 
and sacrificed. Following sacrification, histopathological, and 
radiological assessments were performed.
Results: The modified Brooker staging method was used for 
radiological evaluation, and all animals in the control group 
showed at least Stage 1 HO formation. However, only three 
animals (30%) in the OT group showed HO formation (p=0.006). 
In histopathological evaluation, the median HO rates in the high-
power field were 42.5 (range, 30 to 55) in the control group and 
0 (range, 0 to 25) in the OT group (p=0.003), and the median 
leukocyte count was 5.5 (range, 3 to 7) in the control group and 
1 (range, 0 to 3) in the ozone group (p=0.006). Radiological HO, 
histopathological HO, and inflammation were significantly lower 
in the ozone group (p<0.05).
Conclusion: Our study results suggest that OT is effective in 
decreasing HO formation in rats following hip surgery.
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activity. Endochondral ossification is the main 
process responsible for the formation of traumatic 
HO. Proinflammatory substances, such as 
interleukin (IL)-1, prostaglandin E1 (PGE1), and 
E2 (PGE2), accelerate the process that includes 
bone morphogenic protein (BMP).[3,4] Hence, the 
suppression of proinflammatory factors is essential 
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in the prevention of HO. Selective COX-2 inhibitors 
and standard NSAIDs are frequently utilized in 
daily practice to disrupt this intricate inflammatory 
cascade.

The method of drug administration is critical 
in influencing therapeutic outcomes. To illustrate, 
intraperitoneal (IP) administration has been shown 
to be as effective as intravenous (IV) administration, 
as it allows for systemic absorption through the 
peritoneal membranes, thereby enabling comparable 
therapeutic effects.[5,6] The impact of ozone therapy 
(OT) on human physiology through oxidative 
preconditioning has been extensively studied.[7] 
Ozone therapy has gained popularity as a treatment 
for various extra-skeletal diseases, as it influences 
the nuclear factor-kappa B (NF-kB)/nuclear factor 
erythroid 2-related factor 2 (Nrf2) pathways and the 
cytokines IL-6 and IL-1β, which may be advantageous 

in addressing several disorders, including novel 
coronavirus disease 2019 (COVID-19).[8-11]

In the present study, we hypothesized that OT 
could hinder the development of HO by altering 
the microenvironment, as it could reduce the 
inflammatory process associated with traumatic HO 
generation through its anti-inflammatory properties 
(Figure 1). We, therefore, aimed to examine the 
efficacy of prophylactic ozone therapy for HO 
development after hip surgery in a rat model.

MATERIALS AND METHODS

The study included a total of 20 Wistar albino rats, 
with each rat weighing between 400 and 500 g. 
The rats were provided with rat chow and water 
freely, without restriction. The rats were kept in 
a controlled environment with a 12-h light/dark 
cycle.[12] All animals received equal humane care. 

FIGURE 1. Demonstration of the mechanism of heterotopic ossification and our hypothesis that ozone inhibits this mechanism by 
regulating different pathways.
HO: Heterotopic ossification; VEGF: Vascular endothelial growth factor; BMP: Bone morphogenetic protein Nrf2: Nuclear factor erythroid 2-related factor 2; 
TLR: Toll-like receptors; NF-kB: Nuclear factor-kappa B; TNF-a: Tumor necrosis factor alpha; IL: Interleukin; HIF1a: Hypoxia-inducible factor 1-alpha; ARNT: Aryl 
hydrocarbon receptor nuclear translocator; HRE: Hypoxia response element; BMP: Bone morphogenic protein; VEGF: Vascular endothelial growth factor. (Created 
in BioRender, (2025) https://BioRender.com/cxy7kyj.
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The study protocol was approved by the Dokuz 
Eylül University Animal Experiments Local Ethics 
Committee (date: 06.06.2022, IRB: 17/2022).

We conducted a random allocation of the 
animals into two equal groups (n=10): (i) The 
control group (Group 1) was administered daily 
IP injections of 1 mL of Ringer’s lactate solution 
for a duration of two weeks after undergoing hip 
surgery; (ii) The group (Group 2) receiving OT was 
given a daily dose of 1 mL of an ozone/oxygen 
combination via IP route for a period of two 
weeks after hip surgery. The mixture contained 
30 µg/mL of ozone.[13-15] The inflammatory phase, 
which is crucial in the development of HO, occurs 
during this process, which is the primary reason 
that ozone was applied for two weeks beginning 
in the early postoperative period in the present 
study. In addition, OT was applied for 10 to 14 
days in well-designed rat studies to utilize the 
anti-inflammatory effect of ozone, and successful 
results were reported.[16-18]

The animals exhibited no indications of 
postoperative complications. The primary criteria 
for exclusion were experiencing early death and 
surgical failure. No early death or surgical failure 
was observed in our study. After 12 weeks of follow-
up, a functional assessment was performed, and the 
animals were subsequently euthanized by carbon 
dioxide (CO2) inhalation. The site containing the 
pelvis and bilateral proximal femurs was resected 
and removed together with the surrounding soft 
tissue. Radiological and histopathological evaluation 
were performed.

Surgical procedures

All surgical procedures were conducted under 
general anesthesia using a sterile method. We 
administered 100 mg/kg of ketamine (Ketalar®; 
Pfizer Türkiye, İstanbul, Türkiye), and 10 mg/kg of 
xylazine (XYLASED®; Bioveta, Czech Republic) via 
IP route.

We performed a 3-cm skin incision on the 
greater trochanter, which extended down to the 
bone and resulted in dissection along the muscle 
fiber line. We performed a surgical procedure to 
expose the great trochanter and then used a 2-mm 
Kirschner wire (K-wire) to drill the bone deep into 
the medullary cavity. We carried out this procedure 
to facilitate the access of pluripotent mesenchymal 
stem cells (Figure 2). Subsequently, muscle damage 
was carried out to replicate the comprehensive hip 
surgery as described by Anthonissen et al.[19]

Radiographic evaluation

We utilized a micro-computed tomography 
(CT) device (Micro-CT 50; Scanco Medical AG, 
Switzerland) to examine hip samples stored 
in a formaldehyde solution. We conducted 
three-dimensional (3D) modeling of the sample 
photos (Figure 3).

FIGURE 2. (a) Intraoperative image showing blunt dissection 
of the gluteal muscles after the skin incision. (b) Exposure to 
the greater trochanter and drilling procedure.

(a)

(b)



Jt Dis Relat Surg4

We assessed the presence of HO in animal 
models using the modified Brooker grading 
system, as described by Anthonissen et al.[19] Two 
orthopedic specialists examined all photos to 
ascertain the existence and progression of HO, 
and a musculoskeletal radiologist with 25 years of 
expertise in radiography confirmed these findings. 
Any dispute or disagreement was settled by reaching 
a consensus.

Histopathological assessment

We collected sample slices by sacrificing the 
femoral head along the reference sagittal line. The 
samples were immersed in a 4% paraformaldehyde 
solution at a temperature of 4°C for a duration 
of 48 h. Subsequently, they were subjected to 
decalcification using a 7% formic acid solution. 
After the process of decalcification, we placed the 

(a)

(b)

FIGURE 3. (a) A computed tomography (CT) image of the rat with Stage 1 heterotopic 
ossification in the coronal pelvis (arrow). (b) The image displays heterotopic ossification (Stage 3) 
between the major trochanter and acetabulum in a coronal rat pelvic CT scan, as well as a 3D 
(three-dimensional) rat CT scans.
CT: Computed tomography.
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samples in a paraffin block and sliced them into 
slices that were 7 µm in thickness. We applied 
hematoxylin and eosin (H&E) and Masson’s 
trichrome dye to the sections to create stains. 
Heterotopic ossification was characterized as 
the process of forming new bone in soft tissues 
(Figure 4).

All histopathological assessments were 
conducted by blinded observers using coded 
samples to ensure that the evaluators were 
unaware of the group allocation. Both a 
musculoskeletal pathologist with two decades 
of expertise and an orthopedist examined all 
samples to determine the existence and stage of 
HO, as well as the inflammatory response. Any 
dispute or disagreement was settled by reaching 
a consensus. We conducted the histological 
assessment by examining the maximum level 
of magnification under the microscope. We 
considered the density of cells in the region where 
inflammatory alterations were most apparent, as 
well as the proportion of the area where osseous 
tissue was visible. We assessed the extent of 
inflammatory infiltration by counting the number 
of leukocytes in the high-power field (HPF) of 
the microscope with the greatest cellular density. 
After applying H&E and Masson’s trichrome stains 
to the hip samples, we assessed the extent of HO 
by quantifying the area of the most prominently 
seen region under the highest magnification in the 
microscope field. Histopathological evaluations 
were carried out numerically in terms of leukocyte 
count and HO ratio in the HPF area. Thereafter, 
data were categorized and evaluated according 
to the grading system used by Ohlmeier et al.[20] 
(Table I).

Functional assessment

We employed hindpaw prints specifically for 
the purpose of functional assessment, following 
the methodology as described by de Medinaceli 
et al.[21] The animals were encouraged to walk 
along a narrow pathway that was enclosed, with 
a dimly lit refuge at the far end. We immersed the 
hindpaws in various hues of ink and permitted 
them to traverse a walking track coated with 
white copier paper. The functional assessments 
were done preoperatively and postoperatively at 
12 weeks.

FIGURE 4. (a) The image shows heterotopic ossification 
(Stage 1), with hematoxylin and eosin (H&E) at 2¥ 
magnification (arrow). (b) Stage 2 heterotopic ossification 
observed at 2¥ magnification (arrows).

(a)

(b)

TABLE I
Histopathological staging

Stage Heterotopic ossification Inflammatory infiltration 

0 No heterotopic ossification No leukocytes

1 The bone formation area was less than one-third of the evaluated area. Less than 5 leukocytes/HPF

2 The bone formation area was between one-third and two-thirds of the evaluated 

area.

Between 5 and 10 leukocytes/HPF

3 The bone formation area was over two-thirds of the evaluated area. More than 10 leukocytes/HPF

HPF: High-power field.
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Statistical analysis

Statistical analysis was performed using the IBM 
SPSS version 26.0 software (IBM Corp., Armonk, 
NY, USA). Descriptive data were presented in 
mean ± standard deviation (SD), median and 
interquartile range (1st-3rd IQR) or number or 
frequency, where applicable. The Shapiro-Wilk 
normality test was used to determine whether the 
data were normally distributed. The Mann-Whitney 
U test was used to analyze non-normally distributed 

(non-parametric) variables in the two groups. The 
chi-square test was used to compare the categorical 
data obtained by radiological and histopathological 
staging. A p value of <0.05 was considered 
statistically significant.

RESULTS

The modified Brooker staging used in radiological 
evaluation revealed HO formation in seven (70%) 
subjects in Stage 1, two (20%) in Stage 2, and one 
(10%) in Stage 3 in the control group, whereas 
in the OT group, HO formation was seen in 
three animals (30%), one in Stage 1 and two in 
Stage 2 (Figure 5). There was a statistically significant 
difference between the two groups (p=0.006). The 
HO ratios obtained by histopathological evaluation 
were examined and the median value was 42.5 
(range, 30 to 55) in the control group and 0 (range, 
0 to 25) in the OT group. A statistically significant 
relationship was found between the two groups 
(p=0.003). Considering the histopathological 
staging of HO, in which the severity of HO was 
categorized, all rats in the control group (100%) 
exhibited at least Stage 1 HO, while three rats 

FIGURE 5. Radiological degree of heterotopic ossification in 
different animal groups.
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TABLE II
Histopathological findings related to heterotopic ossification

Group 1 (n=10) Group 2 (n=10)

n % Median IQR n % Median IQR p

HO area ratios 42.5 30-55 0 0-25 0.003*

HO histopathological stage

0 0 0 6 60 0.014†

1 3 30 3 30

2 6 60 1 10

3 1 10 0 0

IQR: Interquartile range; HO: Heterotopic ossification; * Mann-Whitney U test; † Chi-square test.

TABLE III
Distribution of inflammatory findings in histopathological examination according to groups

Group 1 (n=10) Group 2 (n=10)

n % Median IQR n % Median IQR p

Leukocyte counts 5.5 3-7 1 0-3 0.006*

Inflammatory response stage

0 0 0 5 50 0.020†

1 5 50 4 40

2 5 50 1 10

3 0 0 0 0

IQR: Interquartile range; HO: Heterotopic ossification; * Mann-Whitney U test; † Chi-square test.
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in the OT group (30%) had Stage 1 HO and one 
(10%) had Stage 2 HO (Table II). This resulted 
in a significant difference between the groups 
(p=0.014). In the histopathological assessment of 

leukocyte counts within the HPF, the median 
value of leukocytes was 5.5 (range, 3 to 7) in the 
control group and 1 (range, 0 to 3) in the OT group 
(Figure 6). A statistically significant relationship 
was found between the two groups (p=0.006). 
The detailed results of the histopathological stage 
which classified the severity of inflammation are 
presented in Table III.

During both the pre- and postoperative periods, 
there was no statistically significant difference 
between the groups in terms of functional 
assessment, regarding walking analysis (p>0.05).

DISCUSSION

In the current study, we examined the efficacy of 
prophylactic ozone therapy for HO development 
after hip surgery in a rat model. Our study results 
showed that IP administration of OT effectively 
reduced the inflammatory response and prevented 
the formation of traumatic HO following hip 
surgery in rats. The preventive impact of OT, 
through its anti-inflammatory properties, may 
have been crucial in preventing HO. There was no 
significant difference between the groups in terms 
of functional assessment. Mobilization with range 
of motion exercises is one of the current therapy 
recommendations to prevent HO formation after 
hip surgery. Thus, the absence of any difference in 
walking ability and mobilization capacity between 
the two groups holds significant importance in 
ensuring the reliability and validity of the findings 
in the current investigation.

Establishing a HO model in animals is a difficult 
task. The conventional approaches involve the 
implantation and overexpression of osteogenic 
factors within the soft tissues.[22] The initial 
investigations are based on the insertion of bone, 
bone marrow, and periostin into tissues outside the 
skeletal system to provide the required conditions 
for the formation of HO.[22] In 1965, Urist[23] enhanced 
this model and introduced the heterotopic 
implantation model, which achieved a success rate 
of 60%. However, both this model and the widely 
utilized model of Buck[24] do not accurately replicate 
the precise process of HO formation, which involves 
cellular, metabolic, and mechanical variables. In 
rabbits, the osteoprogenitor cells dispersed over 
the hip area following the drilling of the femoral 
canal, according to Schneider et al.[25] This process 
closely resembled the sequence of HO formation. 
Anthonissen et al.[19] adapted and validated this 
model for use in rats. The authors achieved 90% 
HO development after hip surgery using their 

FIGURE 6. (a) An image of the femoral head and its 
surrounding  area shows no inflammation in the ozone 
therapy (OT) group. (b, c) The image displays inflammation 
in the femoral region in the control group.

(a)

(b)

(c)
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modified technique. Another important point in 
creating a HO model is the follow-up period. 
Heterotopic ossification usually occurs between 
three and 12 weeks after injury in humans, and 
this period can be much longer.[26-28] However, it has 
been well demonstrated that the basal metabolic 
rate of rats is three to four times higher than that of 
humans.[27,29] This higher metabolic rate affects both 
the physiological processes such as bone healing 
and the pathological conditions such as HO. Several 
authors reported that a period of four to eight 
weeks was usually sufficient for the formation 
of HO in rat models.[26-28] Brady et al.[27] reported 
70% of HO formation within six weeks in a severe 
trauma model. Additionally, Anthonissen et al.[19] 
reported 90% of HO development after 12 weeks 
of follow-up in their rat model. The current study 
also repeated the methodology of Anthonissen et 
al.[19] and observed HO formation in all rats in the 
control group after a 12-week follow-up period. 
This finding is consistent with previous studies. 
The high rate of HO formation in the control group 
in our study also indicates that both the 12-week 
follow-up period is sufficient and the radiological 
evaluation of micro-CT is successful in showing 
earlier HO formations.

Prophylaxis is the standard and primary 
treatment approach for traumatic HO. The 
effectiveness of surgically removing the 
bone located outside the skeletal system is a topic 
of debate, and it is not uncommon for the bone 
to rebuild after it has been removed.[30] Therefore, 
preventative treatment is highly significant, 
even during surgical excision. Even though 
bone tissue proliferation is the final stage of HO 
formation, inflammatory cells (i.e., macrophages, 
lymphocytes, and mast cells) and signaling 
pathways (NF-kB, hypoxia-inducible factor 1-alpha 
(HIF-1a), tumor growth factor-beta (TGF-b), and 
BMP) which trigger cell differentiation play a 
central role in the initiation of this cascade.[3,31,32] 
Also, NSAIDs, bisphosphonates, and radiation 
therapy are used prophylactically by preventing 
the pathological process of HO development at 
different steps.[33] Despite this, the pathological 
process cannot be completely inhibited, and these 
therapeutic modalities have significant adverse 
effects.[34] Ozone therapy is recognized to modulate 
Nrf2-NF-kB pathways and reduce the production 
of inflammatory mediators such as IL-1β, IL-6, 
PGE1, and PGE2, thereby decreasing osteoblastic 
activity and BMP activation.[4,10,32] In this study, both 
radiological and pathological findings revealed 

that the anti-inflammatory mechanism of OT 
halted the pathological process in HO formation. 
Furthermore, OT has fewer side effects compared 
to other methods of suppressing inflammation.[35]

One of the major effects of OT is the ability to 
reduce tissue ischemia by increasing the oxygen 
pressure in the surrounding tissues. Local tissue 
hypoxia is one of the main triggers of HO along 
with post-traumatic inflammation. The HIF-1a 
levels increase under hypoxic conditions and 
initiate the HO process by overactivating the BMP 
signaling pathway.[33,36] Ozone therapy is known to 
disrupt the trauma-induced local hypoxia-ischemia 
cycle by combining anti-inflammatory and 
hyperoxygenation properties, thereby reducing 
HIF-1α/BMP-mediated osteogenic activity.[33,37] In 
their experimental study, Güçlü et al.[37] also proved 
that OT significantly inhibited HIF-1α levels in 
hypoxic tissues by the hyperoxygenation effect. 
Ranganathan et al.[33] emphasized the critical 
importance of this mechanism in HO formation and 
suggested that techniques that could inhibit this 
pathway should be investigated for the prevention 
of HO. Although HIF-1α and BMP levels that may 
indicate hyperoxygenation could not be measured 
in our study, we may speculate that the significant 
decrease in HO areas in histopathological 
examination in the OT group is due to the combined 
anti-inflammatory and hyperoxygenation effects of 
ozone.

Nonetheless, this study has certain limitations 
which are essentially inherent to being an 
experimental animal study, such as a relatively 
small sample size of animals. Moreover, it is crucial 
to elucidate the essential therapeutic dosages and 
the optimal duration of therapy. Although specific 
ozone concentrations with anti-inflammatory and 
antioxidant properties have been identified in 
previous studies, another limitation is that we did 
not include control groups that received different 
doses of ozone or alternative anti-inflammatory 
drugs. Moreover, doing animal sacrifices at various 
time intervals would provide more significant 
insights on the anti-inflammatory impact of OT 
compared to a fixed time interval. The other 
limitation is the lack of a sham group. However, 
the injection of placebo (Ringer's) into the control 
group represents the development of HO without 
any effective treatment under surgical conditions. 
Therefore, the main reason for not including the 
sham group is that the number of animals would 
increase and lead to unnecessary repetition, 
contrary to the 3R (replacement, reduction, and 
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refinement) principles. Another limitation is that 
biological markers such as HIF-1a, BMP, alkaline 
phosphatase, and inflammatory cytokines (IL-6, 
IL-1B, etc.), which can show the anti-inflammatory 
and hyperoxygenation effects of ozone and are 
thought to play a role in the pathogenesis of HO, 
could not be examined in tissue or blood. Although 
the negative effects of this examination on systemic 
inflammation or local complications are debatable, 
future studies which include these measurements 
would yield more comprehensive results. On the 
other hand, this study is the first to assess the 
efficacy of OT in preventing the formation of 
traumatic HO which would provide additional 
contribution to the body of knowledge in the 
literature.

In conclusion, our study results indicate that 
OT is effective in decreasing HO formation in 
rats following hip surgery. Further preclinical and 
clinical investigations are warranted to optimize the 
efficacy of OT in the future.
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