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Hyperbaric oxygen treatment promotes tendon–bone 
interface healing in a rabbit model of rotator cuff tears

Abstract  
Due to the high-intensity pressure that the shoulder cuff endures, it is prone to traumas and 
tears. The main critical function of the shoulder cuff muscles is to effectively facilitate shoulder 
movement and securely maintain the humeral head in the precise center of the joint cavity to 
prevent superior migration during abduction processes. Shoulder cuff injuries typically involve 
the muscle–tendon–bone interface, but existing repair techniques do not always guarantee 
complete and secure healing, leading to retears. Hyperbaric oxygen therapy, as an auxiliary 
treatment, can significantly promote the muscle–tendon–bone healing process. To explore the 
impact of hyperbaric oxygen therapy on the bone–tendon interface healing process in a rabbit 
model specifically designed for shoulder cuff tears, an experiment was conducted on New 
Zealand white rabbits by performing a full-thickness tear of the supraspinatus tendon in the left 
shoulder, followed by 2 hours per day of 100% oxygen treatment at 2 absolute atmospheres for 5 
days. The results indicate that hyperbaric oxygen therapy significantly enhances vascularization at 
the interface between the shoulder cuff and tendon–bone, promotes collagen fiber regeneration 
in the tendon, improves the tensile strength of the tendon–bone complex, and does not have a 
significant effect on biomechanical stability. This suggests that hyperbaric oxygen therapy has a 
significant positive impact on the histological and biomechanical healing of shoulder cuff tears in 
rabbits, expediting the healing process of the tendon–bone interface.
Key Words: biomechanics; collagen; fibers; bone interface; histological change; vascularization; 
inflammation; rotator cuff tissue engineering; adjunct therapy
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Introduction
The rotator cuff, which is known to be the most powerful and 
thickest tendon in the human body, is especially likely to suffer 
from trauma and tears because it is subjected to high levels 
of stress.1 The primary and crucial function of the rotator 
cuff muscles is to effectively facilitate the movement of the 
shoulder and to firmly maintain the humeral head centered 
precisely within the glenoid cavity to prevent superior 
translation during abduction.2 Consequently, a tear in the 
rotator cuff will have a significant impact on the functionality 
of the shoulder during activities carried out in daily life. As 
society progresses toward an aging stage, shoulder cuff 
disorders are being increasingly recognized as a prominent 
public health concern. Rotator cuff injuries often involve the 
tendon–bone interface, which brings about great challenges 
for achieving effective healing.3 Rotator cuff tendon–bone 
healing involves complex transitional zones such as the 
tendon. Fibrocartilage, along with mineralized fibrocartilage 
and bone, poses a continual and significant challenge for 
orthopedic and sports medicine practitioners worldwide.4 
Recent in-depth research carried out in various disciplines, 
such as biomaterials, cell biology, and biomechanics, has 
focused on restoring the structure of this interface, which 
is highly important for restoring shoulder joint function and 

preventing retears. However, the existing repair techniques 
do not always guarantee thorough and completely secure 
healing, which then leads to the recurrence of tears.

Hyperbaric oxygen treatment (HBOT) has progressively 
emerged as a possible additional treatment approach to 
prominently enhance the tendon–bone healing process. 
Through the delivery of oxygen under high pressure, HBOT 
has the potential to enhance tissue oxygenation, boost 
angiogenesis, and regulate inflammatory responses, thereby 
promoting tissue repair processes.5,6 HBOT significantly boosts 
tissue oxygenation, which is crucial for cellular metabolism 
and collagen synthesis, and promotes angiogenesis to 
strengthen the blood supply and nutrient delivery, which are 
indispensably necessary for tissue repair.7 Furthermore, the 
anti-inflammatory effects of HBOT can significantly reduce 
the production of proinflammatory cytokines8 and thereby 
establish a conducive atmosphere for the process of healing. 
Furthermore, HBOT can remarkably stimulate the proliferation 
of fibroblasts, the deposition of collagen, and the process of 
tissue remodeling,9 strengthening the tendon–bone interface.10 

Our in-depth study attempts to comprehensively explore the 
various effects of HBOT on tendon–bone complex healing in a 
rabbit model of rotator cuff tears, concentrating not only on its 
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influence during the early periods of tendon healing but also 
on thoroughly elucidating the specific mechanisms involved 
in promoting neovascularization and optimizing the quality 
of collagen fibers. This research offers a novel perspective for 
understanding the mechanisms of HBOT in the treatment of 
shoulder cuff injuries, laying a solid foundation for the future 
development of individualized therapeutic strategies.

Materials and Methods
The protocol was successfully approved by the Animal Ethics 
Committee of Central Hospital Affiliated to Shenyang Medical 
College (approval No. 2023038). Premedication via intravenous 
injection of Zoletil (medetomidine (7 mg/kg; Virbac, Carros, 
Provence-Alpes-Côte d’Azur, France) and xylazine (2 mg/kg; 
Bayer, Leverkusen, North Rhine-Westphalia, Germany) was 
administered to minimize pain, distress, and potential death in 
the animals as much as possible.

This study utilized 32 male New Zealand White rabbits 
acquired from the Animal Laboratories of Shenyang Medical 
College (license No. SCXK (Liao) 2020-0001), and these rabbits 
had an average age of 16 weeks. The ages of the animals were 
evenly distributed among all the groups, and the average 
weight ranged from 2.5 to 3.5 kg. All rabbits were placed and 
housed in standard rabbit cages and acclimatized for 4 weeks 
under a 12-hour light‒dark cycle within a room temperature 
range of 22 ± 3°C and a humidity of 45%. The rats were given 
unrestricted access to food and municipal tap water freely 
provided. Before the surgery, the rabbits fasted for 12 hours.

All rabbits underwent an identical repair process involving 
the establishment of a full-thickness rotator cuff tear model 
by means of rabbit infraspinatus and supraspinatus muscle 
tendons on the left shoulder (Figure 1), while on the right 
shoulder, a sham surgery was carried out where only the 
tendon was exposed without generating a tear. The rabbits 
were sorted in sequence from the lightest to the heaviest 
according to their weights and subsequently were randomly 
separated into two groups, namely, the model group and 
the HBOT group, with sixteen rabbits in each group. The 
randomization procedure was carried out by means of a 
random number approach in accordance with the designated 
numbers.

The HBOT group was exposed daily to 100% oxygen at 2 
absolute atmosphere (ATA; 1 ATA = 101 kPa) for 2 hours 
continuously over 5 successive days, while the model group 

Figure 1 ｜ Surgical procedure for the rotator 
cuff tear model in rabbits under operation field 
view.
 (A) An animal model with rotator cuff tears. (B) 
A rabbit after rotator cuff repair surgery.

was subjected to normal air.

Histological assessment
Detailed histological evaluations were carried out by an 
experienced pathologist who was deliberately kept unaware 
of the study protocol and the group assignments. Four rabbits 
were euthanized at 4, 8, and 12 weeks after injury.

The entire humerus, along with the infraspinatus and 
supraspinatus tendon as well as the muscle, was painstakingly 
and meticulously harvested. The specimens were firmly fixed 
in neutral buffered 10% formalin (Sbjbio, Nanjing, China) for 
a period of 2 days and then decalcified with 20% formic acid 
for 2 weeks, followed by dehydration through graded alcohol 
and clearing in xylene. Before performing the histochemical 
analysis, all the specimens were subjected to a macroscopic 
assessment to evaluate the extent of healing (whether it 
was absent, partial, or complete). Decalcification was then 
performed. Subsequently, the specimens were embedded 
in paraffin wax, and 5-mm long longitudinal sections were 
cut parallel to the long axis of both the infraspinatus and 
supraspinatus tendons, encompassing the proximal humerus, 
the infraspinatus and supraspinatus tendons, and the muscle. 
Successive serial sections were cut to a thickness of precisely 
3 mm and then stained with hematoxylin and eosin (Sigma-
Aldrich, Shanghai, China) for the purpose of evaluating the 
overall general morphology.

The samples were evaluated for tendon-to-bone healing 
by means of a light microscope (BX51; Olympus, Tokyo, 
Japan) through a pathologist who was blinded to the specific 
treatments. Photomicrographs were precisely captured 
through the use of a digital camera (DP72; Olympus). The 
scoring system was specifically adapted from histological 
evaluation scores.11,12 Seven parameters, namely, fiber 
structure, fiber arrangement, the rounding state of the 
nuclei, inflammation, enhanced vascularity, cell density, and 
the stainability of collagen, were evaluated by means of a 
semiquantitative histological scoring system. These various 
variables were graded within a scale ranging from 0 to 3, 
where 0 represents a state of normalcy and 3 represents 
the highest level of abnormality. Consequently, a completely 
normal tendon was assigned a score of 0, while a tendon that 
was severely abnormal was assigned a score of 21 (Table 1). 
Three sections were randomly selected from each sample and 
then blindly evaluated by three independent assessors in a 
row to obtain an average score for comparison.
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Biomechanical evaluation
Biomechanical evaluations were carried out by an experienced 
biomechanical specialist who had no knowledge of the study 
protocol or group allocations. At 12 weeks after the operation, 
4 rabbits in each group died.

A specifically designed custom fixture clamping system 
was used to test the rabbit tendon–bone complex. After 
euthanasia, the entire rotator cuff of both shoulders, together 
with the humerus of each rabbit, was removed 12 weeks after 
surgery. Then, the specimens were placed and fixed in the 
load frame for uniaxial tensile loading, precisely aligning with 
the direction of the pull of the tendon–bone complex. The 
proximal portion of the humerus was firmly secured by means 
of clamps, and the tendon was firmly gripped in a special 
custom-made gripping device with serrated edges to ensure 
the stable holding of the soft tissue and effectively prevent 
any slippage.

Preconditioning of the tendon–bone complex and the humeral 
head was carried out with a static preload of precisely 0 N 
for 5 minutes before the tensile test. Immediately after 
preconditioning, the ultimate load leading to failure was then 
precisely noted under uniaxial tension at a rate of 30 mm/min. 
Failure was ascertained by a sudden decline in the load–
displacement curve, the appearance of a fracture in the bony 
constituents, or a total rupture in the soft tissue elements.

The primary outcome parameter in the biomechanical tests 
was the ultimate failure load (N), which specifically measured 
the pull-out strength of the healed rotator cuff, along with 
the yield force and the vertical displacements at the time of 
failure. The elongation at failure was specifically defined as 
the assessment of the vertical displacement of the movement 
arm of the test machine when it reached the point of failure. 
The mechanical properties of the normal rotator cuff on the 
side that underwent sham surgery were evaluated in the same 
way in a comprehensive manner.

Statistical analysis
We used the Wilcoxon test to compare the tensile strength 
between the sham and the other side in the case of 
nonparametric variables, and the Mann‒Whitney U test 
using SPSS 22 (IBM Corp., Armonk, NY, USA) was used for 
nonparametric variables to compare the semiquantitative 

histological evaluation scores and the tensile strength.

Results
At the time of harvest, there were no obvious gaps between 
the tendon and bone interfaces in any of the specimens.

Histological assessment
To accurately determine the position suitable for histological 
analysis, the sections were initially inspected under relatively 
low magnification. The tendinous part of the tendon–bone 
complex precisely at the interface between the tendon and 
the bone was selected. Then, the histological evaluation 
scores of the tendon were evaluated by utilizing higher 
magnification photomicrographs in a detailed manner.

At 4 weeks, both groups showed hypercellularity and 
hypervascularity precisely at the implant location. The majority 
of the tendon–bone complex was basically covered with a 
considerable amount of fibrous tissue as well as inflammatory 
cells. Collagen fibers showed rather poor organization, and 
they formed a moderately wavy configuration. It was obvious 
that there was clear fiber fragmentation, and the tenocyte 
nuclei presented a moderately rounded appearance. There 
were no notable differences between the two groups). At 8 
weeks, the vascularity significantly decreased in both groups, 
and inflammatory cellular infiltration was minimized to a 
considerable extent. The quantity of collagen fibers distinctly 
increased in all of the samples. However, the HBOT group 
presented a more compact and denser fiber arrangement than 
did the model group. At 12 weeks, the tenocyte nuclei seemed 
to be flattened, had a spindle-shaped appearance, and were 
sometimes even arranged in orderly rows. Notably, the HBOT 
group presented a more densely packed and neatly parallel 
collagen fiber structure. In contrast, the model group presented 
a relatively less fibrillary pattern than the HBOT group (Figure 2).

At 8 weeks, the histological scores of the model group 
in terms of fiber structure, angiogenesis, and collagen 
stainability were significantly lower than those of the HBOT 
group. The cell density and degree of inflammation presented 
similar tendencies in both groups at 4, 8, and 12 weeks. At 8 
and 12 weeks, the histological scores of the model group were 
significantly lower than those of the HBOT group (P < 0.05; 
Figure 3).

Table 1 ｜ Scoring system for histological results

Tendon pathologic score

0 1 2 3

Fiber structure Continuous, long fiber Slightly fragmented Moderately fragmented Severely fragmented

Fiber arrangement Compacted, parallel Slightly rounded Moderately rounded Severely rounded

Rounding of nuclei Long spindle shape Slightly rounded Moderately rounded Severely rounded

Inflammation (area infiltrated by inflammatory cells) (%) < 10 10–20 20–30 > 30

Increased vascularity (%) < 10 10–20 20–30 > 30

Cell density Normal pattern Slightly increased Moderately increased Severely increased

Collagen stainability Normal staining Slightly reduced Moderately reduced Severely reduced
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Biomechanical results
After 12 weeks, the tensile strength of the tissue samples was 
assessed. The mean failure load of the HBO group differed 
markedly between the operated side and the sham surgery 
side. Similarly, the failure load on the operated side in the 
model group was obviously and significantly lower than that 
on the operated side in the sham surgery group. Moreover, 
the load to failure on the operated side within the HBOT group 
was noticeably greater than that in the model group. These 
findings were in line with the experimental results related to 
yield force and vertical displacement.

Remarkable differences between the two groups were 
observed in terms of the yield force at the 12th postoperative 

week. The maximum forces that both the model group and 
the HBOT group were capable of withstanding were 39.50 ± 
2.08 N and 51.00 ± 2.94 N, respectively (P < 0.05; Figure 4A). 
On average, the maximum force within the HBOT group was 
distinctly and significantly greater than that within the model 
group. Similarly, in the HBOT group, there was a significant 
difference in the vertical displacement. The average vertical 
displacements of the model group and the HBOT group were 
29.5 ± 3.11 and 37.75 ± 1.71 N/mm, respectively (P < 0.05; 
Figure 4B).

All the failures occurred at the tendinous part of the tendon–
bone complex rather than precisely at the interface between 
the tendon and the bone.

Figure 2 ｜ Effect of HBOT on the histological changes in the tendon–bone interface in a rabbit model of rotator cuff tear, as determined 
by hematoxylin and eosin staining.
At 4 weeks, at the tendon–bone interface, the tendinous portion of the supraspinatus was selected. In both groups, most of the 
supraspinatus tendons were covered with fibrous tissue and inflammatory cells. The collagen fibers were poorly organized and moderately 
wavy. Fiber fragmentation was clearly visible, and the tenocyte nuclei were moderately rounded. At 8 weeks, there was reduced infiltration 
of inflammatory cells in both groups. The number of collagen fibers increased in all the samples. However, the experimental group exhibited 
a denser arrangement of fibers than did the model group. At 12 weeks, the tendon cell nuclei appeared flattened, spindle-shaped, and 
sometimes arranged in rows. However, the HBOT group exhibited more compact and parallel collagen fibers. In contrast, the model group 
showed a less fibrillar pattern than did the experimental group. Scale bars: 100 μm. HBOT: Hyperbaric oxygen treatment.

Figure 3 ｜ Histological evaluation scores of supraspinatus tendon repair.
Data are expressed as the mean ± SD (n = 4). *P < 0.05 (Mann‒Whitney U test). HBOT: Hyperbaric oxygen treatment.
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The differences that were detected among the groups with 
respect to biomechanical parameters were in line with 
the findings of Mashitori et al.13 in a consistent manner. 
Additionally, Horn et al.14 demonstrated that the application 
of HBOT has a significant impact on the biomechanical healing 
process of the medial collateral tendon by the 12th week, 
showing marked effects. In this particular study, the 12th 
postoperative week provided ample time for the rotator cuff 
of the rabbits to heal to a state of biomechanical proficiency.

Discussion
With remarkable progress made in the surgical techniques 
and equipment utilized for mending rotator cuff tears, the 
postoperative clinical results have significantly improved. 
However, there are still challenges that exist, including a 
rather high rate of unsuccessful repairs.15 Sporting injuries 
often require treatment for 3 to 10 sessions. Recently, HBOT 
for sports-related musculoskeletal injuries has attracted 
increased amounts of attention.16 HBOT has increasingly 
gained wide popularity among injured athletes because of 
its supposed advantages in promoting the speed of recovery, 
especially among professional athletes or those who possess 
considerable financial resources. Despite its extensive 
popularity, the evidence supporting the effectiveness of 
HBOT in this particular context remains rather limited. 
Our research selected rabbits because they are commonly 
utilized in orthopedic studies and have obvious advantages 
in establishing models of shoulder cuff injuries. Compared 
with previous studies on the shoulder structure of rabbits, the 
anatomical structure of the rabbit scapula and the path of the 
shoulder cuff tendons are relatively more primitive. Compared 
with the shoulder cuff structure in humans, the anatomical 
structure of the rabbit scapula is relatively more primitive in 
nature.17 Furthermore, rabbits are moderate in size, are cost-
efficient, are rather easy to raise, and thereby offer inherent 
advantages in regard to conducting animal experiments.

HBOT specifically involves the administration of 100% oxygen 

Figure 4 ｜ Biomechanical assessment of the ultimate failure load (A) and elongation at failure (B) between the HBOT and model groups 
at 12 weeks.
Data are expressed as the mean ± SD (n = 4). *P < 0.05 (Mann‒Whitney U test). HBOT: Hyperbaric oxygen treatment.

within a pressure vessel where the pressure is set at a level 
higher than that of the normal atmospheric pressure. Various 
HBOT models have been investigated in the literature. Ishii 
et al.18 indicated that a pressure of 2 ATA for 60 minutes 
plays a more significant role in promoting the formation of 
fibers and ligaments than other pressures. Mashitori et al.16 

applied HBOT for 2 hours at 2 ATA in their ligament healing 
experiment. Similarly, Yeh et al.19 used HBOT for 2 hours at 2 
ATA in a rabbit experimental study. In our study, we applied 
HBOT at 2 ATA for 2 hours to fully utilize the optimal impacts 
of oxygen on the process of wound healing. Zhao et al.20 

firmly established a direct and significant correlation between 
oxygen and growth factors. Consequently, it is rational that 
HBOT promotes the ingrowth of blood vessel formation, 
which is related to the enhancement of blood supply, leading 
to an increase in trabecular bone around the tendon as 
well as an improvement in the contact between the tendon 
and the bone at the tendon–bone interface. A number of 
different theories have been proposed in relation to the cause 
of rotator cuff injuries. The chronic degeneration theory 
suggests that tendon degeneration is capable of resulting in 
rupture regardless of the degree of tendon overload,21 and 
this is what it postulates. Among the suspected susceptibility 
factors are recurrent microtrauma, the process of aging, and 
localized hypovascularity.22 Angiographic and histological 
findings firmly support the degeneration theory, clearly 
revealing scattered regions of healing and mucoid as well 
as edematous alterations in the tissue samples, which are 
strongly indicative of chronic progression. Tissue oxygenation 
is widely known to be of great significance for the process 
of healing, and HBOT is considered to be able to boost 
wound healing by increasing the levels of dissolved oxygen 
in blood and tissues.23 Furthermore, HBOT contributes to 
the process of neovascularization in tissues with relatively 
reduced vascularity.7,24 Research has demonstrated a direct 
connection between oxygen and growth factors, indicating 
that HBOT promotes the growth of blood vessels, which leads 
to the improvement of blood supply and the reinforcement 
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of trabecular bone formation around the tendon, thereby 
enhancing contact at the tendon–bone interface.5,16,25

The exact mechanism by which HBOT promotes healing 
remains unknown. In previous studies, the potential 
mechanisms and physiological effects of HBOT were 
clearly described. In a relatively short period, HBOT can 
enhance the delivery of oxygen through vasoconstriction, 
effectively reducing edema, significantly improving the 
phagocytic function of neutrophils, exerting remarkable anti-
inflammatory effects, and alleviating ischemia–reperfusion 
injury.26 With repeated administration carried out over 
longer durations, HBOT can induce neovascularization, 
neoangiogenesis, and collagen generation, which has the 
potential to significantly enhance muscle rehabilitation during 
the inflammatory and proliferative stages of the recovery 
process.27 Moreover, further studies have shown that HBOT 
can induce oxidative stress by controlling the generation 
of reactive oxygen and nitrogen species, thereby activating 
various cellular processes and pathways.7,28 Key mechanisms 
include increased growth factor (e.g., hypoxia-inducible factor 
1α), vascular endothelial growth factor, stromal-derived factor 
1, the mobilization of bone marrow-derived stem cells (CD34+ 
cells), and the reduction of neutrophil adhesion (by means of 
the modification of integrin β2), which can alleviate ischemia–
reperfusion injury.29

Our in-depth study revealed that there was no marked 
difference in biomechanical resistance among the groups 
that were treated with HBOT after refixation and those that 
underwent sham surgery. In other words, the stability after 
12 weeks was comparable to the stability without tensile 
tearing forces, which can actually be ascribed to HBOT. Based 
on the obtained experimental results, HBOT has emerged 
as an important treatment modality that has the potential 
to significantly improve therapeutic outcomes in patients 
with rotator cuff tears. Consequently, our histological 
findings imply that the group treated with HBOT entered the 
remodeling stage ahead of time and exhibited a more mature 
healing pattern. Biomechanical analyses more thoroughly 
demonstrated the outstanding superiority of HBOT treatment 
compared to cuff repair alone. All the cases of failure were 
distinctly observed precisely at the tendinous part of the 
supraspinatus rather than at the interface between the bone 
and the tendon. This clearly shows that tendon–to–bone 
healing was successfully accomplished in all the specimens by 
the 12-week postoperative period.

Our study has several limitations. First, the specific mechanism 
or detailed mechanism by which HBOT improves the healing 
of acute rotator cuff tears is still not fully understood. 
Second, the nonexistence of a chronic tear model restricts 
our capacity to extend these discoveries to chronic cuff 
tears because different mechanisms or cellular settings 
may be implicated in acute as opposed to chronic injuries. 
Furthermore, the animal model employed might not precisely 
simulate the degenerative age-related rotator cuff tears 
that are typically observed in humans, in which intrinsic 
degenerative alterations in tendon retraction are rather 

widespread. Further investigations are needed to validate 
these hypotheses. However, this study has several strengths. 
Only a very small number of previous studies have specifically 
carried out investigations and in-depth analyses on the effects 
of HBOT, particularly for rotator cuff repair. Furthermore, 
in this animal study, histological changes were evaluated at 
different postoperative time intervals in a meticulous manner. 
The outcomes of the semiquantitative assessment clearly 
revealed marked differences between the HBOT and model 
groups, strongly highlighting the effectiveness of HBOT in 
facilitating distinct histological alterations that are associated 
with enhanced healing procedures.

In conclusion, although the present study ultimately offers 
a very valuable understanding of the potential of HBOT as a 
new therapeutic means for promoting the healing of rotator 
cuffs, more in-depth research is still required to confirm its 
clinical effectiveness, optimize treatment plans, and clarify 
the underlying mechanisms involved. Collaborative endeavors 
among clinicians, researchers, and industry partners are vital 
for promoting our understanding of HBOT in the management 
of rotator cuff tears and converting these discoveries into 
enhanced patient care.
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