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Abstract
(Bulutlar E, Yilmaz A, Uluutku Bulutlar GB, Aslan Y, Bozdağ HN, Küçükodaci Z. Effect of hyperbaric oxygen treatment 
on ischaemia-reperfusion injury in rats detorsioned after experimental ovarian torsion. Diving and Hyperbaric Medicine. 
2024 31 March;54(1):16−22. doi: 10.28920/dhm54.1.16-22. PMID: 38507906.)
Introduction: This study aimed to investigate whether hyperbaric oxygen treatment (HBOT) could ameliorate ischaemia-
reperfusion injury in a rat model of ovarian torsion-detorsion.
Methods: Twenty-seven rats were divided among four groups: surgical sham rats (S) (n = 6) underwent identical anaesthesia 
and surgical incisions to other groups (n = 7 per group) but with no ovary intervention; torsion rats (T) underwent laparotomy, 
ovarian torsion, relaparotomy and sacrifice after three hours; torsion and detorsion rats (T/DT) underwent laparotomy, ovarian 
torsion (three hours), relaparotomy and detorsion, and sacrifice after one week; torsion, detorsion, hyperbaric oxygen rats 
(T/DT/HBOT) underwent laparotomy, ovarian torsion, relaparotomy and detorsion, and sacrifice after one week during 
which HBOT was provided 21 times (100% oxygen at 600 kPa for 50 min). In all groups blood collection for markers of 
oxidative stress or related responses, and ovary collection for histology were performed after sacrifice.
Results: When the T/DT, and T/DT/HBOT groups were compared, 8-hydroxy-2′-deoxyguanosine (a marker of oxidative 
damage to DNA) and malondialdehyde (a product of lipid peroxidation) levels were lower in the T/DT/HBOT group.  
Anti-Mullerian hormone levels were higher in the T/DT/HBOT group compared to the T/DT group. In addition, 
oedema, vascular occlusion, neutrophilic infiltration and follicular cell damage were less in the T/DT/HBOT group 
than in the T/DT group.
Conclusions: When biochemical and histopathological findings were evaluated together, HBOT appeared reduce ovarian 
ischaemia / reperfusion injury in this rat model of ovarian torsion-detorsion.

Introduction

Ovarian torsion may be defined as the impairment of 
ovarian perfusion and occurrence of ischaemic changes, 
as a result of rotation of the ovary around the infundibulo-
pelvic and utero-ovarian ligament.1,2  Since the majority of 
the cases occur in the reproductive period, the protection 
of ovarian function is extremely important in terms of 
fertility and women’s health in general. Historically, the 
standard treatment for ovarian torsion has been salpingo-
oophorectomy on the affected side, due to concerns about 
the risk of thromboembolism. However, in observational 

studies, it has been noted that ovarian function continued 
in cases where detorsion had been undertaken.3

Minimising ischaemia-reperfusion injury in detorsion cases 
in which ovarian tissue is preserved has become a new 
area of interest amongst clinicians and scientists.3–5  We 
have not been able to identify reports of hyperbaric oxygen 
treatment (HBOT) being used in this context. The promising 
results of HBOT in testicular torsion,6–9 which has similar 
mechanisms as cases of ovarian torsion, inspired this study.  
Should HBOT prove beneficial in vivo, this might justify a 
clinical study.



Diving and Hyperbaric Medicine  Volume 54 No. 1 March 2024 17

Methods

The study was approved by the Ethics Committee of Animal 
Experiments in the Health Sciences University of Hamidiye 
(approval number 46418926-605.02).

ANIMALS

Twenty-seven female Sprague-Dawley rats of about four 
months age, weighing 200–250 g, were used. Experimental 
design elements suggested by ARRIVE guidelines 2.0 were 
followed.10

ANAESTHESIA

For surgical interventions anaesthesia was provided 
intraperitoneally with 80 mg·kg-1 ketamine hydrochloride 
and 20 mg·kg-1 xylazine hydrochloride. Where necessary, 
ketamine (25 mg·kg-1) was repeated (based on checking 
reflex responses) to keep the anaesthesia depth of the rats 
constant.

PROCEDURE

The rats were divided into four groups: In the surgical 
sham group (S), six rats’ laparotomy incisions were closed 
after the uterus and adnexa were seen. After three hours 
relaparotomy was performed and bilateral ovaries were 
removed. In the torsion group (T) (n = 7), rats underwent 
laparotomy, exposing the ovaries which were tied with 5/0 
polydioxanone suture approximately 1 cm below the adnexal 
structure containing the tubal and ovarian vessels, in order 
to create an ovarian ischaemia model. Three hours after skin 
closure, both ovaries were removed by relaparotomy. Both S 
and T groups were sacrificed after blood and tissue samples 
were taken at relaparotomy. In the torsion/detorsion group 
(T/DT) (n = 7) after performing the ischaemia intervention 
as above, the ovaries were reperfused by suture removal 
during relaparotomy at the third hour. The rats were housed 
in their cages for one week without any other treatment. 
In the torsion/detorsion/hyperbaric oxygen (T/DT/HBOT) 
group (n = 7) rats underwent an identical procedure to the 
T/DT group but subsequently underwent HBOT sessions 
for one week (as below), in a pressure chamber designed 
for animals.

The HBOT protocol was designed in accordance with 
previous literature relevant to our study.11  That study 
investigated the effect of HBOT (1,000 kPa) in testicular 
torsion in rats. In the present study we restricted the 
treatment pressure to 600 kPa (absolute). In our protocol, 
the pressure was increased to 600 kPa over 10 min and 
maintained for 50 min using oxygen. Compression began 
slowly to minimise discomfort. Thereafter, decompression 
was conducted linearly to ambient pressure at a rate of 
200 kPa·min-1. The chamber underwent continuous 
ventilation to avoid accumulation of carbon dioxide. In the 
first two days following surgery, four sessions of 50 minutes 

were applied. On the 3rd, 4th, and 5th days, three sessions 
of 50 minutes each were applied. On the 6th and 7th days, 2 
sessions of 50 minutes were applied.12  That is, 21 sessions 
of HBO were given over seven days, and the daily treatment 
sessions program can be summarised as 4/4/3/3/3/2/2.7,12  
At the end of the 7th day, both ovaries were removed by 
relaparotomy and blood samples taken after which the rats 
were sacrificed.

Blood samples underwent enzyme-linked immunosorbent 
assay (Bioassay Laboratory brand trade kit, China) conducted 
by staff unaware of group allocations. Five assays were 
conducted: 8-hydroxy-2′-deoxyguanosine (8-OHDG), one 
of the oxidative damage products when reactive oxygen 
species damage DNA;13 malondialdehyde (MDA), a product 
of lipid peroxidation (higher levels indicate a greater degree 
of oxidative damage);14 superoxide dismutase (SOD), the 
only enzyme in the organism that utilises the superoxide 
free radical as a substrate (an increase indicates antioxidant 
capacity as well as indirectly indicating the mitochondrial 
extent of oxidative damage); glutathione peroxidase (GSH-
Px), found in the cell cytoplasm (an increase protects cells 
against oxidative damage caused by H

2
O

2
);15  and anti-

Mullerian hormone (AMH), an ovarian hormone (a decrease 
indicates a decrease in ovarian reserve).16

The ovarian tissues were fixed in 10% formaldehyde for 
24 hours after which 4 µm sections were prepared from 
paraffin blocks and stained with hematoxylin eosin (H&E). 
The sections were examined with a light microscope for 
ischaemia-reperfusion injury and the results were evaluated 
semi-quantitatively as 0 – no damage, 1 – mildly damaged, 
2 – moderately damaged, 3 – severely damaged, in respect 
of oedema, follicular cell damage, vascular congestion, 
haemorrhage, neutrophil infiltration and cohesion failure. 
The examining pathologist was blinded to group allocation.

STATISTICAL ANALYSIS

The ‘E value’ method was used to determine the number of 
animals to be used in our study. According to this analysis, 
the E value should be between 10 and 20.17  The E value 
(effectively the degrees of freedom for analysis of variance) 
was calculated from total number of animals – total number 
of groups. Assuming use of six rats per group in four groups, 
one of which is the control group, the total number of animals 
needed was 24 and the E value was 24-4 = 20.17

Statistical analyses were undertaken with the Statistical 
Package for Social Sciences, version 22.0 (SPSS Inc, 
Chiago, III, USA). Individual group biochemical parameters 
were assessed with the 1-sample Kolmogorov-Smirnov 
Z test and found normally distributed. The data were 
therefore expressed as means and standard deviations (SD). 
Analysis of variance was performed on the biochemical 
data to examine differences among groups. If a significant 
group effect was found, a Tukey honestly significant 
difference (HSD) test was used to identify the location of 
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differences between groups. Statistical significance was 
defined as P < 0.05. Tissue damage scores were compared 
by nonparametric analysis, and statistical significance was 
assessed by Kruskal-Wallis followed by a Bonferroni-
corrected Mann-Whitney U test.

Results

8-OHDG VALUES

The one-way ANOVA test showed a statistically significant 
difference between the mean 8-OHDG levels of the 
groups (P < 0.05). The values in the T/DT/HBOT group 
were significantly decreased compared to the T/DT group 
(2.42 [SD 0.54] vs 2.79 [0.43] ng.ml-1), P < 0.05. Group 
T had the lowest data compared to the other three groups 
1.28 (0.17) ng.ml-1 (Figure 1).

MDA VALUES

The one-way ANOVA test showed a statistically significant 
difference between the mean MDA levels of the groups 
(P <0.05). The values in the T/DT/HBOT group were 
significantly decreased compared to the T/DT group (1.20 
[0.19] vs 2.03 [0.59] nmol.ml-1), P < 0.05. In addition, the 
significantly lower value in Group T compared to Group T/
DT (0.76 [0.24] vs 2.03 [0.59] nmol.ml-1), P < 0.05 showed 
that reperfusion injury was more prominent than ischaemic 
injury (Figure 2).

GSH-PX VALUES

The one-way ANOVA test showed a statistically significant 
difference between the mean GSH-Px levels of the groups (P 
< 0.05). The values in the T/DT group were higher compared 
to the T/DT/HBOT group (142.74 [28.22] vs 98.37 [42.99] 
U.ml-1) but the difference was statistically insignificant (P = 
0.085). While the differences between the other three groups 
were statistically insignificant, the significant decrease in 
the torsion-only group (T) was considered an interesting 
result. (Figure 3).

SOD VALUES

The one-way ANOVA test showed a statistically 
significant difference between the mean SOD levels of 
the groups (P < 0.05). Similar to the GSH-Px result, 
the only result significantly different from the other 
groups was the low value in the torsion-only group (T) 
(0.94 [0.11] ng.ml-1). The differences between the other three 
groups were statistically insignificant (P = 0.833) (Figure 4).

AMH VALUES

The one-way ANOVA test showed a statistically significant 
difference between the means of the AMH levels of the 
groups (P < 0.05). The highest AMH value was found in 

Group S, and the lowest AMH value was found in Group 
T (Figure 5). One potentially exciting finding was that the 
AMH value in Group T/DT/HBOT was higher than Group 
T/DT (2.95 [0.56] ng·ml-1 vs 2.10 [0.97] ng.ml-1) although 
this difference was not statistically significant.

PATHOLOGICAL ANALYSIS OF OVARIAN TISSUE

The histopathological damage grades are summarised in 
Table 1.

Oedema

No oedema was found in Group S. Severe oedema was 
observed in Group T/DT, while moderate oedema was 
observed in Group T/DT/HBOT and Group T. The increased 
oedema in Group T/DT was significantly greater than in 
Group T/DT/HBOT and Group T (P < 0.05).

Vascular congestion

Relatively mild vascular congestion was seen in Group S, 
with the most severe congestion seen in Group T/DT. Severe 
vascular congestion was also observed in Group T. Vascular 
congestion in Group T/DT/HBOT was significantly less than 
both Group T/DT and Group T (P < 0.05).

Neutrophil infiltration

No neutrophilic infiltration was observed in Group S. While 
severe infiltration was observed in Group T/DT and Group 
T, mild infiltration was observed in Group T/DT/HBOT 
and these differences with other groups were statistically 
significant (P < 0.05) (Figure 6).

Follicular cell damage

Follicular damage was not seen in Group S and Group T. 
Moderate damage was observed in Group T/DT, while mild 
damage was observed in Group T/DT/HBOT.

Haemorrhage

No haemorrhage was observed in Group S. Moderate 
haemorrhage was observed in the right ovary of only one 
rat in Group T. This has been interpreted as a surgical 
complication. Although the haemorrhage seen in Group 
T/DT was higher than seen in Group T/DT/HBOT, 
this difference was statistically insignificant (P = 0.71) 
(Figure 7).

Cohesion failure

Cohesion failure was not seen in Group S. Mild loss of 
cohesion was observed in Group T, Group T/DT and Group 
T/DT/HBOT, and there were no significant differences 
between groups.
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Discussion

The significant decrease in 8-OHDG values in Group T/DT/
HBOT compared to Group T/DT (P < 0.05) indicated that 
HBOT reduced DNA damage resulting from reperfusion-
induced oxidative stress. The highest MDA value was found 
in Group T/DT, while the values in Group S and Group T/
DT/HBOT were similar and statistically significantly lower 
compared to Group T/DT (P < 0.05). This result is further 
evidence that HBOT may have suppressed reperfusion-
induced oxidative stress. There is no obvious basis for the 
lower MDA values in Group T compared with Group S, and 
specifically targeted studies would be required to understand 
this clearly. Nevertheless, the fact that MDA in Group T/
DT is significantly higher than Group S suggests that the 
secondary oxidative damage that follows ovarian ischemia-
reperfusion is greater than after a simple laparotomy and 
anaesthetic.

Figure 1
Comparison of 8-OHDG values between groups; data are mean 
and standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group

Figure 2
Comparison of MDA values between groups; data are mean and 
standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group

Figure 3
Comparison of GSH-Px values between groups; data are mean and 
standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group

Figure 4
Comparison of SOD values between groups; data are mean and 
standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group

Figure 5
Comparison of AMH values between groups; data are mean and 
standard deviation; S – surgical control group; T – surgery plus 
ovarian torsion group; T/DT – surgery plus torsion plus detorsion 
(reperfusion) group; T/DT/HBOT – surgery plus torsion plus 
detorsion (reperfusion) plus hyperbaric oxygen treatment group
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Group T had lower GSH-Px and SOD values compared to 
the other three groups. The likely reason for this result is 
the reperfusion damage suffered by Groups T/DT and T/
DT/HBOT, whereas Group T’s rats were sacrificed prior 
to reperfusion damage. The reperfusion damage might 
have caused a secondary anti-oxidant capacity increase in 
the rat system. It is acknowledged that this explanation is 

somewhat inconsistent with the high GSH-Px and SOD 
values measured in Group S. Further studies are necessary 
to determine the cause of these results.

The significantly lower AMH level of Group T compared 
to Group S (P < 0.05) can be explained by isolation of the 
ovaries such that the AMH levels in the plasma fell during 

  Histologic parameter Score
Group S Group T

Group 
T/DT

Group
T/DT/HBOT

R L R L R L R L

  Oedema

0 6 6 2 3 0 0 1 0

1 0 0 5 4 4 3 6 7

2 0 0 0 0 3 4 0 0

3 0 0 0 0 0 0 0 0

  Vascular congestion

0 2 2 0 0 0 0 0 1

1 3 3 2 1 1 1 7 6

2 1 1 4 5 6 3 0 0

3 0 0 1 1 0 3 0 0

  Neutrophilic infiltration

0 6 6 1 0 0 0 6 5

1 0 0 5 4 0 4 1 2

2 0 0 1 3 7 3 0 0

3 0 0 0 0 0 0 0 0

  Follicular cell damage

0 6 6 7 7 4 5 7 5

1 0 0 0 0 0 0 0 2

2 0 0 0 0 3 2 0 0

3 0 0 0 0 0 0 0 0

  Cohesion failure

0 6 6 2 0 0 0 1 1

1 0 0 5 5 7 7 6 6

2 0 0 0 2 0 0 0 0

3 0 0 0 0 0 0 0 0

  Haemorrhage

0 6 6 7 6 4 4 3 3

1 0 0 0 0 3 3 4 4

2 0 0 0 1 0 0 0 0

3 0 0 0 0 0 0 0 0

Table 1
Comparison of discrete scores for histopathological variables between groups; data are numbers of ovaries in each category; score key: 
0 – no damage, 1 – mildly damaged, 2 – moderately damaged, 3 – severely damaged; L – left; R – right; S – surgical control group; T – 
surgery plus ovarian torsion group; T/DT – surgery plus torsion plus detorsion (reperfusion) group; T/DT/HBOT – surgery plus torsion 

plus detorsion (reperfusion) plus hyperbaric oxygen treatment group
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the period of ischaemia. The fact that Group T/DT was 
lower than Group S (P < 0.05) but higher than Group T 
(P < 0.05) is perhaps explained by backwashing of AMH 
into plasma from a previously isolated (but dysfunctional) 
ovary after ischaemia and reperfusion. There was a trend 
toward increased AMH levels in the T/DT/HBOT group 
compared to the T/DT group, perhaps suggesting some 
degree of protection of ovarian reserve by HBOT, but this 
difference was statistically insignificant.

The most severe histologic oedema was seen in Group 
T/DT, with significantly less oedema in Group T/DT/
HBOT suggesting an anti-inflammatory effect of HBOT 
in this context. Perhaps not surprisingly, HBOT exposure 
was also associated with reduced vascular congestion and 

reduced neutrophilic infiltration. The latter finding was 
consistent with previously reported oxygen-dose-dependent 
reduction in expression of adhesion molecules on cultured 
neutrophils activated in an in vitro ischaemia-reperfusion 
simulation.18  When follicular cell damage and haemorrhage 
were examined, No follicular cell damage or haemorrhage 
was observed in Groups S and T (bleeding in one Group 
T ovary was thought to be surgical artefact).  There was a 
decrease in the follicular cell damage in Group T/DT/HBOT 
compared to Group T/DT supporting a protective effect of 
HBOT during ovarian ischaemia-reperfusion.

These results, collectively indicate a potential role in for 
HBOT in protecting the ovaries from reperfusion injury after 
detorsioning. However, there are some obvious limitations 

Figure 6
Post-reperfusion neutrophilic infiltration; A – mild infiltration in Group T/DT/HBOT (surgery plus torsion plus detorsion [reperfusion] 

plus hyperbaric oxygen treatment); B – severe infiltration in Group T/DT (surgery plus torsion plus detorsion [reperfusion])

Figure 7
Post-reperfusion haemorrhage; A – moderate haemorrhage in Group T/DT/HBOT (surgery plus torsion plus detorsion [reperfusion] plus 

hyperbaric oxygen treatment); B – severe haemorrhage in Group T/DT (surgery plus torsion plus detorsion [reperfusion])



Diving and Hyperbaric Medicine  Volume 54 No. 1 March 202422

in extrapolating beyond our small study in rats, not least 
being the possibility that results in an animal model may 
not translate into humans. We also acknowledge that the 
HBOT regimen was highly atypical of human treatment 
paradigms with oxygen being administered at 600 kPa and 
the treatment frequency being much higher than in typical 
clinical practice. We selected the study parameters to be 
consistent with previous successful work in a rat model of 
testicular torsion-detorsion, but further dose-finding studies, 
perhaps with a narrower outcome focus (concentrating on 
those outcome measures that appeared to benefit here), 
would be required to explore whether clinically relevant 
treatment regimens also seem effective.

Conclusions

Our study has demonstrated that HBOT appears to reduce 
ovarian damage both biochemically and histopathologically 
in this ovarian ischaemia-reperfusion model. As a ‘first of 
type’ study with small sample sizes, it is clear that more 
comprehensive studies will be needed to further clarify 
effects and to optimise HBOT schedules and timing. We see 
potential for clinical testing following more comprehensive 
in vivo studies.
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