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Abstract
We designed this prospective, randomized controlled animal study to determine the effects of hyperbaric oxygen (HBO) on
experimentally induced endometriosis in a rat model. Surgical induction of endometriosis was performed in 40, nonpregnant,
female, Wistar-Albino rats at the Experimental Medicine Research Center of Istanbul University (DETAE). Four weeks later, the
first and second laparotomies for volume measurement and peritoneal fluid (PF) collection were performed, and the rats were
divided randomly into the study and control groups. The study group was exposed to HBO treatment for 6 weeks. Then, a third
laparotomy was performed on all of the rats. The volume, histopathologic scores, Ki-67 labeling of the endometriotic implants,
and the levels of tumor necrosis factor-a (TNF-a) in the PF were measured. The mean volume of the endometriotic implants in
the study group was significantly lower than that of the control group at the end of the study (57.4 + 12.5 vs 94.6 + 17.2 mm3).
The mean histopathological scores (1.60+ 0.50 vs 2.42+ 0.51), Ki-67 immunohistochemical scores (1.50+ 0.51 vs 2.37 + 0.49)
of the endometriotic implants, and the TNF-a levels (5.33+ 1.02 vs 8.16+ 1.76 pg/mL) were significantly lower in the study group
than in the control group. Hyperbaric oxygen treatment for 2 hours a day for 6 weeks resulted in significant remission of endome-
triosis in rats.
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Introduction

Hyperbaric oxygen (HBO) is 100% oxygen administered at an

elevated atmospheric pressure to patients as a therapeutic inter-

vention. Hyperbaric oxygen can be applied to treat a variety of

diseases, including traumatic injuries and acute or chronic

infections. The presence of proinflammatory cytokines

regulates adhesion molecules and other factors, which play a

significant role in HBO effects.1,2 Specifically, HBO impairs

macrophage function.3,4 Monocytes and macrophages isolated

from HBO-exposed rodents produced fewer proinflammatory

cytokines, including tumor necrosis factor-a (TNF-a), than

cells from unexposed controls.5,6 Exposure to HBO (100% at

2.3 atm) for 1 hour a day ameliorated indomethacin-induced

enteropathy in rats by decreasing TNF-a and interleukin

1b (IL-1b) production.7

Higher levels of several cytokines, including IL-1, 6, 8, and

10, TNF-a, and vascular endothelial growth factor (VEGF),

were reported in the peritoneal fluid (PF) of women with endo-

metriosis. These cytokines may be involved in macrophage

activation, inflammatory change, and enhanced angiogenesis.

They reflect impaired T- and natural killer (NK)-cell functions.

Endometriotic implants produce factors, such as matrix metal-

loproteinases (MMPs) and Bcl-2, which affect their capacity to

implant into the peritoneum.8 Recently, the activation of

transcription factors, such as nuclear factor-k B (NF-kB), was

reported to be involved in regulating these inflammatory mole-

cules.9 In unstimulated cells, NF-kB is found in the cytoplasm

and is bound to the NF-kB inhibitor IkBa, which prevents it

from entering the nuclei. When the cells are stimulated, spe-

cific kinases phosphorylate IkBa, causing its rapid degradation

by proteasomes. The release of NF-kB from IkBa results in the

translocation of NF-kB into the nucleus, where it binds to

specific sequences in the promoter regions of target genes that

1 Department of Obstetrics and Gynecology of Cerrahpasa Medical Faculty,

Istanbul University, Istanbul, Turkey
2 Department of Obstetrics and Gynecology, Sisli Etfal Training and Research

Hospital, Istanbul, Turkey
3 Obstetrics and Gynecology Department, Cerrahpasa Medical Faculty of

Istanbul University, Istanbul, Turkey
4 Department of Underwater and Hyperbaric Medicine, Istanbul University

Istanbul, Turkey
5 Hystopathology Department, Sisli Etfal Training and Research Hospital,

Istanbul, Turkey

Corresponding Author:

Yavuz Aydin, Department of Obstetrics and Gynecology of Cerrahpasa

Medical Faculty, Istanbul University, Atakent Mah, Soyakolimpiakent sitesi,

D:12 blok No:53, 34303, Kucukcekmece/Istanbul-Turkey

Email:yavuzay@istanbul.edu.tr

Reproductive Sciences
18(10) 941-947
ª The Author(s) 2011
Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1933719111400635
http://rs.sagepub.com

 at Umea University Library on April 1, 2015rsx.sagepub.comDownloaded from 

http://rsx.sagepub.com/


are involved in immune and inflammatory responses. The inhi-

bition of NF-kB activation results in the decreased expression

of cytokines including TNF-a.10,11

In many inflammatory conditions, TNF-a is present in the

tissues or in the systemic circulation. While this proinflamma-

tory cytokine contributes to the elimination of invading

pathogens, inappropriate production of these molecules can

be deleterious. Tumor necrosis factor-a is a well-known

member of the TNF superfamily, which consists of at least

18 ligands and 29 different receptors that are involved in

numerous cellular processes.12,13 Tumor necrosis factor signals

through 2 distinct receptors, TNFR1 and TNFR2, to control the

expression of cytokines, immune receptors, proteases, growth

factors, and cell cycle genes, which in turn regulate inflamma-

tion, survival, apoptosis, cell migration, proliferation, and

differentiation.14 Since TNF expression was discovered in the

amnion and placenta, many studies have demonstrated the

presence of this cytokine and its receptors in diverse human

reproductive tissues.15,16 Tumor necrosis factor has also

been implicated in ovulation, corpus luteum formation, and

luteolysis.17–19

We designed this study to test the hypothesis that relatively

long-term treatment under HBO (6 weeks) would produce an

immunosuppressive effect that could suppress peritoneal

TNF-a and result in the remission of endometriotic lesions in

a rat model.

Materials and Methods

A total of 40 mature female Wistar-Albino rats (250-300 g)

were used for the experiment. All rats were provided by

Experimental Medicine Research Center (DETAE) of Istanbul

University and housed in the animal laboratory of same center.

They were caged in a controlled environment of 22�C with

12 hours light/dark cycles and a humidity range between

40% and 60%. Standard rat feed and reverse-osmosis-

purified water were provided ad libitum. All rats were allowed

to have 1 week of acclimation to this environment before the

experiment. This study was approved by ‘‘Animal Studies

Comittee’’ of Istanbul University and all investigations

complied with the 1996 National Academy of Science’s Guide

for Care and Use of Laboratory Animals.

Daily vaginal smears of the rats were taken to establish the

estrous cycle of each animal. The estrous cycle was determined

as follows: proestrus period (centrally nucleolated many

epithelial cells), estrus period (cornified epithelial cells without

nucleus), metestrus period (leukocyte, mucus, and a few corni-

fied cells), and diestrus period (various epithelial cells, mucus,

and leukocyte). Rats were observed for at least 2 successive

4-day estrous cycles. Endometriosis was induced surgically

using the method described by Vernon and Wilson, during

estrus.20

All the rats were anesthetized with an intraperitoneal (ip)

administration of 50 mg/kg ketamine hydrochloric acid

(Ketalar; Eczacibasi Warner-Lambert Ilac Sanayi, Levent,

Istanbul, Turkey) and 7 mg/kg xylazine hydrochloric acid

(Rompun, Bayer Sisli, Istanbul, Turkey).

Three 0.5 � 0.5 � 0.1 cm pieces excised by microscissors

from the left uterine horn was attached onto the peritoneum;

2 pieces on right-hand side and 1 piece on left-hand side of

the ventral abdominal wall close to an artery via the surgical

autotransplantation technique. Of the 40 experimental rats,

1 died during the 3-week period.

Between 28 and 35 days after surgery, their daily vaginal

smears were monitored and a second laparatomy was

performed in their estrous phase to determine the attachment

and viability of endometrial implants (Figure 1). The remaining

39 rats underwent a second exploratory laparotomy to detect

endometrial implants and collect PF to measure TNF-a levels.

Three dimensions of implants were measured and the volume

of each was calculated by ellipsoid volume formula (P/6 �
length � width � height) and the total volume of implants for

each rat was recorded.

After several days of recovery period, 39 rats randomly

divided into 2 groups. First group consisting of 20 rats under-

went HBO treatment for 6 weeks, second group is the control

group consisting of 19 rats.

Hyperbaric oxygen treatment was given to study group as

2.5 atm pressure, 2 hours every day, during 6 weeks. Daily

vaginal smears were monitored and at estrous cycle, a third

laparotomy was performed. The 3 dimensions of the implants

were measured and volumes were calculated, and the PF was

collected for TNF-a levels. After endometriotic implants were

totally removed and fixed with 10% formaldehyde solution for

histopathological examination, animals were sacrificed. The

pathologist assessing the samples was blinded to the treatment

groups. The formalin-fixed endometriotic foci were embedded

in paraffin blocks, sectioned at 5 mm thickness (4 sections per

sample), stained with hematoxylin and eosin, and examined

under a light microscope. The persistence of epithelial cells

in endometrial implants was evaluated semiquantitatively as

follows: 3 ¼ well-preserved epithelial layer; 2 ¼ moderately

preserved epithelium with leukocyte infiltrate; 1 ¼ poorly

preserved epithelium (occasional epithelial cells only), and

0 ¼ no epithelium. This evaluation was based on a previous rat

endometriosis study.21

Figure 1. An endometriotic implant on peritoneal surface.
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The sections, for Ki 67 detection, were incubated in 10

mmol/L citrate buffer (pH 6.0) at 98�C for 20 minutes and then

quenched in Super Block (Abcam Laboratories, Cambridge,

MA, USA) for 5 minutes at room temperature. Primary antibo-

dies for Ki 67 (rabbit polyclonal, ready to use Abcam Labora-

tories) were applied to the samples and incubated at room

temperature for 30 minutes. Immunodetection was performed

using Ultra Tek HRP Anti-Polyvalent Lab Pack (Abcam

Laboratories). Ki 67 is expressed in the cell during M, G1,

S, and G2 phases of cell cycle and is absent in resting cells

(G0). A semiquantitative grading system was used to score the

degree of histological change of endothelial cells of implants

(Figures 2 and 3). The degree of Ki 67 immunoreactivity of

implant cells was evaluated as follows: 0, no Ki 67-positive

cells per high-power field (�40); 1, between 1 and 10 Ki

67-positive cells; 2, between 10 and 20 Ki 67-positive cells;

and 3, >20 Ki 67-positive cells.

The TNF-a level in the PF was quantitatively assessed using

a commercially available enzyme-linked immunosorbent assay

kit (Bio Source International, Nivelles, Belgium) according to

the manufacturer’s instructions. The enzyme immunoassay

measures with a sensitivity of 0.5 pg/mL; it has an intra-

assay variability of +4.9% and an interassay variability of

+8.5%.

Statistical Analysis

All statistical analyses were performed on a computer

with SPSS version 13.0 (SPSS, Inc, Chicago, Illinois). The

Kolmogorov-Smirnov test was used to evaluate the distribution

of variables. The variables did not show a normal distribution,

and hence the continuous variables were compared with the

Mann-Whitney U and Wilcoxon Rank Sum W tests. The data

were presented as the mean + standard deviation of the mean

(SEM). For all comparisons, statistical significance was defined

by P < .05 (95% confidence interval).

Results

The mean weights of the rats in the endometrioma and the

control groups were similar at the beginning of the study

(236.1 + 24.4 g and 239.1 + 27.8 g, respectively), and they

were also similar at the end of the study (225.8 + 25.5 g and

228.8 + 21.5 g, respectively). Before treatment, there were

no significant differences between the groups in terms of the

total volume of experimental endometriosis per animal

(Table 1). There was a statistically significant decrease in the

volume of mean endometriosis in the study group compared

to the control group at the end of the HBO therapy (P ¼ .018).

When the pre and posttreatment volumes were compared

within the same group, we observed that the posttreatment

volume was significantly lower in the study group (P ¼ .024).

In the control group, the posttreatment volumes were higher

than the pretreatment volumes, but these differences were not

statistically significant (P ¼ .1).

Peritoneal fluid TNF-a levels of 2 groups were similar at the

beginning, but significantly different at the end of the study

(P < .01). When the pre- and posttreatment TNF-a levels were

compared in the study group, there was statistically significant

decrease in TNF-a levels, after the HBO treatment (P ¼ .016),

but no difference was present within the control group (P¼ .34).

Histopathological score of the implants at the end of the treat-

ment was significantly lower in study group compared to the

control group (P < .01). Proliferative activity defined as

Ki 67 immunostaining was significantly lower in study group

(P < .01; Figures 4 and 5).

Discussion

Although the pathogenesis of endometriosis is still unclear,

research has suggested that numerous immunological and

inflammatory factors are involved in the development of the

disease, including proinflammatory cytokines. Many different

treatment modalities are being studied to treat endometriosis,

including HBO, which has been applied to treat a large variety

Figure 2. Histologic sections from endometriotic implant treated
with hyperbaric oxygen showing poorly preserved epithelial tissue
(score 1).

Figure 3. Histologic section from endometriotic implant of control
rat indicating well-preserved viable epithelial tissue (score 3).
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of diseases, such as traumatic injuries and acute or chronic

infections. Different application modalities of HBO using

different durations and different atmospheric pressures have

been reported in the literature. These studies have examined

the application of HBO from a few days to a few months,

from 30 minutes to a few hours per day, and from normo-

baric to 3 atm. The preferred HBO therapy22 for chronic

illnesses is application for 2 hours/d for several weeks under

2.5 atm.

The presence of proinflammatory cytokines regulates adhe-

sion molecules and other factors, which play a significant role

in HBO effects. Fildissis et al studied the effects of HBO on

proinflammatory cytokines like TNF-a and concluded that

application of HBO at 2.4 atm for 90 minutes on healthy indi-

viduals did not change the TNF-a levels in the peripheral

blood.2 They observed that if lipopolysaccharide (LPS) stimu-

lation was performed before HBO application, then there was

an increase in the production of cytokines, including TNF-a.2

A similar increase in TNF-a was observed in a murine model

when LPS stimulation preceded HBO exposure.23 On the other

hand, Benson et al performed an in vitro study, which showed

that the effect of HBO on cytokine production was time depen-

dent. Increased atmospheric pressure alone without hyperoxia

had no effect upon monocyte–macrophage proinflammatory

cytokine production, but exposure to hyperoxia (95% O2) at

2.4 atm (HBO) suppressed cytokine production. Stimulation

with LPS before a 90-minute exposure of HBO increased

TNF-a production by 27%. The immunosuppressive effect of

HBO was no longer evident in monocyte–macrophages

exposed to HBO for more than 3 hours.1 After exposing the rats

to 100% O2 for 90 minutes at 2.8 ATA, Lahat et al isolated per-

ipheral blood monocytes and macrophages and then cultured

the cells with LPS. The monocytes and macrophages from

HBO-exposed rats secreted less TNF-a than cells from rats

exposed to normal air.6 In a murine zymosan-induced shock

model, the plasma concentrations of TNF-a were significantly

reduced in animals exposed to 100% O2 for 60 minutes at 2

ATA compared to unexposed controls.24 Following massive

hemorrhage, the hepatic TNF-a messenger RNA (mRNA) and

circulating TNF-a levels were lower in rats exposed to 3 ATA

for 60 minutes than in unexposed controls.25 Exposing rats to

100% O2 to 2.8 ATA for 60 minutes inhibited intestinal ische-

mia–reperfusion, which induced the circulation of TNF-a.26

The results in our experimental endometriosis rat model are

consistent with the above in vitro and in vivo studies that exam-

ined transient HBO treatments. We observed that the applica-

tion of HBO for 1 hour, 2 times a day resulted in a 29.5%
decrease in the TNF-a levels, and in parallel, there was a

36.8% decrease in endometrioma volume. Our study is the first

to directly apply HBO to treat endometriosis, and we demon-

strate that long-term HBO treatment produces remission of

endometriosis. We chose to study HBO treatment for 6 weeks

Table 1. Comparison of Volume of Endometrioma, TNF-a Levels, Histopathological Scoring, and Ki 67 Immunohistochemical Scoring of the
Groups at the Beginning and After HBO Treatment

Study Group Contol Group P

Beginning volume of endometrioma, mm3 90.8 + 20.3 86.5 + 18.9 NS
At the end, volume of endometrioma, mm3 57.4 + 12.5 94.6 + 17.2 .018
Beginning intraperitoneal TNF-a level, pg/mL 7.56 + 1.81 7.33 + 1.91 NS
At the end of study, TNF-a level (pg/mL) 5.33 + 1.02 8.16 + 1.76 <.01
Histopathological score of the implants at the end of the treatment 1.60 + 0.50 2.42 + 0.51 <.01
Ki 67 immunohistochemical score 1.50 + 0.51 2.37 + 0.49 <.01

Figure 4. Ki 67 imminostaining of endometriotic implant treated with
hyperbaric oxygen showing decreased proliferation.

Figure 5. Ki 67 imminostaining of endometriotic implant of control
rat, representing increased proliferation 203 � 152 mm.
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based on the previous HBO treatments for other chronic

illnesses.

The reduction in proinflammatory cytokine production after

HBO treatment may result from inhibition of NF-kB. Recently,

elevated inflammatory cytokine levels, such as TNF-a, were

shown to be positively correlated with changes in NF-kB

activation in patients with acute pancreatitis. These results indi-

cated that NF-kB activation was a key factor in the regulation

of proinflammatory mediator production, angiogenesis, and the

inhibition of apoptosis.27,28 Moreover, HBO was shown to

reduce the inflammatory response directly by inhibiting NF-kB

activation.29 In women with endometriosis, NF-kB is highly

expressed in both eutopic and ectopic tissues compared with

the normal endometrium.30 Progestins, danazol, and other

nonhormonal therapeutic agents, such as nonsteroidal anti-

inflammatory drugs, all target NF-kB and have been used in the

treatment of endometriosis.31,32

A number of studies have reported increased levels of

cytokines in endometriosis. For instance, Chen et al reported

3 peaks in TNF-a levels 15 days after the injection of endome-

triotic tissue fragments.33–36 The levels of both TNF-a recep-

tors (TNFR1 and TNFR2) were shown to be increased in the

PF of experimental endometriosis models.37 In this study, we

could not directly evaluate whether TNF-a increases in endo-

metriosis or not, since both the control and the study groups had

endometriosis at the beginning of the study. We observed that

after the HBO treatment the TNF-a levels decreased in parallel

to the decrease in the volume of the endometriotic lesions.

Therefore, from these indirect observations, we conclude that

peritoneal TNF-a levels increase in endometriosis and that

decreases in TNF-a may be an indicator of healing processes.

We performed Ki-67 labeling to evaluate the proliferative

activity of the endometriotic lesions because previous studies

indicated that Ki-67 expression was high in glandular epithe-

lium, especially during stages I and II.38 The expression of

Ki-67 protein was significantly higher in the endometrium of

patients with endometriosis than in patients without endome-

triosis.39 These histopathological results showed there was

increased proliferative activity and increased cell proliferation

markers in patients with endometriosis. Ki-67 is also used as a

marker of endometriosis remission after applying treatment mod-

alities.40 In our study, the reduction in the Ki-67 immunohisto-

chemical staining score after HBO treatment was consistent

with the reduction in the volume of the endometriotic lesions.

One might expect that since HBO has immunosuppressive

effects, patients treated with this therapy may experience a risk

of infection. However, HBO acts as a bactericidal/bacterio-

static agent against anaerobic bacteria by increasing the forma-

tion of free oxygen radicals. Hyperbaric oxygen restores the

bacterial-killing capacity of leukocytes in hypoxic wounds by

increasing tissue oxygen tensions. In addition, HBO acts syner-

gistically with a number of antibiotics.41 Thus, HBO treatment

is often used as either a primary or an adjunctive treatment in

the management of infections, such as gas gangrene, necrotiz-

ing fasciitis, diabetic foot infections, refractory osteomyelitis,

neurosurgical infections, and fungal infections.

Middle-ear barotrauma is one of the most common side

effects of HBO therapy. This complication occurred in approx-

imately 13.6% of patients treated with HBO. The incidence of

middle-ear barotrauma has been shown to vary between treat-

ment centers and patients. The risk factors for middle-ear bar-

otrauma are repetitive treatments and difficulties with pressure

equalization.42 There are other very rare complications of

HBO treatment, such as tension pneumocephalus, pulmonary

barotrauma, and cerebral arterial gas embolism.43,44

This study warrants clinical studies to further elucidate the

potential role of hyperbaric oxygen, which may represent a

novel therapeutic strategy for the treatment of endometriosis.

Different atmospheric pressures of HBO therapy with shorter

durations, on endometriosis must be experimented.
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