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Hyperbaric oxygen treatment reverses radiation induced pro-ﬁbrotic and
oxidative stress responses in a rat model
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Purpose: Radiotherapy is eﬀective in the treatment of tumors in the pelvic area but is associated with side eﬀects
such as cystitis and proctitis. Hyperbaric Oxygen Therapy (HBOT) has emerged as a treatment modality for
radiation-induced side eﬀects. In a rat model for radiation cystitis, we studied the eﬀects of HBOT on oxidative
stress and pro-ﬁbrotic factors.
Materials and methods: Sedated Sprague-Dawley rats underwent bladder irradiation of 20 Gy with and without
20 sessions of HBOT during a fortnight. Control animals were treated with and without HBOT. All four groups of
animals were euthanized 28 days later. Histopathological examinations, immunohistochemistry and quantitative
polymerase chain reaction (qPCR) were used to analyze changes in oxidative stress (8-OHdG), anti-oxidative
responses (SOD-1, SOD2, HO-1 and NRFα) and a panel of Th1-type and Th2-type cytokines (IL-1β, IL-4, IL-5, IL6, IL-10, IL-13, TNF, TGF-β, IFN-γ) in the urinary bladder.
Results: Bladder irradiation increased the expression of 8-OHdG, SOD2, HO-1, NRFα, IL-10, TNF and tended to
increase TGF-β. These changes were completely reversed by HBOT while HBOT in control animals had no eﬀects
on the studied markers for oxidative stress, anti-oxidative responses and Th1-type and Th2-type cytokines.
Conclusions: Radiation induced a signiﬁcant elevation of oxidative stress, antioxidants and pro-ﬁbrotic factors in
our animal model for radiation cystitis that were completely reversed and normalized by HBOT. Our ﬁndings
indicate that HBOT may prevent radiation-induced changes by aﬀecting oxidative stress and inﬂammatory
cascades induced by radiation.
Summary: Radiotherapy may cause the development of chronic inﬂammation and ﬁbrosis, signiﬁcantly
impairing organ function. We hypothesized that bladder irradiation induces an oxidative stress reaction,
thereby triggering the redox system and thus initiating an inﬂammatory and pro-ﬁbrotic response. We aimed to
assess whether these changes would be reversed by hyperbaric oxygen using an animal model for radiation
cystitis. Our study show that hyperbaric oxygen may reverse oxidative stress and pro-inﬂammatory factors
induced by radiation.

1. Introduction
Radiotherapy (RT) is an important cancer treating modality.
However, adjacent organs may be aﬀected by radiation-induced side
eﬀects. These side eﬀects are critical dose-limiting factors and may
prove both an acute or chronic nature. Clinical side eﬀects such as
increased micturition frequency, urgency, hematuria and pain aﬀect 3–
18% of patients undergoing RT for tumors in the pelvic area. These side

eﬀects may have severe impact on quality of life and may increase
morbidity and mortality [1–3].
Patients with severe symptoms of radiation-induced side eﬀects are
mainly oﬀered symptomatic treatment where long-term eﬃcacy is poor
[4]. Hyperbaric oxygen treatment (HBOT) ameliorates symptoms of
late radiation-induced side eﬀects and relieves patient-perceived symptoms following cancer treatment [5–7]. The exact mechanisms through
which HBOT exerts its beneﬁcial eﬀects are only partially understood.

Abbreviations: 8-OHdG, 8-hydroxy-2′-deoxyguanosine; HBOT, Hyperbaric Oxygen Therapy; HO-1, Heme oxygenase 1; IFN-γ, Interferon gamma; IL-x, Interleukin; qPCR, quantitative
Polymerase Chain Reaction; ROS, Reactive Oxygen Species; RT, Radiotherapy; SOD-x, Superoxid dismutase; TGF-β, Transforming growth factor beta; TNF, Tumor necrosis factor
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Studies suggest that HBOT may stimulate the migration and diﬀerentiation of stem cells, by inducing growth of new blood vessels and
reducing the development of ﬁbrosis [8–10]. It seems that HBOT is
not only able to reduce and revert some of the late radiation-induced
side eﬀects [5], but may also prevent late side eﬀects of radiotherapy if
given early [8]. However, knowledge is scarce on the eﬀects of HBOT
administered in adjunction to RT, especially at an early stage, and
randomized controlled trials (RCTs) are lacking.
RT causes the production of reactive oxygen species (ROS) leading
to an increased oxidative stress in the tissue [11]. An imbalance
between the oxidative stress and the redox system triggers a downstream cascade of events, with the accumulation of extracellular matrix
and the development of ﬁbrosis, which may lead to late radiationinduced side eﬀects [12]. An important factor driving the development
of ﬁbrosis is transforming growth factor beta (TGF-β) [13]. Radiation
also triggers an innate immune response in the aﬀected tissue, resulting
in the release of cytokines and inﬂammation [3,11]. The Th1 immunological response is characterized by the release of cytokines such as
IL-1, IL-6 and IFN-γ, while the Th2 immunological response is
characterized by IL-4, IL-10 and IL-13 [14]. Th2-type cytokines may
inhibit the Th1 immunological response [14]. In a previous study we
demonstrated that 14 days after bladder irradiation, IL-6 and nitrergic
pathways were suppressed while IL-10 was up-regulated in the urinary
bladder [15]. Hence bladder irradiation seemed to trigger an antiinﬂammatory response.
The lack of RCTs and limited knowledge on the mechanisms behind
the eﬀectiveness of HBOT on radiation-induced side eﬀects, leads to
diﬃculties in deﬁning strategies for appropriate interventions and
timing. Relevant animal models are therefore valuable to study
mechanisms involved, as well as for evaluation of therapeutic interventions before future clinical studies. In the present study, we
hypothesized that bladder irradiation induces an oxidative stress
reaction, thereby triggering the redox system and thus initiating an
inﬂammatory and pro-ﬁbrotic response. We aimed to assess whether
these changes would be reversed by HBOT.
2. Materials and methods
Study protocol was approved by the Animal Ethics Committee at the
University of Gothenburg. All animal work was performed according to
the NIH guidelines for the use of experimental animals. The manuscript
was prepared in accordance with the ARRIVE guidelines.
Sprague-Dawley female rats (250–300 g; n=39; CD® IGS rat,
Charles River, Germany) were housed in a temperature-controlled
facility with a day and night cycle, and had free access to food and
water during the entire study period. Welfare-related assessment was
carried out daily during the duration of the study.

Picture 1. The custom built hyperbaric chamber used (upper photo). For bladder
exposure to one fraction of 20 Gy, rats were placed in the supine position. Radiation
was administered employing two side-ﬁelds to avoid exposure of the spinal cord.

stayed over 95% at all times during the treatment sessions of HBOT.
The rats were treated twice daily (Monday to Friday) with at least four
hours between the treatments over a period of two weeks, rendering a
total of 20 treatments.

2.1. Urinary bladder irradiation
Rats were sedated with pentobarbitone (50 mg/kg) and medetomidine (10 µg/kg) and placed in the supine position with their legs on
their abdomens (Picture 1). The urinary bladder was exposed to one
fraction of 20 Gy using a linear accelerator with 6 MV nominal photon
energy (Varian Medical Systems Inc., Palo Alto, CA, USA). Radiation
was administered employing two side-ﬁelds to avoid exposure of the
spinal cord.

2.3. Experimental setup
Rats were allocated to one of four study arms. A: Control rats (no
RT, no HBOT) were sedated on day 1 and then kept without interventions in their cages for 28 days. B: HBO control rats (no RT, HBOT) were
sedated and then kept in their cages for 14 days before receiving 20
sessions of HBOT over a period of 14 days. C: Radiation rats (RT, no
HBOT) underwent sedation and bladder irradiation on day 1 and were
subsequently held in their cages for 28 days. D: HBO radiation rats (RT,
HBOT) underwent sedation and bladder irradiation on day 1. They
were then kept in their cages for 14 days before receiving 20 sessions of
HBOT over a period of 14 days (Fig. 1). All rats were euthanized at day
29 with a bolus dose of pentobarbitone. The urinary bladder was

2.2. Hyperbaric oxygen therapy (HBOT)
HBOT was administered in a custom-built hyperbaric chamber
(GDA Sverige AB, Gothenburg, Sweden; Picture 1). During each session,
ﬁve animals were placed in the chamber, which was ﬁlled with 100%
oxygen and pressurized to 200 kPa for 90 min. The oxygen level in the
chamber was monitored every 15 min during the treatment. The ﬂow of
fresh oxygen was adjusted so that the level of oxygen in the chamber
249
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Technologies, Santa Clara, CA, USA). The DeNovix DS-11 spectrophotometer was used to assess the concentration and purity of RNA. cDNA was synthesized and gene expression was analyzed using the
TaqMan gene expression assays. The qPCR was performed using the
TaqMan® Gene Expression Master Mix (Part. No. 4369016, Life
Technologies, Carlsbad, CA, USA) and NTC for the qPCR was included
and performed on the QuantStudio 12 K Flex (Life Technologies,
Waltham, MA USA). The PCR reaction mix consisted of TaqMan®
Gene Expression Master Mix (5 µl; 2X), NFW (2.5 µl), TaqMan® gene
expression assay (0.5 µl; 20X) and cDNS template (2 µl). The Uracil NGlycosylase protocol was performed for 2 min (95 °C), activation for
10 min (95 °C), denaturation for 15 s (95 °C) and annealing and
elongation for 1 min 40–45 s (60 °C; 40–45 cycles). The following
TaqMan® assays were used (all primers were purchased from
ThermoFisher Scientiﬁc): Heme oxygenase (Rn01536933_m1), IL-1β
(Rn00580432_m1), IL-4 (Rn01456865_m1), IL-5 (Rn01459975_m1), IL6 (Rn99999011_m1), IL-10 (Rn00563409_m1), IL-13 (Rn00587615_m1), INFgamma (Rn00594078_m1), NRF2α (Rn01767215_m1),
SOD-1
(Rn00566938_m1),
SOD-2
(Rn00690588_g1),
TNF-α
(Rn99999017_m1), TGF-β (Rn00572010_m1) and GADPH (NM_
017008.4).

Fig. 1. Experimental set-up. Radiation was administered on day 1 for the radiation group
(RT, no HBOT (C)) and for the HBO radiation group (RT, HBOT (D)), while the control
group (no RT, no HBOT (A)) and the HBO control groups ( no RT, HBOT (B)) were only
sedated on day 1. On day 14 the HBO radiation and the HBO control groups were
administered HBOT twice daily during 14 consecutive days. All animals were euthanized
on day 29.

excised, visually inspected, weighed and cut into two sagittal parts. One
part was frozen to −70 °C for later mRNA extraction and one part was
put in formalin for paraﬃn embedding.

2.6. Statistics

2.4. Histological analysis and immunohistochemistry

Analysis of variance (ANOVA) was used to determine signiﬁcant
diﬀerences between mean values. Tukey HSD post-hoc analysis was
used for multiple comparisons between groups. Values from luminosity
measurements were analyzed for normal distribution using the ShapiroWilk test and for homogeneity using the Leven´s test. The mean
Threshold Cycle (CT) value of the two replicates from qPCR was
calculated. In the cases where one CT-value was undetermined, the
determined value was used. In the cases where both replicates had
undetermined values, the highest CT-value for the group and analysis
+1 was used. Gene expressions were related to the expression of
GADPH. Mean value for each qPCR analysis for the control group (no
RT, no HBO) was considered baseline and adjusted to 1. Results from all
other groups were calculated as fold change from baseline.
The level of statistical signiﬁcance was set at P < 0.05. All statistical
analyses were made using IBM SPSS Version 23. All graphs were
rendered in GraphPad Prism Version 6.07.

Immunohistochemistry was performed on 6 µm-sections of paraﬃnembedded specimens of the urinary bladders. Four to ﬁve slides from
each group were randomly selected for each antibody.
After deparaﬃnation in xylene and ethanol, sections were hydrated
in tap water and washed in phosphate-buﬀer saline (PBS). Antigen
retrieval was done by cooking the sections for 60 min in citrate buﬀer,
followed by washing in PBS, and incubation with copper sulfate
solution for 2 h to quench any auto ﬂuorescence. Further, sections
were washed in PBS followed by blocking unspeciﬁc binding with
either goat serum (5%; Sigma-Aldrich (SA), St. Louis, MO, USA) or
horse serum (5%; SA) depending on the primary antibody used. This
was followed by incubating the sections with the primary antibody (see
list below) overnight at 4 °C. The next day, sections were washed in PBS
and incubated with the secondary antibody (see list below) for 1 h. This
was followed by washes in PBS and dehydration in ethanol (95–99%).
ProLong® Gold Antifade Reagent with DAPI (Life technologies Ltd,
Paisley, UK) was then put on the sections and a cover glass was
mounted on top of the section on the glass slide. Bladder sections were
also stained by Van Gieson and Hematoxylin-eosin staining and
histological assessments were made by an assessor blinded to group
allocation. Adobe Photoshop CS6 (Version 13.0.1×64) was used to
measure the degree of staining of 8-hydroxy-deoxyguanosine (8-OHdG)
in bladder sections. The mean intensity value from three representative
areas from each slide was calculated to measure the intensity of
staining. The pixel intensity value for the measured RGB-channel was
converted to a percentage of the maximum value of 255.
The following antibodies were used for immunohistochemistry
(concentration): Mouse anti-8 hydroxyguanosine (1:500; Abcam,
Cambridge, MA, USA; ab62623), mouse anti-heme oxygenase 1
(1:100; Santa-Cruz Biotechnology; SCBT; sc-136960), mouse antiSOD2 (1:50; SCBT; sc-137254) and rabbit anti-SOD1 (1:1000; SCBT;
sc-11407).

3. Results
3.1. Animals and morphology
The average body weight of the rats was 302 ± 39 g (n=39) at the
time of euthanasia. No body or bladder weight diﬀerences were
observed between the diﬀerent treatment groups. No signiﬁcant macroor microscopically changes in the urinary bladder could be observed by
bladder irradiation or HBOT 28 days following bladder irradiation
compared with controls (Fig. 2).
3.2. Oxidative stress and anti-oxidative response
Bladder irradiation induced a pronounced up-regulation of the
oxidative stress marker 8-hydroxy-deoxyguanosine (8-OHdG) particularly in the urothelium (Fig. 3). In the urothelium of the radiation
group, the mean intensity value of 8-OHdG expression was 34 ± 14%
(n=4) compared with 5 ± 2% in the control group (n =4; p < 0.001).
In the HBO radiation group, the mean intensity value of the expression
of 8-OHdG was 11 ± 5% in the urothelium and hence signiﬁcantly
attenuated compared with the radiation group (n=4; p < 0.001). To
note, 8-OHdG was not only expressed in the nuclei but also in the
cytoplasm of urothelial cells in response to bladder irradiation. In
control animals, expression of 8-OHdG was low and not aﬀected by
HBOT (Fig. 3).

2.5. Quantitative polymerase chain reaction (q-PCR)
Bladder tissues were homogenized and RNA extracted according to
the protocol of Qiagen RNeasy (Qiagen Ltd, Manchester, UK). Bladder
tissues were homogenized and RNA extracted according to the protocol
of Qiagen RNeasy (Qiagen Ltd, Manchester, UK). The quality of the
RNA samples was assessed with the Tapestation 2200 (Agilent
250
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Fig. 2. Histological microphotographs on urinary bladder sections stained with van Gieson from the four diﬀerent groups. No signiﬁcant diﬀerences were observed between the groups.
U=Urothelium, SBM=Submucosa, LP=Lamina Propria, SMC=Smooth Muscle Cell layer.

Fig. 3. Microphotographs of urinary bladder specimens immunostained for 8-OHdG, SOD-1, SOD-2 and HO-1 in controls, HBO control group, radiated group and HBO radiated group,
respectively. Upregulation of 8-OHdG was observed in the urothelium in the radiation group which was reversed by HBOT (ﬁrst row). SOD-2 was primarily upregulated in blood vessels
and in the urothelium by bladder irradiation (third row). BV=blood vessel(s), SMC=smooth muscle cells, SubM=Submucosa and U=Urothelium. Horizontal bars indicate 100 µm.
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Fig. 4. Expression of 8-OHdG in the urothelium and urinary bladder expressions of SOD-1, SOD-2, NRF2α and HO-1 mRNAs in controls (no RT, no HBOT), HBO control group (no RT,
HBOT), radiated group (RT, no HBOT) and HBO radiated group (RT, HBOT), respectively (n=8–10). * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001. Vertical bars
represent S.E.M.

treatment groups (Fig. 5). Bladder irradiation increased the expression
of IL-10 and TNF (p < 0.01; n=7 and 8) and tended to increase the
expression of TFG-β in the urinary bladder. HBOT attenuated the
expressions of IL-10 and TFG-β (p < 0.05; n=7) and tended to decrease
the expression of TNF in the irradiated bladder. In contrast, HBOT did
not aﬀect the expressions of IL-10, TFG-β and TNF in control animals.
The expressions of IL-1β, IL-4, IL-5, IL-6, IL-13 and IFN-γ were neither
aﬀected by irradiation nor by HBOT (Fig. 5).

Bladder irradiation induced up-regulations of nuclear respiratory
factor 2α (NRF2α), superoxide dismutase 2 (SOD-2) and hemeoxygenase-1 (HO-1) in the bladder and these responses were signiﬁcantly
attenuated by HBOT (p < 0.001–0.05; n=8–10; Fig. 4). While the
expression of SOD-1 was not statistically changed by bladder irradiation, the expression in irradiated bladders was signiﬁcantly reduced by
HBOT (p < 0.05; n=9–10). In contrast, HBOT did not aﬀect the
expression of NRF2α, SOD-1, SOD-2 and HO-1 in control animals.
Immuno-histochemical analyses showed that SOD-1 and SOD-2 were
expressed in the urothelium of control urinary bladders. SOD-2 and HO1 were also expressed in blood vessels and the expressions were
increased upon bladder irradiation. HBOT attenuated irradiation-induced increases of HO-1 and SOD-2 in blood vessels and the increase of
SOD-2 in the urothelium (Fig. 3).

4. Discussion
This study aimed to test the hypothesis that HBOT would reverse
radiation-induced responses in oxidative stress and immune activation
in the urinary bladder. Radiation induced a signiﬁcant elevation of
oxidative stress, anti-oxidants and pro-ﬁbrotic factors. HBOT was able
to reverse these changes, whereas HBOT in controls had no eﬀect on
any of the responses investigated. Tentatively our results may explain
some of the beneﬁcial eﬀects of HBOT. Evidence for treatment
recommendations is limited and there is a need for RCTs to support

3.3. Inﬂammatory response to irradiation
A panel of cytokines representing Th1 and Th2 immunological
responses was analyzed with qPCR in bladder tissue from the diﬀerent
252
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Fig. 5. Urinary bladder expressions of IL-1β, IL-4, IL-5, IL-6, IL-10, IL-13, IFNγ, TNFα and TGF-β mRNAs in controls (no RT, no HBOT), HBO control group (no RT, HBOT), radiated group
(RT, no HBOT) and HBO radiated group (RT, HBOT), respectively (n=8–10). * indicates p < 0.05 and ** indicates p < 0.01. Vertical bars represent S.E.M.

enhance ROS production and suppress the redox system, creating an
augmented level of oxidative stress [20].
Ultraviolet (UV) light and gamma-radiation exposition may lead to
changes in the balance between Th1 and Th2 immune responses. UV
light may trigger up-regulation of IL-10 in T-lymphocytes [21,22].
Gamma radiation may trigger IL-10 release and tilt the Th1/Th2
balance to a Th2 immune response in the spleen, [23]. IL-10 has been
shown to induce a Th2 immune response and to reverse the development of ﬁbrosis in the lung [24], in the liver [25] and the heart [26]. IL10 may regulate the expression of TGF-β and TGF-β is tightly connected
to oxidative stress and a mediator of ﬁbrosis [27–29]. In our previous
study [15], we observed an up-regulation of IL-10 in the bladder
submucosa 14 days after bladder gamma irradiation. At 14 days
following bladder irradiation, the overall bladder immune response
favored a Th2 immune response rather than a Th1 immune response.
The present ﬁndings show that IL-10 is up-regulated still 28 days after
bladder irradiation. In addition to IL-10, we observed an up-regulation
of TNF and tendencies to an up-regulation of TGF-β in the urinary
bladder in response to bladder irradiation. In line with our ﬁndings, it
has been reported that up-regulation of TGF-β due to bladder irradiation may lead to changes in collagen content of the bladder wall and

clinical decision making. The present study was conducted to provide
an experimental foundation for such future clinical trials.
We analyzed oxidative stress by studying the expression of 8-OHdG
[16], which was particularly up-regulated in the urothelium. 8-OHdG
appeared not only to be up-regulated in the nuclei but also in the
urothelial cytoplasm, which suggests that it was also generated in
mitochondria. Increased oxidative stress typically triggers an antioxidative response. We analyzed factors involved in the endogenous
oxidative stress defense system. Bladder irradiation signiﬁcantly increased Nrf2α and the antioxidants HO-1 and SOD-2, while no
signiﬁcant change in SOD-1 was observed. Nrf2α controls the expression of many genes involved in the detoxiﬁcation of ROS through
conjugate reactions and by enhancing the cellular antioxidant capacity
including HO-1 [17,18]. SOD-2 is almost exclusively active in the
mitochondria and seems to be less aﬀected by an increased level of
Nrf2α [19]. We suggest that mitochondria play an important role for
oxidative stress in the urinary bladder in light of the fact that SOD-2
was aﬀected by bladder irradiation, SOD-1 aﬀected to a lesser extent
and that 8-OHdG also was up-regulated in the cytoplasm. Oxidative
stress can lead to dysfunction of the mitochondria, leading to a higher
load of ROS, which might trigger apoptosis [21]. Further, TGF-β can
253

Free Radical Biology and Medicine 103 (2017) 248–255

N. Oscarsson et al.

Fig. 5. (continued)

Funding

bladder dysfunction [27]. Bladder irradiation seems to induce a longlasting change in the Th1/Th2 balance, however, the character of the
immune response may change over time.
We could not observe any ﬁbrosis in the bladder wall at four weeks
following bladder irradiation. Our results indicate, however, that IL-10
suppresses a TGF-β-driven urinary bladder ﬁbrosis. Tentatively, HBOT
reduced radiation-induced oxidative stress and TGF-β and consequently
lowered levels of IL-10 and antioxidants.
Finding the optimal dose of HBOT can be challenging; it is common
to administer 30–40 sessions of HBOT to humans suﬀering from late
radiation-induced side eﬀects [4]. Since the rat has a higher cellular
turnover rate, we chose to give 20 sessions of HBOT. A higher number
of treatments might have increased the eﬀect of HBOT, but it was
hypothesized that the total dose of HBOT was appropriate for the scope
of this study.
Since HBOT is often used in patients who have undergone radiotherapy due to cancer, concerns have been raised as to whether
exposing tissues to high levels of oxygen may increase the risk of
tumor generation or recurrence. It is therefore important to note that
clinical studies have not shown that HBOT promotes development of
cancer [30,31]. The present study also supports that HBOT is inert in
normoxic tissue, since HBOT did not have any eﬀects on the expression
of the studied factors involved in oxidative stress, anti-oxidation and
inﬂammation in normal bladder tissue.
In conclusion, the ﬁndings in our study indicate that HBOT may be
used to prevent development of late radiation-induced side eﬀects by
aﬀecting oxidative stress and the immune system of the urinary
bladder. Future studies analyzing how bladder ﬁbrosis is induced by
irradiation and how symptoms associated with radiation cystitis are
alleviated by HBOT are warranted.
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