
Abstract. Aim: Radiation-induced fibrosis (RIF) has since
long been considered as irreversible. Further understanding
of its mechanisms has led to trials investigating RIF
treatment and prevention. The effect of superoxide dismutase
(SOD)–gliadin, an oral form of SOD that resists
gastrointestinal inactivation, on RIF treatment was evaluated
in this experimental study. Materials and Methods: A total
of 36 Wistar albino mice were randomly distributed into four
groups. According to group, 25 Gy radiation or sham-
radiation were performed on day 0. Acute and late reactions
were recorded. After 6 months, mice were treated with SOD-
gliadin, 10,000 units per kg per day, or placebo. SOD–
gliadin and placebo treatments were administered daily for
8 days by oral gavage. Later the mice were sacrificed,
dissected and histopathologically analyzed. Accumulated
hyaline and collagen at the dermis is an indicator of fibrosis.
Therefore measurements of the dermal thickness were used
to quantify the degree of RIF. Additionally, the
morphological changes were analyzed, and the differences
reported. Results: The mean and standard deviation for
dermal thickness were 0.45±0.09 mm in the sham-irradiated
placebo-treated group, 0.51 mm±0.16 mm in the sham-
irradiated SOD–gliadin-treated group, 0.92 mm±0.23 mm in
the irradiated placebo-treated group and 0.71 mm±0.17 mm
in the irradiated SOD–gliadin-treated group. The difference
in mean dermal thickness between irradiated placebo-treated
and irradiated SOD–gliadin-treated mice was statistically

significant (p=0.002). Conclusion: Quality of life while
prolonging survival has an increasing importance in patients
with cancer. RIF can be a crucial problem after all
radiotherapy modalities. SOD–gliadin has advantageous
effects on conditions that call for an increased expression of
antioxidant enzymes. The results of our study suggest that
oral SOD–gliadin may prevent or ameliorate RIF and
patients can benefit from the positive effects of SOD.

Radiation therapy (RT) aims to provide high tumor control
with the least possible damage. Radiation-induced fibrosis
(RIF) is a complicated tissue response that is an extreme
accumulation of extracellular matrix and dominant fibroblast
proliferation after radiation. Although RIF was first
described many years ago, studies explaining its mechanism
of initiation and chronic processes are still ongoing. Today,
with advanced technology, RT is particularly advantageous
for normal tissue; however, it is not possible to completely
prevent side-effects, and in some instances, the cure itself
can lead to a low quality of life.

At present, progress in cellular and molecular biology
technology is making the mechanism of fibrosis and atrophy
understandable and providing new theoretical treatment
methods. For many years, fibrosis has been defined as an
irreversible accumulation of dead scar tissue. Recently, we
learned that it is a dynamic process that consists of constant
‘remodeling’ and long-term fibroblast activation. However,
the cause of continuous fibroblast activation in chronic
fibrosis is still unclear (1-4). 

Various factors that contribute to fibrosis have been
identified, and antioxidant agents have emerged as the
leading treatment. Studies have shown that these agents are
efficacious for both fibrosis and RIF (5-7). Despite these
studies, antioxidant agents are still not commonly used. The
effects of antioxidants in treatment of RIF were first
described in a French publication in 1983 (6). Liposomal
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superoxide dismutase (SOD) was used to treat serious RIF
and necrosis observed in two patients treated with high-dose
pelvic RT. In a 1994 study, a 6-week treatment of topical
SOD cream for patients with breast cancer with measurable
superficial fibrosis showed that the area of fibrosis
decreased by 57% on average, and 17% of the patients
achieved full recovery (5). Later, an animal study was able
to reproduce this effect (7). RIF was modeled with a skin
dose of 160 Gy, and at 6 months post-irradiation,
intramuscular SOD was applied for 3 weeks. The results
were tracked clinically and with ultrasound imaging. By the
twelfth week, an average 75% decrease in the width of
fibrosis was observed at necropsy, providing the best result
to date (at that time). In a French study that included 44
women with breast cancer with superficial RIF, topical SOD
was used, and a 92% decrease in pain complaints was
reported (8).

SOD is an enzyme that decomposes superoxide radicals to
oxygen and hydrogen peroxide in all cells. It is proposed that
increased SOD activity could stimulate other antioxidant
enzymes by enhancing oxidative stress signals (9, 10). The
main problem for SOD, and perhaps the cause of its limited
usage, is its chemical inactivation rendering it ineffective due
to low pH and high proteolytic activity in the digestive tract
(11). To circumvent this bioavailability problem, several
research groups designed different coatings. The most
extensively studied SOD coating is wheat-derived gliadin
(10, 12-15). There have been many studies that support
parenteral treatment with SOD in the literature on RIF, but
the response rates to oral administration is still unclear. Oral
SOD preparations including SOD–gliadin are not preferred
for treatment of RIF at RT centers. Herein, an animal study
is described that aimed to examine the effectiveness of oral
SOD–gliadin on RIF based on the experiences described in
the literature. 

Methods and Materials

Animal model and radiation. Female Wistar albino mice aged 6-8
weeks with an average body weight of 240 to 260 g were supplied
from Istanbul University Experimental Medicine Research Institute
(DETAE). The study protocol was approved by the DETAE
Committee on Animal Research with the protocol number of 11/12.
The mice were housed two per cage, fed with standard laboratory
chow, and managed according to the “The Interdisciplinary
Principles and Guidelines for the Use of Animal in Research,
Marketing and Education” issued by DETAE (16).

A total of 36 mice were divided randomly into four groups: i) an
SOD-treated and irradiated group (S-R group, n=9); ii) placebo-
treated and irradiated group (R group, n=9); iii) an SOD-treated and
sham-irradiated group (S group, n=9); and iv) a placebo treated and
sham-irradiated group (control; C group, n=9). The mice were
anesthetized with ketamine (50 mg/kg i.p.) and xylazine (9 mg/50
kg i.p.) before irradiation. Irradiation was performed with the animal
placed in the prone position. Radiation was delivered with a field

size of 4×4 cm over the right hind leg with 6 MeV electron energy
at the Linear Accelerator Teletherapy Unit. A 1 cm bolus was used
to obtain maximum dose at the skin with a source-to-skin distance
of 100 cm seen over the bolus. Nominal standard dose (NSD)
diagrams and single-fraction dose–response skin studies have shown
a single dose of 21 Gy is the bioequivalent to a dose of 60 Gy
delivered in 30 fractions of 2 Gy (17,18). To induce RIF and severe
late effects on skin, a single fraction of 25 Gy was used. The sham-
irradiated mice were handled in an identical fashion but were not
irradiated.

Radiotherapy effects. The early skin changes were measured
weekly and photographically recorded. The degree of the reaction
was evaluated using Common Terminology Criteria Adverse
Events (CTCAE v3.0) for acute dermatitis associated with
radiation (19). The late radiation effects were assessed after 6
months from the day of irradiation or sham-irradiation by three
professors of Radiation Oncology. They were blinded to the
treatment groups and carried out their evaluations on mice that had
been administered anesthesia with diazepam (10 mg/kg, i.p.). The
Radiation Therapy Oncology Group late-effects scoring system
was used for the evaluation (20).

SOD treatment. GliSODin®, a melon-derived SOD and gliadin
formulation, was provided by Isocell Nutra SAS (Paris, France).
The SOD activity was fixed at 10,000 U per kg per day which is
above the effective dose for RIF showed by Lefaix et al. (21).

The day after the three physicians’ evaluation, 6 months after the
day of irradiation, SOD treatment by oral gavage began. The S-R
and S groups were treated with SOD. The R and C groups were not
treated with SOD, but the same procedures were followed using
only isotonic saline. No complications occurred during gavage. The
procedure was applied daily for 8 days. On the day after completion
of SOD treatment, the mice were sacrificed, and necropsy was
performed.

Histopathological evaluation. The tissues in the irradiated field were
dissected separately, fixed in formaldehyde, and embedded in
paraffin. Samples were cut in coronal sections to measure 5.7 μm
in thickness from the center and 1 cm inferior and superior to the
center. Consequently, three slides from one coronal section were
made for each mouse. All slides were stained with hematoxylin and
eosin. The slides were evaluated by a blinded pathologist. To
determine the degree of RIF, measurements of the dermal thickness
beginning from the epidermis to the adipose tissue under the dermis
were made using the computer program, Olympus Image Analysis
Software analysis FIVE (Olympus Europa SE & CO. KG, Hamburg,
Germany). In addition, morphological changes, such as the amount
of collagen and necrosis, were noted.

Statistical analysis. The primary analysis compared the variable of
dermal thickness between the groups. Student’s t-test was used to
analyze the mean correspondence and p<0.05 was considered to be
statistically significant.

Results
Acute reactions were observed at the end of the second week
and recorded daily. The highest scores were recorded in the
third week. Interestingly, tumor growth was observed in the
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RT field in two mice, one in month 4 and one in month 6.
Pathological analysis demonstrated RT-induced sarcoma in
these mice. No abnormal changes in any other organs were
observed in mice during necropsy.

For final pathological evaluation, morphological changes
were recorded separately. Group R exhibited no distinctive
invasion of the epidermis covering the surface. However, in
the tissues under the epidermis, intense bundles of collagen
fiber and hyalinizing areas were observed among the fibrosis
and fibroblasts. These changes resulted in increased dermal
thickness. During the same analysis, some preparations
showed decreased fibrosis and fibroblasts filled with a tissue
similar to hyalinized scar tissue, indicating high radiation
effects. In the adipose tissue, there were many degranulated
mast cells (Figure 1).

In the analysis of the S-R group, the collagen fiber
bundles under the epidermis were thinner and partially
shortened. The collagen fiber waste products and partly
edematous connective tissues caused the dermis to thicken.
Primarily non-degranulated mast cells were located at the
edge of the adipose tissue and dermis (Figure 2).

The S and C groups, that were sham-irradiated with or
without SOD, shared similar morphologies, and the dermis
and subdermal tissue appeared normal.

The mean dermal thickness, as a predictor of RIF, was
measured under microscopy for all samples. For group C, the
mean dermal thickness was less than half that of group R
(p<0.0001). The percentage difference in the dermal
thickness between R and C groups was 45.24% (Table I).
Thus, distinct differences were seen between the normal and
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Figure 1. Pathological findings in the group R receiving radiotherapy alone (A) and group C which received placebo (B). Dermal thickness in the
radiotherapy-treated group was greater due to greater deposition of collagen. The hematoxylin and eosin staining was carried out according to the
regular staining method and 40-fold magnification was used.

Figure 2. Pathological findings in group S-R receiving radiotherapy and superoxide dismutase (A) and  group S which received only superoxide
dismutase (B). Morphological differences due to the administration of radiotherapy are clearly visible. The hematoxylin and eosin staining was
carried out according to the regular staining method and 100-fold magnification was used.



irradiated tissues. The skin thickness and the morphological
features were not statistically different between groups S and
C. The mean dermal thickness was significantly lower for
group S than group S-R (p=0.026). There was also a
significant difference between the means of the S-R and R
groups (p=0.002).The percentage difference was also
significantly different between these groups (p=0.009).

Discussion

We performed this animal study to evaluate the impact of
oral SOD–gliadin on RIF. In the initial study, SOD was the
agent used to show that RIF is a curable disease (6).
Although this result was a promising development for RIF
treatment, the usage of SOD has not developed as expected
because of the short circulatory half-life of SOD protein.
Since then, SOD therapies have been combined with
pharmacological agents to increase its cellular level and
reach effective circulatory levels. Liposomal SOD was
developed to take advantage of this mechanism; its half-life
extends to nearly 24 h (7).

The likely reason that SOD usage has not become more
widespread may be that its efficacy has not been
demonstrated in fibrosis. Although SOD has been used in
clinical trials, the effect of recovery could not be shown with
objective criteria. For this study, RT fields were marked with
permanent ink and sections were obtained from the center
and the same distance from the center of the radiation field.
Histopathological findings were evaluated as dermal
thickness and comparisons between differences were also
made. The recent literature presents fibrosis in two
dimensions, with depth as an added measurement (7, 21). In
our study, the pathologist recorded the thickness of the
dermis that was bordered as a result of inflammatory
reactions caused by RT and used staining techniques to
identify collagen deposits in the dermis. In the literature, the
possible causes of these deposits are prostaglandins,
lysosomal enzymes, inflammatory reactions, and kinin
system activation caused by permeability changes and the

extravasation of plasma proteins (22). An increase in
collagen deposition was observed in mouse skin in the first
week after RT, then decreases were reported between the
12th and 24th weeks. Collagen increase was seen again
between the 36th and 48th weeks (23). 

If there is scar tissue formation, which is the last stage of
the fibrotic process, dermal thickness decreases.
Additionally, dermal thickening hampers efforts to analyze
scar formation as fibrosis. In this study, we observed
decreased thickness of the dermis via hyalinized scar tissue
in only one mouse.

The mechanisms and pharmacokinetics of SOD are well
defined, and our data support using SOD–gliadin as a RIF
treatment option. There have been many studies on other
anti-inflammatory drugs, such as pentoxifylline and
tocopherol (24-33). In vitro studies of pentoxifylline have
shown inhibition of dermal fibroblast proliferation and
extracellular matrix production and increased collagenase
activity. Smaller studies on tocopherol have shown reduced
RIF. However, neither tocopherol nor pentoxifylline has been
reported as being a healing agent for RIF. Because of their
positive effects, researchers have suggested that these drugs
could act synergistically, and several studies have used
combinations of these compounds (25-28). Good clinical
results were observed with one combination in clinical and
phase II trials. However, a “partial rebound affect” was
observed with prolonged usage for over 12 months. The
results of ongoing trials will be important in exploring the
routine clinical usage of this combination (24). 

Usage of SOD for RIF may also be limited because of
suspicion of interactions between SOD, anti-inflammatory
process and cancer. However, literature defining the effect of
SOD on cancer are yet to be presented (34). No significant
alteration of primary tumor growth were observed in the trial
of Okada et al. (34). Additionally, the metastatic potential
might be inhibited in tumor cells derived from SOD–gliadin-
treated animals. 

This study showed that SOD–gliadin was effective
treatment for so-called ‘irreversible’ RIF. The beneficial effect

in vivo 30: 451-456 (2016)

454

Table I. Statistical results for dermal thickness for the groups. Measurements of four groups, consisting of mice treated with only radiotherapy (RT:
group R), only superoxide dismutase (SOD; group S), both RT and SOD (group S-R), and mice receiving placebo (group C), were compared. A
significant difference was observed between groups with SOD usage.

                                                                     No SOD                                                                     SOD                                           Statistical comparison

Group                                   Mean±SD (mm)        Median (range) (mm)         Mean±SD (mm)        Median (range) (mm)              t               p-Value

RT                                              0.92±0.23                  0.95 (0.34-1.23)                   0.71±0.17                  0.69 (0.31-1.03)              3.347             0.002
No RT                                        0.45±0.09                  0.44 (0.33-0.66)                    0.51±0.1                   0.54 (0.26-0.70)             −1.876            0.068
Difference (absolute)                0.47±0.27                  0.5 (−0.09-0.83)                   0.19±0.16                  0.17 (−0.18-0.6)             3.5116            0.002
Difference (%)                                              45.24%                                                                    24.54%                                           2.769             0.009



of SOD on tissues based on histopathological evaluations was
demonstrated. RT should not reduce quality of life while
prolonging survival in patients with cancer, and SOD–gliadin
is a promising drug for such patients. SOD is a simple agent,
and a principle enzyme in the natural antioxidant system.
However, the lack of phase II and III clinical trials is
undermining the proven clinical usage of SOD.Such studies
should be conducted to ensure that patients can benefit from
the positive effects of SOD in treating RIF.
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