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Abstract: We aim to investigate the effect of interferon gamma (IFN-y) on conventional
fractionated radiation—induced damage and fibrosis in ureter and colorectal mucosa. Fifty-two
rabbits were randomly divided into three groups comprising a conventional radiation group,
an IFN-y group, and a control group. X-rays were used to irradiate the pelvic tissues of the
rabbits in the IFN-y and conventional radiation groups. Five days after radiation exposure,
the rabbits in the IFN-y group were administered 250,000 U/kg IFN-y intramuscularly once a
week for 5 weeks. The rabbits in the conventional radiation group received 5.0 mL/kg saline.
The rabbits were sacrificed at 4, 8, 12, and 16 weeks postradiation, and the rectal and ureteral
tissues within the radiation areas were collected. The results showed that the morphology of
rectal and ureteral tissues was changed by X-ray radiation. The degree of damage at 4, 8, and
12 weeks, but not at 16 weeks, postradiation was significantly different between the IFN-yand
conventional radiation groups. The expression of transforming growth factor beta | mRNA in
the ureter and colorectal mucosa of the IFN-y group was significantly lower than that in the
conventional radiation group at 4, 8, 12, and 16 weeks postradiation, but it was still higher than
that in the control group. There were significant differences in the expression of collagen III
among the three groups. IFN-y can inhibit the radiation-induced upregulation of transforming
growth factor beta 1 mRNA and collagen III protein in the ureter and colorectal mucosa and
attenuate radiation-induced damage and fibrosis.
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Introduction

Radiotherapy will inevitably induce a radiation injury and damage the tissues and/or
organs within the radiation field. With increases in the use of radiotherapy in pelvic
cancer patients, the incidence of radiation damage also increases. Radiation injury,
such as damage to the rectum and ureter, is the main factor that limits the radiation
dose used to treat pelvic tumors. The progress in radiotherapy and the quality of life of
pelvic cancer patients are significantly affected by the high dose of radiation and the
high incidence of side effects, such as bone marrow suppression, proctitis, and pelvic
fibrosis. Moreover, a ureteral stricture can also occur in some patients exposed to pelvic
radiotherapy, which, in turn, induces hydronephrosis, renal dysfunction, and other side
effects severe enough that the patient needs dialysis treatment. All these conditions
are related to pressure on the ureter or an obstruction induced by pelvic fibrosis, which
not only affects the quality of life of patients but also increases the treatment costs.
Fibrosis is a common complication of radiotherapy, but there is no effective treatment.
Studies have shown that interferon gamma (IFN-Y) is a multifunctional cytokine that
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plays an important role in antifibrotic therapy. For example,
studies have shown that IFN-y produces antifibrotic effects
on keloids and hypertrophic scars. [IFN-y has an inhibitory
effect on fibroblast proliferation and collagen synthesis and
on collagenous protein production and cell proliferation
in vitro.!* Based on these findings, this study aimed to inves-
tigate the effect of IFN-y on the prevention and treatment of
radiation-induced fibrosis.

Transforming growth factor beta 1 (TGF-B1) is cur-
rently recognized as an important cytokine that is involved
in the development of radiation-induced and other types of
fibrosis. TGF-B1 plays an integral role in fibrosis formation
by promoting the chemoattraction of fibroblasts and their
conversion to myofibroblasts.* Halofuginone has been shown
to protect against radiation-induced soft tissue fibrosis by
the virtue of inhibiting various members of TGF-f signal-
ing pathway.’ It is one of the first discovered cytokines in
irradiated tissues and has been demonstrated to be the most
potent profibrosis factor; therefore, TGF-B1 is a key target
for the development of antifibrotic drugs. It has been shown
that IFN-y can decrease TGF-B1 levels. When mouse liver
cell lines were transfected with the IFN gene in vitro and
transplanted into mice, TGF-B1 expression was inhibited
markedly in the liver, indicating that intrasplenic transplanta-
tion of IFN-y gene-modified hepatocyte can be a candidate
approach to treat hepatic fibrosis.¢ In this study, the effect of
IFN-y on conventional fractionated radiation-induced pelvic
tissue damage and fibrosis was investigated to help provide
targeted and potential drugs for the prevention and treatment
of radiation-induced tissue damage and fibrosis.

Materials and methods

Materials

The New Zealand white rabbits (Animal Center, School
of Medicine, Xi’an Jiaotong University, Xi’an, People’s
Republic of China) were housed in standard conditions.
Mouse antirabbit collagen III monoclonal antibody was
purchased from Merck & Co., Inc. (Whitehouse Station,
NJ, USA). A TGF-B1 (messenger RNA [mRNA]) ISH
DIG Kit was purchased from Tianjin Haoyang Biologi-
cal Manufacture Co., Ltd. (Tianjin, People’s Republic of
China). Recombinant human IFN-y was purchased from
Shanghai Kelong Biotechnology Co., Ltd. (Shanghai, Peo-
ple’s Republic of China). The streptavidin—biotin complex
immunohistochemistry kit and 3,3’-diaminobenzidine kit
were purchased from Wuhan Boster Bio-Engineering Co.,
Ltd. (Wuhan, People’s Republic of China). The animals were
kept in Xi’an Jiaotong University animal experiment center.

The study was approved by the Xi’an Jiaotong University
ethics committee.

Methods

Animal group, model establishment, and treatment
Fifty-two rabbits were randomly divided into three groups
comprising a control group (n=4), conventional radiation
group (n=24), and IFN-y group (n=24). Each rabbit from the
IFN-y and conventional radiation groups received radiation
treatment. During treatment, the rabbits were supine on a
mounting plate and awake. They received the 6.0 MV X-ray
five times per week, at a test dose of 2.0 Gy per time to the
pelvic region from a Varian accelerator (Varian Medical
Systems, Inc., Palo Alto, CA, USA). The radiation arca was
5x4 cm with the pubic symphysis as the axis center. An area of
1.5 cmunder the abdominal wall was considered as the refer-
ence plane, where the dose was 400 cGy/min, the source-skin
distance was 100 cm, and the total test dose was 50 Gy. Rab-
bits in the IFN-y group were administered 250,000 U/kg of
IFN-yintramuscularly once a week for five times after the first
5 days of radiation, and rabbits in the control group received
5.0 mL/kg of saline once a week for 5 weeks postradiation.
Rabbits were sacrificed at 4, 8, 12, and 16 weeks postradia-
tion, and rectal and ureteral tissues within the radiation areas
were harvested for hematoxylin and eosin (HE) staining, in
situ hybridization, and immunohistochemical staining.

HE staining of rectal and ureteral tissues

Rectal and ureteral tissues were fixed with 4.0% formalin,
embedded in paraffin, sliced to 5.0 um, and fixed and stained
with HE. Each specimen was graded as follows: 0, normal
or minor alterations, which cannot be ascribed with certainty
to radiation; 1, slight radiation damage (mild inflammation
and/or slight crypt change); 2, mild damage (more significant
inflammation and/or crypt damage); 3, moderate damage
(must have prominent loss of epithelium and degree of
inflammation variable); and 4, severe damage (ulcers and
necrosis).’

In situ hybridization for TGF-B1 in rectal and ureteral
tissues

Samples were fixed in 4.0% formalin containing 1.0%o
diethylpyrocarbonate for 6.0 hours and then dehydrated,
waxed, embedded, and sliced. After dewaxing with water,
the sections were incubated with proteinase K at 37°C for
15 minutes and then incubated with the probe (sequences
were designed based on the mRNA sequence in the NCBI
database, 5'-AATTAACCCTCACTAAAGG-3"), which

submit your manuscript

756

Dove

Therapeutics and Clinical Risk Management 2016:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

IFN-y reduce ureter and colorectal mucosa radioactive damage

was diluted in prehybridization solution (50% deionized
formamide, 5x saline sodium citrate, 5x Denhardt’s salmon
sperm DNA, and yeast tRNA) for 24 hours. After washing
and staining, a dark brown tissue indicated a positive result
for TGF-B1. The negative control was set without adding
the probe.

RNase-free solutions and RNase-free certified, dispos-
able plasticware and filter tips were used, whenever possible.
A separate area was maintained for RNA work. The surfaces
were carefully cleaned to avoid RNA enzyme contamina-
tion. Testing results fall into three categories: positive (3+),
equivocal (2+), and negative (1+ and 0).

Immunohistochemistry for collagen Ill in rectal and
ureteral tissues

Frozen sections were rinsed with phosphate buffer saline,
treated with 5.0% H, O, for blocking peroxidase, and incubated
at4.0°C overnight with collagen I1I antibody (1:200). Tissues
were then transferred to biotinylated secondary IgG complex
(1:200) for 2 hours, followed by exposure to an avidin—biotin
horseradish peroxidase complex. Yellow tissues indicated
a positive result for collagen II. Testing results fall into
three categories: positive (3+), equivocal (2+), and negative
(14 and 0).

For both in situ hybridization and immunohistochemistry
experiments, the results were observed using the double-blind
method, and the images were taken using a Nikon Spot on
ballistics program (Nikon, Tokyo, Japan) and analyzed using
IMAGE-Pro Plus 5.0.

Statistical analyses
Statistical analyses of the data were performed using Statisti-
cal Package for the Social Sciences 13.0 using the analysis
of variance (ANOVA) test among the groups and Dunnett’s
t-test between the groups. A P-value of <0.05 was considered
as statistically significant.

Results
Changes in tissue pathological
morphology

HE staining showed that congestion, edema, and inflamma-
tory cells were present in the rectal and ureteral mucosa at
4 weeks postradiation. Inflammatory cell (including mac-
rophages and neutrophils) infiltration was observed most
obviously at 8 weeks postradiation, when necrotic cells were
found in the rectal and ureteral mucosa. At 12 weeks post-
radiation, the morphology of part of the rectal and ureteral
mucosa was disorganized, and there was fibrosis in the rectal

Table | The lesion scores of the New Zealand white rabbit
ureter at different time points of radiation in each group

Time N IFN-ygroup Conventional Control P-value
(weeks) radiation group

4 13 0.4410.04 1.41+£0.57 0.00+0.00 0.04

8 13 0.8940.13 1.6110.46 0.00+0.00 0.03

12 13 0.98+0.62 2.82+0.15 0.00+0.00 0.001

16 13 0.731£0.24 0.89+0.16 0.00+0.00 0.58

Note: Ureter inflammatory cell infiltration at 4, 8, and 12 weeks post-radiation
between the IFN-y group and the conventional radiation or control group (P<<0.05).
No significant difference at 16 weeks postradiation.

Abbreviation: IFN-y, interferon gamma.

and ureteral connective tissues; however, the tissue damage
was partly attenuated at 16 weeks postradiation. There were
significant differences in congestion, edema, fibrosis, and
inflammatory cell infiltration at 4, 8, and 12 weeks post-
radiation between the IFN-y group and the conventional
radiation or control group (P<<0.05) but no significant dif-
ference at 16 weeks postradiation (P>0.05; Tables 1 and 2
and Figures 1 and 2).

Expression of TGF-B1 mRNA in rectal

and ureteral tissues

There was little expression of TGF-f1 mRNA in the
rectal and ureteral mucosa of the control group; however,
its expression was observed at the beginning of 4 weeks
postradiation in both the IFN-y and conventional radiation
groups, significantly increased at 12 weeks postradiation,
and was still obviously present at 16 weeks postradiation.
The positively stained TGF-B1 mRNA was mainly present
in the rectum, ureteral mucosa, muscle layer, and areas of
infiltrated inflammatory cells. The expression of TGF-B1
mRNA was significantly increased in the conventional radia-
tion group compared to that in the IFN-y group, especially in
the ureteral mucosa (Tables 3 and 4 and Figures 3 and 4).

Table 2 The lesion grades and scores of the rectum of the New
Zealand white rabbit at different time points of radiation in each

group

Time N IFN-ygroup Conventional Control P-value
(weeks) radiation group

4 13 0.40+0.02 0.91+0.53 0.00+0.00 0.048

8 13 0.6910.23 1.31£0.43 0.00+0.00 0.036

12 13 0.90+0.52 2.1240.24 0.00+0.00 0.02

16 13 0.64+0.32 0.76+0.36 0.00+0.00 0.82

Note: P<0.05, conventional radiation group vs IFN-y group or IFN-y group vs
control group. Testing results fall into three categories: positive (3+), equivocal
(2+4), and negative (I+and 0).

Abbreviation: IFN-y, interferon gamma.
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Figure | Hematoxylin and eosin staining of the New Zealand white rabbit ureteral tissue from the conventional radiation group and IFN-y group at 8 weeks
postradiation (100x).

Notes: (A) Conventional radiation group, (B) IFN-y group, and (C) normal group.

Abbreviation: IFN-y, interferon gamma.
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Figure 2 Hematoxylin and eosin staining of rectum tissue from the conventional radiation group and IFN-y group at 8 weeks postradiation (100x).
Notes: (A) Rectum of conventional radiation group, (B) IFN-y group, and (C) normal group.
Abbreviation: IFN-y, interferon gamma.

Table 3 The average optical density of TGF-31 mRNA in the ureter of the New Zealand white rabbit at different time points of
radiation in each group

Group Time
4 weeks postradiation 8 weeks postradiation 12 weeks postradiation 16 weeks postradiation
IFN-y group 1.97+0.43 3.7610.46 4.78+0.32 5.97+0.43
Conventional radiation group ~ 2.98+0.344 4.43+0.67 5.9740.53 7.96+0.34
Control 1.85+0.24 1.85+0.24 1.85+0.24 1.85+0.24
P-value 0.025 0.024 0.036 0.001

Note: P<<0.05, conventional radiation group vs IFN-y group or IFN-y group vs control group or conventional radiation group vs control group.
Abbreviations: IFN-y, interferon gamma; mRNA, messenger RNA; TGF-B1, transforming growth factor beta |.

Table 4 The average optical density of TGF-B1 mRNA in the rectum of the New Zealand white rabbit at different time points of
radiation in each group

Group Time

4 weeks postradiation 8 weeks postradiation 12 weeks postradiation 16 weeks postradiation

IFN-y group 1.8610.21 3.13+0.54 4.8710.43 5.65+0.46
Conventional radiation group  2.67+0.54 4.18+0.43 5.89+0.78 7.9940.56
Control 1.69+0.34 1.69+0.34 1.69+0.34 1.69+0.34
P-value 0.028 0.035 0.037 0.001

Note: P<<0.05, conventional radiation group vs IFN-y group or IFN-y group vs control group.
Abbreviations: IFN-y, interferon gamma; mRNA, messenger RNA; TGF-B1, transforming growth factor beta I.
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Figure 3 In situ hybridization for TGF-B1 mRNA expression in the New Zealand white rabbit in the conventional radiation group and the IFN-y group at 12 weeks

postradiation (100x).

Notes: TGF-1 | mRNA positive area in the mucous (red arrows) of (A) conventional radiation ureteral, (B) IFN-y group ureteral, and (C) normal group.
Abbreviations: IFN-y, interferon gamma; mRNA, messenger RNA; TGF-B1, transforming growth factor beta I.

Expression of collagen Il in rectal and

ureteral tissues

The results showed that the expression of collagen III was
significantly higher in the conventional radiation group than
in the control group and was mainly present in the rectum
and in the submucosal basal layer, smooth muscle layer, and
peripheral connective tissue of the ureter. The expression of
collagen III in the IFN-y group was dramatically lower than
that in the conventional radiation group (Figures 5-7).

Discussion

Radiotherapy inevitably damages tissues and/or organs that
are within the radiation field. Radiation-induced damage
in patients who receive pelvic radiotherapy includes rec-
tal mucositis and fibrosis, as well as ureteral damage and
fibrosis. Common symptoms of acute radiation proctopathy
include diarrhea, irregular bowel habits, hematochezia,
cramping, and tenesmus. These symptoms correlate with

loss of rectal mucosal cells, acute inflammation in the rectal
lamina propria, and endothelial swelling.*® Acute radiation
proctopathy occurs within 3 months of radiation therapy. It
has been estimated that >75% of patients who receive pel-
vic radiation develop acute anorectal symptoms.!® The most
important manifestation of ureteral exposure to radiation is
fibrosis, which may lead to ureteral stenosis.

These side effects decrease the quality of life of these
patients and increase the treatment costs; therefore, it is very
important to develop new approaches to prevent and treat
radiation-induced damage. [FN-y has been shown to display
potent antifibrotic effects in vitro and in animal models and
has also been explored as a potential treatment for renal
and idiopathic fibrosis.'"'> In fibrotic skin diseases, TGF-f3
plays a key role in activating fibroblast proliferation and
stimulating the production of extracellular matrix proteins.
The role of TGF-B in the pathogenesis of skin cancer and
fibrotic diseases has been extensively studied. In addition to
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Figure 4 In situ hybridization for TGF-B1 mRNA in the rectum in the New Zealand white rabbit at 12 weeks postradiation (100x).
Notes: TGF-f1 mRNA positive area in the mucous of the rectum (red arrows ) of (A) rectum of conventional radiation group, (B) IFN-y group, and (C) normal group.
Abbreviations: IFN-y, interferon gamma; mRNA, messenger RNA; TGF-B1, transforming growth factor beta I.
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Figure 5 Immunohistochemistry of collagen Ill in ureteral mucosa of the New Zealand white rabbit (400x).

Notes: (A) High levels of collagen Ill observed in the basement membrane, peripheral connective tissue, and smooth muscle layer in the conventional radiation group
at 16 weeks postradiation; (B) little collagen Ill is expressed in the basement membrane, peripheral connective tissue, and smooth muscle layer of the IFN-y group; and
(€) normal group. Red arrows show collagen Ill positive area in the mucous of the ureter.

Abbreviation: IFN-y, interferon gamma.

the direct effect of TGF-f on keratinocytes and fibroblasts,
TGF-B-mediated inflammation, angiogenesis, and regulation
of immune cells have additional impacts on the development
of skin cancer and fibrosis." It has been shown that TGF-3
is the master switch cytokine, which once activated after
radiation promotes a train of cellular events that result in
radiation-induced fibrosis.

In this study, HE staining showed that there was necrosis
in the rectal and ureteral mucosa and a great number of infil-
trated inflammatory cells in the mucosal layers at 4 weeks
postradiation. With the increase in radiation time, the struc-
ture of rectal and ureteral mucosa was rescued to some extent;
however, there was less necrosis in rectal and ureteral mucosa
and less infiltrated inflammatory cells in the mucosal layers at
4 weeks postradiation in the IFN-y group compared to those
in the conventional radiation group, suggesting that [IFN-ycan
inhibit radiation-induced infiltration of inflammatory cells
and attenuate acute radiation-induced damage to the rectal
and ureteral mucosa. Based on these findings, we speculate
that IFN-y can to some extent alleviate the side effects of
radiation in mucosa and might prevent mucosal damage from

clinical radiotherapy; however, further studies are needed to
examine whether IFN-y can prevent acute radiation-induced
mucositis in the oral cavity, intestines, bladder, and ureter. In
situ hybridization of TGF-f1 showed that the expression of
TGF-B1 mRNA was enhanced with an increase in radiation
time. In some animal experiments, there was a sustained
increase in TGF- immunoreactivity in the small intestines
after radiation.'* TGF-P acts as a potent fibrogenic and
proinflammatory cytokine. Hyperplasia of connective tissue
mast cells and increased leukocyte migration result from the
activation of TGF-P in the intestine wall.'s

Previous studies also demonstrated that TGF-B1 plays
an important role in radiation-induced development of
fibrosis.'!” Together with these findings, we believe that
increased TGF-B1 postradiation might be closely related
to radiation-induced fibrosis. We further found that the
expression of TGF-B1 mRNA was significantly decreased
in the IFN-y group compared to that in the conventional
radiation group, suggesting that IFN-y inhibits radiation-
induced increases in TGF-1 mRNA in rectal and ureteral
tissues; however, the expression of TGF-f1 mRNA in the
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Figure 6 Immunohistochemistry of collagen Ill in the mucous layers of the rectum of the New Zealand white rabbit (400x).
Notes: (A) Collagen Ill is highly expressed in the basement membrane and connective tissue surrounding the gland in the conventional radiation group at 16 weeks
postradiation; (B) little collagen Ill is observed in the basement membrane and connective tissue surrounding the gland in the IFN-y group; and (C) normal group. Red arrows

show collagen Ill positive area in the submucous stratum of the rectum.
Abbreviation: IFN-, interferon gamma.
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Figure 7 Immunohistochemistry of collagen Ill in the submucous stratum of the rectum of the New Zealand white rabbit (400x).
Notes: (A) Large amount of collagen Ill is expressed in the submucosa of the rectum in the conventional radiation group at 12 weeks postradiation; (B) little collagen Il is
observed in the submucosa of the rectum in the IFN-y group; and (C) normal group. Red arrows show collagen lll positive area in the submucous stratum of the rectum.

Abbreviation: IFN-y, interferon gamma.

IFN-y group was still higher than that in the control group,
suggesting that IFN-y cannot completely inhibit radiotherapy-
induced upregulation of TGF-1 mRNA. These findings sug-
gest that IFN-y can reduce the expression of TGF-B1, thus
decreasing the development of fibrosis; however, the underly-
ing mechanisms are still unknown. Immunohistochemistry
for collagen III showed that the expression of this protein
gradually increased with the increase in radiation time in
the rectal tissues, as well as in the submucosal basal layer,
smooth muscle layer, and peripheral connective tissue of the
ureter, suggesting the gradual formation of radiation-induced
fibrosis in the rectum and ureter. These findings suggest that
fibrosis in the rectum, peritoneum, and the connective tissues
of the ureter develops gradually following pelvic radiation,
thus inducing various complications in pelvic tissues. The
expression of collagen III was significantly decreased in the
IFN-y group compared to that in the conventional radiation
group, suggesting that IFN-y inhibits radiation-induced
increases in collagen III in the rectal and ureteral tissues.
Combined with the findings that IFN-y inhibits radiation-
induced upregulation of TGF-f1 mRNA, these findings
imply that [IFN-y might inhibit the expression of collagen III
by downregulating TGF-B1 mRNA, thus decreasing fibrosis
in the rectum and ureter.

With the increased incidence of tumors, the use of
radiotherapy for pelvic tumors also increases. The direc-
tion for studies on tumor therapy is to develop approaches
that not only enhance treatment efficacy but also reduce
radiotherapy-induced complications, thus enhancing the
long-term survival and quality of life of cancer patients.
Acute and chronic radiation-induced damage seriously
affects the quality of life of cancer patients, and there are
no effective drugs that can prevent this damage; therefore,
there remains the critical issue of preventing and treating

radiotherapy-induced damage and fibrosis in clinics. In this
study, our findings show that IFN-y attenuates radiotherapy-
induced damage and fibrosis in rectal and ureteral tissues,
which has positive significance for developing effective
drugs that can prevent and treat these side effects; however,
clinical applications of IFN-yalso have side effects, and more
studies are needed to clarify whether IFN-y can be used to
prevent and treat radiation-induced damage and fibrosis in
rectal and ureteral tissues.

Conclusion

Although the animal experiments showed that IFN-y can
inhibit the radiation-induced damage and fibrosis, there
are still many problems to be solved. At present, there are
few clinical studies available for the treatment of radiation-
induced damage and fibrosis with IFN-y. The major problem
hampering a wider application of IFN-y in treatment is its
adverse effects. Although different routes and delivery
systems have been used to deliver IFN-vy for the treatment
of a variety of viral and neoplastic diseases, little has been
reported on the most efficient and least toxic routes and drug
delivery modes required to achieve these goals. One impor-
tant thing is the concentration of IFN-y that is necessary to
achieve an optimal therapeutic response. Unfortunately, we
do not know much about the specific mechanisms involved in
the control of radiation-induced damage and fibrosis develop-
ment during the initial and the latency phases of damage and
fibrosis. More research is needed in this area. In this study,
treating radiation-induced damage and fibrosis using IFN-y
for is tested. Further testing of IFN-y in treating radiation-
induced damage and fibrosis is needed.
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