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ABSTRACT

Purpose: To determine the role of Molsidomine in preventing radiation-induced retinopathy after head
and neck region irradiation of rats with a single radiation dose of 15 Gy.

Materials and Methods: Male Wistar albino rats were randomly grouped into five as follows: (1) control
group rats, which were applied through an intraperitoneal (i.p.) vehicle without radiotherapy (RT); (2) RT
group rats received a single dose of 15 Gy irradiation and after daily 0.1 ml vehicle i.p. for 5 consecutive
days; (3) molsidomine (MOL) group rats were treated for 5 consecutive days by i.p. with 4 mg/kg/day
MOL; (4) irradiation plus MOL group (RT+MOL) rats received irradiation and after 10 days single daily i.p.
dose of MOL for 5 consecutive days; and (5) MOL+RT group rats were treated for 5 consecutive days by i.
p. with MOL before RT. At the end of the work the rats were sacrificed under high-dose anesthesia on
the 16™ day and then eye tissues were taken for histopathological, immunohistochemical (caspase-3),
and biochemical analyses (superoxide dismutase [SOD], glutathione peroxidase [GSH], and malondial-
dehyde [MDA]).

Results: RT significantly decreased both the content of GSH and the activity of SOD, and significantly
increased the production of MDA level in the rat eyes. MOL treatment significantly increased the SOD
and GSH levels and significantly decreased the MDA production (p < 0.0001). In addition, RT significantly
increased the number of ganglion cells (GCs; p = 0.001), whereas especially pretreatment with MOL
improved (p = 0.013). RT led to significant retinopathy formation, and MOL therapy protected the retina
from radiation-induced retinopathy (p < 0.0001).

Conclusions: We suggest that MOL is a powerful antioxidant and free radical scavenger that prevents the
rat eyes from radiation-induced retinopathy and oxidative stress.
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Introduction

Each year, 75,000 new cases of cranial region cancer are diagnosed
in the United States, and 40% of these cases end in death." Except
for cancers of the salivary glands, bone, thyroid, and soft tissues,
cancers in the cranial region are mostly squamous cell carcinoma.
Radiation therapy (RT) with or without surgery has been used as a
standard treatment modality for cranial region cancers,” and
recently, orbital cancers such as uveal malignant melanoma have
been treated with RT in addition to other treatments.”

It is known that ionizing radiation has some serious side effects
such as dry eye, eyelash loss, cataracts, neovascular glaucoma,
radiation retinopathy (RR), optic neuropathy, and secondary
cancers.* Although the side effect mechanism of ionizing radia-
tion on the eye has not been fully clarified, it is known that
radiation generates oxidative stress on the eye tissues. Reactive
oxygen species (ROS) are the main cause of oxidative stress. By the
decomposition of the water superoxide radical (O,"), the hydroxyl
radical (OH"), and hydrogen peroxide (H,0O,), ROS are produced.
The harmful effects of ROS are balanced by the action of

antioxidants, but insufficient antioxidants lead to the damage of
cellular structures such as DNA, the cellular membrane, or intra-
cellular molecules.” The use of antioxidant agents may protect
against these effects of ROS.°"® In this study, we will be focusing
on oxidative stress, apoptosis, and radiation-induced retinopathy.
Molsidomine (MOL) is a nitric oxide (NO) donor and widely
used as a vasodilating, antianginal agent. MOL is a prodrug and
transformed into the metabolite 3-morpholinosydnonimine
(SIN-1), which spontaneously provides NO.” NO has a significant
impact on tissue injury, inflammation, and cell defense, as well as
on vasodilation. In addition, MOL has been shown to be a power-
ful antioxidant, antiapoptotic, and anti-inflammatory agent.'’
Based on these characteristics, MOL therapy may be helpful in
eye tissue damage caused by ionizing radiation, which results in
oxidative stress and the production of excessive reactive radicals.
In the literature, there is no investigation of MOL against
RR caused by RT. This study was therefore designed to
explore the possible protective and therapeutic effects of
MOL on eye tissue damage caused by ionizing radiation.
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Materials and methods

All animal care procedures were approved by the Local Animal
Experimentation Ethics Committee of Inonu University, and all
experiments were conducted in accordance with the Association
for Research in Vision and Ophthalmology (ARVO) statement for
the use of animals in ophthalmic and vision research. Male Wistar
albino rats with an average age of 14-18 weeks (200-250 g) were
housed under standard temperature of 20 + 2°C and humidity of
55-60%, on a 12:12 hour light/dark cycle. The rats were randomly
sorted into five groups (n = 8) as follows: 1) control group rats
received an intraperitoneal (i.p.) vehicle applied without RT; 2) RT
group rats received a single dose of 15 Gy irradiation, then a daily
dose of 0.1 ml ip. for five consecutive days; 3) MOL group rats
were treated for five consecutive days by i.p. with 4 mg/kg/day
MOL (molsidomine, Sigma Chemical Co., St Louis, MO, USA); 4)
irradiation plus MOL group rats (RT+MOL) received irradiation
and after 10 days, they received a single daily i.p. dose of MOL
(4 mg/kg/day) for five consecutive days; and 5) MOL plus RT
(MOLA+RT) group rats were treated for five consecutive days by i.p.
with 4 mg/kg/day MOL before irradiation.

The dose of MOL was chosen based on the previous dose-
response studies that have been reported to affect the antiox-
idative effects in rats.""'?

RT application

Before RT application, the rats were weighted and anesthe-
tized with ketamine (30 mg/kg) and xylazine (5 mg/kg) i.p.,
and placed in a supine position. External whole-cranium
irradiation was given with a 30 x 30 x 5 cm animal-fixing
box, in which eight rats were kept for each irradiation, using 6
MV photons from the linear accelerator machine (Artiste®,
Siemens Medical Solutions USA, Inc., Malvern, PA). To
insure that the eyes and ears received a maximal dose, a wax
bolus material of 1-cm thickness was placed over the rat
cranium. The dose was calculated as Dmax dose at 1.5 cm
depth. Irradiation was delivered for skin source distance
(SSD) 100 cm technique and was given as a single dose of
15 Gy (Figure la and b).

The animals in each group were sacrificed under high-dose
anesthesia on the 16th day, and then eye tissues were taken for
histopathological and biochemical analyses at the end of the work.

Biochemical analysis

Two hundred milligrams of frozen whole eye cup specimens,
cut into pieces on dry ice, were homogenized in a 1.15% KCI
buffer using a manual glass homogenizer for approximately 5
minutes, and flushed with centrifugation for approximately 10
seconds to remove large debris. The supernatant was used for
analysis.

Determination of eye tissue thiobarbituric acid-reactive
substances representing malondialdehyde (MDA) content
The MDA contents of the homogenates were determined
spectrophotometrically, by measuring the presence of thiobar-
bituric acid reactive substances (TBARS).!* Three mL of 1%
phosphoric acid and 1 mL 0.6% thiobarbituric acid solution

were added to 0.5 mL of homogenate in a tube, for this
reaction. This mixture was warmed in boiling water for 45
minutes. After the mixture had cooled, the colored part was
extracted into 4 mL of n-butanol. The absorbance was mea-
sured using a spectrophotometer (UV-1601; Shimadzu,
Kyoto, Japan) at 532 nm. The amount of lipid peroxides was
calculated as TBARSs of lipid peroxidation, and the results
were given in nanomoles per gram tissue (nmol/g tissue)
according to a prepared standard graph.

Determination of SOD

SOD activity was determined with Sun et al.’s method'* by
inhibiting nitroblue tetrazolium (NBT) reduction with
xanthine/xanthine oxidase used as a superoxide generator.
One unit of SOD was defined as the enzyme amount causing
50% inhibition in the NBT reduction rate. SOD activity was
expressed as units per milligram protein (U/mg protein).

Determination of reduced glutathione content

The GSH content in the eye tissue was analyzed following a
previously described method.'> An enzymatic reaction in a
tube containing NADPH, reduced glutathione (GSH), sodium
azide, and glutathione reductase was initiated by the addition
of H,0,, and the change in absorbance at 340 nm was
observed by a spectrophotometer. Activity was given in
units per gram protein (umol/g tissue).

Histological evaluation

Enucleated eyes were fixed in 10% formalin and embedded in
paraffin. Paraffin-embedded specimens were cut into 4-pm-thick
sections as horizontal sections through the optic disk of the eye,
and mounted on slides. The sections were stained with hematox-
ylin and eosin. The measurements of the retina thickness and
various retinal layers for each eye were performed in the same
topographic region of the retina. Thicknesses of the inner plexi-
form layer to the inner limiting membrane (IPL-ILM, a measure
of inner retinal thickness), the inner nuclear layer (INL), and the
outer nuclear layer (ONL) were measured for each eye. An addi-
tional count of GCs was performed. Averages for these measure-
ments of the thickness and cell counts taken in five adjacent areas
within 1-2 mm of the optic disk were calculated. We carried out
all of the morphometrical analyses in a blind fashion.

For immunohistochemical analyses, thick sections were
taken onto polylysine-coated slides. After rehydrating, the
samples were transferred to a citrate buffer (pH 7.6) and
heated in a microwave oven for 20 minutes. After cooling
for 20 minutes at room temperature, the sections were
washed with phosphate buffer saline (PBS). Then, the sec-
tions were kept in 3% H,O, for 7 minutes and afterward
washed with PBS. After that, the sections were incubated
with primary rabbit-polyclonal cysteine aspartate specific
proteases (caspase-3) (Neomarker), then rinsed in PBS, and
incubated with biotinylated goat anti-polyvalent for 10
minutes and streptavidin peroxidase for 10 minutes at
room temperature. The staining procedure was completed
with chromogen+substrate for 15 minutes, and the slides
were counterstained with Mayer’s hematoxylin for 1 min-
ute. Caspase-3 was used according to the manufacturer’s



instructions except for one minor revision. GCs stained
with caspase-3 were counted. Five areas for each specimen
were examined under 40x magnification. For histological
evaluation (layer measurements and cell counts), a
LeicaDFC280 light microscope by X40 objective (Leica
Micros Imaging Solutions Ltd, Cambridge, UK) was used.

Statistical analysis

For detecting even minor effects, the required sample sizes
used in this experiment were identified using statistical
power analysis. The sample sizes necessary for a power of
0.80 were estimated using NCSS software. All data were
analysed with a commercially available statistical software
package (SPSS for Windows v. 15.0, Chicago, IIl., USA).
Distributions of the groups were analysed with the
Kolmogorov-Smirnov test, and all groups showed a normal
distribution. For all parameters, one-way ANOVA was per-
formed with Tukey’s post hoc test. Results were presented
as mean+SD, and p < 0.05 was regarded as statistically
significant in all data.

Results
Biochemical results

In brief, as shown in Table 1, the MDA level was significantly
higher in the RT group when compared to the control, MOL,
MOL+RT, and RT+MOL groups (p < 0.0001). In the eye
tissue, SOD and GSH levels were significantly lower in the
RT group when compared with the other groups (p < 0.0001).
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Histological results

Layers of the retina were observed as regular and intact in the
control and MOL groups (Figure 2a and b).However, the RT
group showed mild disorganization of the INL and IPL. The
overall retinal thickness was significantly decreased in the RT
group (152.26 + 24.32) compared to the control group (174.80 +
15.97) due to loss of cell layers (p<0.05). In addition, there was a
more marked loss of cell bodies within the ganglion cell layer
(GCL) in the RAD group (17.60 + 7.12) than in the control
group (25.70 + 5.02) (Figure 3a) (p < 0.05). Also, the thicknesses
of IPL-ILM (41.42 + 8.97) and INL (25.89 + 5.18) were signifi-
cantly lower than the control group (70.07 + 8.36-32.28 + 4.19,
respectively) (p < 0.05).

On the other hand, the administration of MOL signifi-
cantly protected the thickness of the overall retina against
radiation damage. Despite that the thinness of INL was
improved by MOL treatment, there was no statistically
significant difference between the RT and MOL treatment
groups (p > 0.05). Treatment with MOL after radiation
application was more effective than treatment with MOL
before RT application with regard to protection of the
thickness of IPL-ILM. A normal pattern of organization in
the ONL was observed in all experimental groups. Likewise,
the thickness of the ONL did not change with the applica-
tion of radiation. The total number of GCs was higher in
the MOL treatment groups than in the RT group, but no
histologic differences were found among these groups
(p>0.05) (Figure 3b and c).

In the caspase-3 examination, the control and MOL
groups showed a few caspase-3-positive cells (Figure 4a
and b). In contrast, caspase-3-positive cells in the GCL
were found to be significantly increased in the RT group

Table 1. The comparison of the eye-tissue lipid peroxidation parameter and antioxidant contents among the study groups.

Parameters Control RT MOL MOL+RT RT+MOL

MDA nmol/g tissue 14.38 + 4.28 2747 + 3.49° 14.86 + 4.06° 14.89 + 1.66° 16.18 + 3.12°
SOD U/mg protein 0.60 + 0.05 0.42 + 0.01° 0.58 + 0.05¢ 0.57 + 0.03¢ 0.59 + 0.06¢
GSH umol/g tissue 29.63 + 2.47 15.49 + 2.99¢ 27.20 + 3.49¢ 28.86 + 3.82¢ 26.93 + 2.24°

Data are presented as mean + SD.

Significant increase versus control group (p < 0.0001).
bSignificant decrease versus RT group (p < 0.0001).
“Significant decrease versus control group (p < 0.0001).
dSignificant increase versus RT group (p < 0.0001).

Figure 1. Irradiation field (a), and simulation radiograph (b).
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Figure 2. (a) Control and (B) MOL groups; layers of retina are regular. H-E X40. ONL: outer nuclear layer, INL: inner nuclear layer, IPL: inner plexiform layer, ILM: inner

limiting membrane, GCL: ganglion cell layer.

Figure 3. (a) RAD group; mild disorganization of INL and its thinness are evident than the control group. (b) RAD+MOL and (c) MOL+RAD groups; the histologic
appearance of the groups is nearly similar to each other. H-E X40. ONL: outer nuclear layer, INL: inner nuclear layer, IPL: inner plexiform layer, ILM: inner limiting

membrane, GCL: ganglion cell layer.
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Figure 4. (a) Control group; the views of normal retina, ganglion cells are seen as caspase-3 negative (thick arrow). (b) MOL group; the aspect of caspase-3 (-)

staining is close to the control group. Caspase-3 immunostaining X40.

(10.00 + 1.58) when compared with the control group
(0.20 0.45) (p < 0.05) (Figure 5a). Treatment with MOL
before radiation application (2.40 + 2.70) was found to be
more effective than treatment with MOL after radiation
application (8.80 * 6.06) in terms of preventing the apop-
tosis in the GC (Figure 5b and c).

Thickness of the overall retina, retinal layers, total number
of the GCs, and results of the immunohistochemical staining
are given Tables 2 and 3.

Discussion

RT is widely used to treat and prevent the recurrence of many
tumors in the cranial region.” Ionizing radiation causes cellular
damage by several mechanisms, with the major mechanism
being the DNA strand breaking in the cells. Shortly, radiation-
induced ionizations may act directly on the cells or indirectly on
water molecules, causing water-derived radicals. Radicals react
with molecules, resulting in the breakage of chemical bonds or in
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Figure 5. (a) RAD group; abundant caspase-3 staining cells within GCL are observed (arrow heads). (b) RAD+MOL group; there are obvious caspase-3 (+) cells in the
GCL (arrow heads). (c) MOL+RAD group; a prominent reduction of caspase-3 (+) staining cells (arrow heads) is seen in the GCL according to the RAD+MOL group

(thick arrow indicates caspase (=) ganglion cell). Caspase-3 immunostaining X40.

Table 2. Thickness of the retinal layers in the all groups (um).

Groups The overall retina IPL- ILM INL ONT
Control 174.80 = 15.97 70.07 + 8.36 32.28 + 4.19 58.57 £ 3.81
MOL 172.15 £ 19.14 65.03 £ 11.61 33.01 + 3.95 5892 + 9.85
RT 152.26 + 24.32 41.42 + 8.97 25.89 + 518 57.41 £ 9.49
MOL+RT 177.08 £ 21.61 47.62 = 9.21 29.03 £ 3.14 63.02 = 8.10
RT+MOL 174.92 + 16.20 48.63 £ 6.81 28.86 + 4.58 59.46 + 7.87
p-Values The overall retina IPL- ILM INL ONT
Control-MOL 1.000 0.1 1.000 1.0
Control-RT 0.001 0.0001 0.0001 1.000
RT-MOL+RT 0.001 0.102 0.063 0.156
RT-RT+MOL 0.001 0.009 0.200 0.989
MOL+RT-RT+MOL 1.000 1.000 1.000 0.609

Note. Italicized 0.001 and 0.0001 values of p are assumed as statistically significant.

Table 3. The effect of MOL on the number of total ganglion cells and caspase-3
expression in the ganglion cell layer of RAD-applied rats.

Groups Casp (+) GC Total number of GC
Control 0.20 + 0.45 25.70 + 5.02
MOL 0.20 + 0.45 30.77 + 6.37

RT 10.00 £+ 1.58 17.60 = 7.12
MOL+RT 240 + 2.70 2293 +7.30
RT+MOL 8.80 + 6.06 19.47 + 6.38
p-Values Casp (+) GC Total number of GC
Control-RT 0.001 0.0001
RT-MOL+RT 0.013 0.057
RT-RT+MOL 1.000 0.967
MOL+RT-RT+MOL 0.557 0.432

GC: Ganglion cell.
Note. ltalicized <0.05, 0.001 and 0.0001 values of p are assumed as statistically
significant.

oxidation (addition of oxygen atoms) of the affected molecules.
Consequently, the cell develops apoptosis and cell death due to
this DNA strand breakage.'® '’ In the current study, we estab-
lished a retinopathy model by a 15 Gy single dose of radiation to
the whole head and neck region in the rats.’

We evaluated the biochemical parameters (MDA, SOD,
GSH) for analyzing oxidative stress. The MDA levels served
as an index of cellular damage by free radicals. MDA is a
by-product of oxidant-induced lipid peroxidation and pro-
tein oxidation, and leads to irreversible cell damage.'”> SOD
and GSH are part of the antioxidant defense system, and
these molecules protect cells against oxidative damage. An
imbalance between TBARS and the antioxidant defense
system leads to oxidative stress. The most sensitive cellular
components in ROS formation are membrane lipids,

proteins, nucleic acids, and DNA molecules.'®! In the
present study, we observed that RT exposure led to lipid
peroxidation by increasing the MDA levels, yet the MDA
levels almost returned to control levels with MOL treat-
ment. There were lower GSH and SOD levels in the RT
group and the control group, and treatment with MOL
reduced the RT damage by reducing oxidative stress and
increasing antioxidant activity. This reduction occurs
because MOL is a strong, direct, free radical scavenger
and an indirect antioxidant through the induction of anti-
oxidant enzymes.*'’

RR is a chronic and progressive illness that may result from
the exposure to radiation.”>*' RR may be from unavoidable
exposure to excessive radiation from the treatment of head
and neck region malignancies, or secondary to the treatment
of intraocular tumours.”*"**

If enough radiation is absorbed, it will begin a series of
reactions that lead to cell death, which stimulates division and
migration of cells to repair the discontinuity in the vessel wall.
Migratory cells that are sensitive to radiation initiate a vicious
cycle that might trigger the clotting cascade due to the incom-
petence of the vascular endothelium, leading to clinically
observable RR.***

In 1987, Irvine and Wood were the first to experimentally
model radiation-induced retinopathy.*® Thereafter, prominent
retinal changes in rats following a single dose of 15-20 Gy
were demonstrated by Amoaku.”” RR was histologically char-
acterized by apoptosis, leukocyte adhesion and stasis, vessel
occlusion, retinal endothelial cell death, hypoxia, occlusive
changes, microaneurysmal  changes in  capillaries,
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parenchymal inflammation, presence of necrotic and gliotic
regions, glial hypertrophy, neuronal swelling, and
degeneration.”’31 It is known that MOL, which is an NO
donor, has a beneficial effect on microangiopathy and occlu-
sive changes. Because NO is a powerful vasodilator, it plays a
crucial role in maintaining tissue blood flow and perfusion.
Furthermore, NO blocks leukocyte adhesion and platelet acti-
vation, and prevents smooth muscle cell proliferation.”
Because of these characteristics, we thought that MOL treat-
ment might exert beneficial effects against RR generation.

GCs are very important for visual function; as is known,
rods and cones transform light energy into an electrical signal
and convey information through retinal ganglion cells (RGCs)
the only neurons in the retina that send axonal projections to
the brain.”” It is well established that caspases are vital med-
iators of apoptosis. Among these caspases, caspase-3 is known
as an effector caspase and an initiator of the death cascade
and, thus, an important marker of the cell’s entry point into
the apoptotic signaling pathway.”* For this reason, in our
study, caspase-3 positive GC and total number of GC in the
GCL were calculated. RT led to apoptosis and notable histo-
logical changes such as mild disorganization of INL and IPL,
and a reduced overall retinal thickness and a lower number of
cell bodies within the GCL were observed. In the immuno-
histochemical examination, RT led to a significant increase in
caspase-3-positive cells in the GCL.

In the case reports, the beneficial effects of certain drugs
such as systemic corticosteroids and pentoxifylline on RR
have been observed by Shields CL et al.*®> and Gupta P et al.,*®
respectively. In some experimental RR models, different anti-
oxidant molecules such as vitamin-E, L-carnitine, and amifos-
tine were tested and successful results were obtained.™’” We
also believe that powerful antioxidants may reduce the effects
of ionizing radiation. In this study, we observed that MOL
showed positive effects on radiation-induced retinopathy.
However, we found pretreatment with MOL more effective
than posttreatment with MOL in terms of preventing the
apoptosis in the GC.

There are several studies about the effects of irradiation on
the retina and/or other eye tissues and treatment of these
adverse effects in the literature. In these works, only apoptosis
or biochemical parameters were investigated.””® Akkus
Yildirim et al.>’ studied the prevention of radiation-induced
retinopathy with amifostine in rats. In this study, retinopathy
was evaluated only by using apoptotic markers. Similarly,
Ertekin et al.’® studied a cataract model by using biochemical
parameters. However, in our study, we analyzed oxidative
stress markers, apoptosis with caspase cascade, and retinal
layer thickness. From this standpoint, we believe that our
work is more comprehensive and enlightening. Even though
there are recent studies examining the effects of MOL on
other organs and tissues such as the brain, kidney, and
heart, its effects on radiation-induced retinopathy and other
ocular pathologies have not yet been studied.

In conclusion, we suggest that when RT is applied to the
head and neck region, it triggers oxidative stress and leads to
radiation-induced retinopathy. MOL seems to prevent oxi-
dative stress and radiation-induced retinopathy at least par-
tially in rats. In this regard, this study forms a basis for such

preclinical experiments and calls for clinical studies, which
may soon verify useful results. Although the results of our
study are promising, there are several limitations. First, the
level of inducible nitric oxide synthase (iNOS) expression is
valuable to determine the retinal status and necessary for
supporting our results. In addition, RR should be confirmed
by the fundus photography. However, because of limited
facilities, we could not assay it unfortunately. According to
our results, we believed that widespread use of systemic
antioxidants and anti-inflammatories such as MOL will be
seen in the near future. However, further experimental and
clinical studies are required to confirm these findings before
conducting clinical applications for preventing and treating
radiation-induced retinopathy.
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