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Inhibition of Radiation-Induced Oxidative Damage in the Lung
Tissue: May Acetylsalicylic Acid Have a Positive Role?

Can Demirel,"® Sevil Cagiran Kilciksiz,2 Serkan Gurgul,3 Nurten Erdal,4 Seyran Yigit,5

Lulufer Tamer,® and Lokman Ayaz7

Abstract—The lung is relatively sensitive to irradiation. It is shown that acetylsalicylic acid (ASA) might
reduce oxidative injury and that it has a place in protection from cancer. The aim of this study is to
evaluate the potential radioprotective effects of ASA. Whole-body irradiation (6 Gy, single dose) was
applied to the rats. Glutathione (GSH), malondialdehyde (MDA), myeloperoxidase (MPO), and nitric
oxide (NO) levels in the lung tissue were measured. Control (C), Radiation (R), Radiation+ASA
(R+ASA; received irradiation and 25 mg/kg of ASA intraperitoneally (i.p.)), and
Radiation+Amifostine (R+WR-2721; received irradiation and 200 mg/kg of WR-2721 i.p.) groups
were used. The MPO levels decreased statistically significantly in the group administered ASA.
Histopathologically, a radioprotective effect of ASA was more evident in the R+ASA group. ASA is
an agent which has not been used as a radioprotector in the clinic yet, and it is worth supporting with

more advanced studies.
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INTRODUCTION

The lung is relatively sensitive to irradiation [1]. The
histopathological changes of radiation-induced pulmonary
toxicity can be divided into early and late stages on the
basis of the time course and intensity of the radiation injury.
Pulmonary fibrosis can also develop after exposure to
radiotherapy, and it is characterized by the progressive
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and irreversible destruction of lung architecture produced
by scar formation that finally leads to organ malfunction
and causes morbidity [1, 2]. Following radiation exposure,
lung damage occurs as a consequence of early epithelial
and endothelial injury [3]. The role of inflammation in this
process and inflammatory responses in blood vessels are
some of the main uncertain points [3, 4].

Oxidative stress, which represents an imbalance be-
tween reactive oxygen species (ROS) and cellular mecha-
nisms for detoxifying the reactive intermediates, perpetuates
profibrotic inflammatory responses [5]. Radiation can cause
various lesions by direct interaction with DNA or indirectly
through damage induced by free radicals mainly resulting
from the radiolysis of water molecules—the most abundant
molecules in the cell [5]. The use of antioxidants has aroused
increasing interest since it has been noticed that the protec-
tion of normal tissues may provide an increase in tumor
control by providing an increase in the radiation dose [6].
Protection by numerous different agents (e.g., WR-2721,
captopril, and 5-aminosalicylic acid (5-ASA) agonist) from
functional and histopathological damage when administered
both before and after irradiation has been shown [1, 6-8].

Acetylsalicylic acid (ASA) is a salicylate drug. ASA
was the first discovered member of the non-steroidal
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antiinflammatory drug (NSAID) group. However, even
though they all have similar effects and the mechanism of
action for most of them is the inhibition of the enzyme
cyclooxygenase (COX), not all of them are salicylates [9].
Moreover, ASA has an antiplatelet effect by preventing
thromboxane production [9]. Likewise, it is thought that
ASA and its derivates are antioxidants which scavenge free
radicals—the potentially damaging by-products of the me-
tabolism [7, 10]. Extensive research has been made on the
role of ASA in reducing the incidence of many types of
cancers. The drug might have an effect of reducing the risk
of various types of cancers such as colon cancer [11] and
lung cancer [12]. Briefly, it is argued that ASA can exert its
therapeutic potential as a free radical scavenger and as an
antiischemic substance [7, 9, 10].

This study aimed to investigate the potential radio-
protective effects of ASA by using an animal model and to
compare its effect with that of WR-2721 (amifostine), as a
representative of clinically used radioprotector, in the pre-
vention of oxidative damage caused by gamma irradiation
on the lung tissue.

MATERIAL AND METHOD

All experiments and protocols described in the pres-
ent study were performed in accordance with the guide-
lines of the European Convention for the Protection of
Vertebrate Animals used for Experimental and other
Scientific Purposes and also approved by the Medical
Faculty Experimentation Ethics Committee of Gaziantep
University. The rats were housed under standardized con-
ditions (12-h light/dark cycle, 22+2 °C, and relative hu-
midity 50-70 %) and provided free access to standard rat
nutrients and purified drinking water ad libitum.

Experimental Design

Prior to experimental manipulation, the rats were
acclimatized to our laboratory conditions for a week.
After the stabilization period, the rats were divided ran-
domly into four equal-sized groups (six rats per group),
namely, the Control (C), irradiation (R), Radiation+ASA
(R+ASA), and Radiation+ Amifostine (R+WR-2721). C
rats received neither any radioprotector nor any irradiation;
however, the rats were treated with 2.2 ml of saline intra-
peritoneally (i.p.). All groups of rats in the study (R,
R+ASA, and R+WR-2721) received whole-body gamma
irradiation as a single dose of 6 Gy (50 % lethal total body
irradiation dose for rats). Besides the irradiation, R rats
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received 2.2 ml of saline by intraperitoneal injection
(i.p.), while the R+ASA and R+WR-2721 rats received
both irradiation and 25 mg/kg of ASA i.p. (acetysalicylic
acid, Bayer Ilag, Gebze, Kocaeli, Turkey) or 200 mg/kg of
WR-2721 i.p. (containing 500 mg of amifostine, Ethyol
flacon, Er-Kim {lag, Istanbul, Turkey), respectively. Saline,
ASA, and WR-2721 injections in the study groups were
performed 15 min before irradiation. The drug doses were
chosen according to the previous studies since they were
observed to have beneficial effects on the prevention of
radiation-induced oxidative damage following irradiation
after treatment with ASA or WR-2721 by using a similar
protocol [13, 14]. A cobalt-60 teletherapy unit (Shandong
Xinhua SCC-8000 F Zibo, China) was used for all irradi-
ation applications. The dose rate was 1.80 Gy/min at a
distance of 80 cm.

The study was terminated 72 h after irradiation. The
lung tissues of rats were resected for the biochemical
analysis.

Measurement of GSH

The glutathione (GSH) concentrations of the tissues
were measured using the method described by Beutler et al.
[15]. Fifty-milligram specimens of rat tissues were homog-
enized in 5 % NaCl. Three milliliters of the precipitating
solution (1.67 g of metaphosphoric acid, 0.2 g of EDTA,
and 30 g of NaCl in 100 ml of distilled water) was mixed
with 2 ml of homogenate. The mixtures were centrifuged at
3000 rpm for 5 min. Two milliliters of filtrate was taken
and added to another tube, and then 8 ml of the phosphate
solution (0.3 M disodium phosphate) and 1 ml of Ellman s
reagent (DTNB) were added. A blank was prepared with
8 ml of phosphate solution, 2 ml of diluted precipitating
solution (3 parts to 2 parts distilled water), and 1 ml of
DTNB reagent. A standard solution of the glutathione was
prepared (40 mg/100 ml). The optical density was
measured at 412 nm in the spectrophotometer. GSH
values were expressed in mmol/mg of total protein.
The amount of total protein was measured with Lowry’s
method [15, 16].

Measurement of MDA

A 50-mg tissue specimen was homogenized in
0.15 mol/l of KCI to determine the malondialdehyde
(MDA). After the homogenate had been centrifuged at
3000 rpm, the MDA levels in 50 pl of tissue homogenate
were determined by the thiobarbituric acid (TBA) reaction
according to Yagi. The principle of the method is based on
measuring absorbance of the pink color produced by the
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interaction of TBA with MDA at 530 nm. The values were
expressed in nmol/ml [17].

Determination of NO

The lung tissues were homogenized in the lysis buffer
and centrifuged at 14,000xg for 15 min at 4 °C. The
cytosolic extracts were removed gently. Nitric oxide
(NO) levels were determined in supernatants. The levels
of NO in tissues were analyzed by a colorometric assay kit
(nitric oxide colorimetric kit, Roche Diagnostics, GmbH
Mannheim, Germany). Nitrate was reduced to nitrite by
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) in the presence of the enzyme nitrate reductase.
The resultant nitrite reacted with sulphanilamide and N-(1-
naphtyl)-ethylene-diamine dihydrochloride to give a red—
violet diazo dye. The diazo dye was measured on the basis
of its absorbance in the visible range at 550 nm. The level
of NO was marked in mg/g of tissue.

Measurement of MPO

A 300-mg tissue specimen was homogenized in
0.02 M EDTA (pH 4.7) by a homogenizer (SilentCrusher
M Heidolph Instruments GmbH & Co. KG,
Germany). Homogenates were centrifuged at 20,000xg
for 15 min at +4 °C. The pellet was re-homogenized in
1.5 ml of 0.5 % hexa-decyl-tirimethyl-ammonium bromide
(HETAB) prepared in 0.05 M KPO4 (pH 6) buffer and then
re-centrifuged at 20,000xg for 15 min at +4 °C. The
determination of supernatant’s myeloperoxidase (MPO)
activity is based on the fact that it reduces o-dianizidine.
Reduced o-dianizidine was measured at 410 nm by a
spectrophotometer. Tissue MPO values were expressed in
U/g of total protein [18].

Lung Tissue Preparation and Histological Examination

Histopathological analysis: The tissue specimens col-
lected from each lung were fixed in 10 % formalin solution
and processed to paraffin wax. Five-micrometer-thick sec-
tions were deparaffinized and stained with hematoxylene—
eosin for the light microscopic examination. The slides
were examined blindly by an experienced pathologist.
Microscopic findings including pulmonary collapse, pul-
monary edema, congestion, hemorrhage, lymphoid aggre-
gation, and subtypes of inflammatory cells (eosinophil/
neutrophil) were detected. The severity of these parameters
was graded as follows: normal (0), minimal (1), moderate
(2), and severe (3). The semiquantitative scores reflected
the population examined as follows: Collapse was scored
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as grade 1 in one area, as grade 2 in two to three areas, and
as grade 3 in four and more areas. Congestion and hemor-
rhage were scored as follows: <11 % (1), 11-30 % (2), and
30-100 % (3). Lymphoid aggregates were scored as fol-
lows: grade 1 in two focal areas, grade 2 in two to four
focal areas, and grade 3 in five and more focal areas.

Statistical Analysis

The descriptive values of data were represented in
means+standard deviation (SD) of mean. After checking
for normal distribution with Shapiro—Wilk’s test, the data
were analyzed by one-way ANOVA, followed by Tukey
HSD or Kruskal-Wallis test for multiple comparisons as
applicable. A value of p less than 0.05 was considered
significant. A statistical analysis was performed by using
SPSS 11.5.1 software (Lead Technologies, Inc., Chicago,
IL, USA) and Statistica 6.1 software (StatSoft Inc., Tulsa,
OK, USA) as applicable.

RESULTS

GSH, MDA, MPO, and NO Levels in the Lung Tissues
of Rats

We found a significant difference between the MDA
and MPO levels of the R and C rats (p< 0.05), while R+ ASA
and R+WR-2721 rats were not significantly different from
the C rats (p>0.05, Table 1). The MDA levels significantly
increased in the R rats, indicating that the irradiation might
stimulate the lipid peroxidation in the lung tissue (»p<0.05).
The effect of ASA was more noticeable than the
effect observed for WR-2721, although insignificant
(»>0.05).

The tissue MPO levels of R rats were found to in-
crease significantly when compared to those of the C rats
(»<0.05), while the R+ASA and R+WR-2721 rats were
not statistically significantly different (p>0.05). However,
the tissue MPO levels of R+ASA rats significantly de-
creased in comparison to those of the R rats after irradiation
(»<0.01). On the other hand, the tissue MPO activities of
R+WR-2721 rats were not significantly reduced when
compared to those of the R rats (p>0.05). In addition,
ASA administration statistically significantly decreased
the MPO levels, which is statistically different from the
administration of WR-2721 (p<0.05). ASA’s alleviating
capability on the stimulated MPO, an essential enzyme for
the normal neutrophil function, is more pronounced.
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Table 1. Glutathione, Malondialdehyde, Nitric Oxide, and Myeloperoxidase Levels in the Lung Tissues of the Rat Groups

Groups C R R+ASA R+WR-2721
GSH (mmol/mg of tp) 0.17+0.03 0.19+0.04 0.16+0.01 0.21+0.02
MDA (nmol/ml) 2.25+1.57 8.23+2.64%* 3.19+2.78 5.34+3.88
NO (mg/g of tissue) 11.05+1.20 11.61+1.70 12.84+0.72 11.68+2.10
MPO (U/g of tp) 0.75+0.18 1.55+0.51%* 0.61+0.18"++* 1.15£0.26

All values are given as the mean +standard deviation (SD). A statistical analysis was performed by using the one-way ANOVA, followed by the Tukey HSD

or Kruskal-Wallis test as applicable

C control rats treated with 2.2 ml of saline, R radiation-exposed rats that were exposed to 6 Gy, single dose, gamma-ray irradiation and treated with 2.2 ml of
saline, R+ ASA rats exposed to the same irradiation procedure as R rats and treated with 25 mg/kg of ASA, and R+ WR-2721 rats exposed to the same
irradiation procedure as R rats and treated with 200 mg/kg of WR-2721, GSH glutathione, MDA malondialdehyde, NO nitric oxide, MPO

myeloperoxidase

*p<0.05; **p<0.01. The cases where statistically significant differences were found are given in the table

“ Compared to C rats
® Compared to R rats
¢ Compared to R+WR-2721 rats

Histopathological Evaluations

The histopathological findings including pulmonary
collapse, edema, congestion, hemorrhage, lymphoid aggre-
gation, and subtypes of inflammatory cells are summarized
in Table 2. The mean values of the congestion parameter in
the lung specimens of irradiated rats markedly decreased
after the administration of ASA and WR-2721, when com-
pared to those of the R group (p<0.05). The R group
displayed microscopic vascular damage which culminated
in wide hemorrhagic areas on the lung. This resulted in
alveolar collapse (Fig. 1a, b). Nevertheless, hemorrhagic
areas, congestion, and collapse were slightly obscure in the
R+ASA group that was partially protected from the delete-
rious effect of radiation; however, there were statistically
significant differences in congestion parameters only
(Fig. lc). On the lung specimens of R+WR-2721 group
were hemorrhagic areas and vascular congestion (Fig. 1d).
It was observed that when compared with the R group, the
R+WR-2721 group had a significant increase in lymphoid
aggregates. The edema in the R+ WR-2721 group was sig-
nificantly inapparent (p< 0.05).

DISCUSSION

In the present experimental study, it was especially
intended to find out whether ASA supplementation would
have any significant radioprotective effect on the lung
tissue. Whole-body irradiation in rats led to tissue damage
in the lung. This was shown by increased lipid peroxida-
tion (MDA, a marker of lipid peroxidation) and inflamma-
tion (MPO, a marker of inflammation). ASA application
significantly decreased the MPO level after irradiation and

tended to reduce the levels of MDA. The present study
indicated the noteworthy antiinflammatory and radiopro-
tective effects of ASA on the lung tissue.

The development of radiation pneumonitis and subse-
quent fibrosis can result from the exposure to radiation for
the treatment of thoracic tumors. Fibrogenesis is often de-
fined as an uncontrolled wound healing response which
includes a clotting/coagulation phase, an inflammatory
phase, a fibroblast migration/proliferation phase, and a final
remodeling phase where normal tissue architecture is re-
stored [1, 5]. Oxidative damage to DNA, proteins, lipids,
and other biomolecules appears as a result of radiation
exposure, as has been observed partially in the present study.
The increased MDA levels in the lung tissue after irradiation
could be a consequence of increased lipid peroxidation.
Inflammatory and profibrotic mediators are released and
ROS are generated in the tissues after exposure to radiation
[1]. We found that irradiation significantly increased one of
the indices of the inflammation (MPO) level in our study.
Early epithelial and endothelial injury gives rise to vascular
congestion and thrombosis and causes the exudation of fluid
into alveoli and leakage of plasma protein into the alveolar
space [3, 4]. Similar histopathological findings have
been observed in the present study. The stress re-
sponse, stimulated by radiation, involves a repair
process that encompasses cytokines and growth factors
(e.g., vascular prostaglandin synthesis) as well as the re-
generation of capillaries. The damage of type II
pneumocyte (surfactant-producing cells) results in surfac-
tant deficiency and alveolar collapse. There is loss of
integrity of pulmonary capillaries [3, 4]. Although the
relevance of very early events is not clear, lung damage is
believed to be induced by a strong inflammatory response
at least at the early stage [3, 5].
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Table 2. Histopathological Values of the Male Wistar Rats Induced by Radiation, ASA, and Wr-2721 Treatments (mean+SD)

Groups Histopathological values
Collapse Congestion Lymphoid aggregates Hemorrhage Edema Subtypes of inflammatory cells
R 1.50+0.55 2.33+0.52 0.50+0.55 1.17+£0.98 0.83+0.41 0.67+0.52
R+ASA 1.17+0.41 1.17+£0.41%* 0.83+0.41 0.33+£0.52 0.17+0.41 0.33+£0.52
R+WR-2721 1.00+£0.63 1.17+0.41%* 1.17+0.41%* 0.67+0.52 0.00 ** 0.00

Each group consists of six rats. All values are given in the mean+standard deviation (SD). A statistical analysis was performed by using the ANOVA test,

followed by the Kruskal-Wallis test

WR-2721 amifostine, 454 acetylsalicylic acid, “0” not observed, R radiation-exposed rats that were exposed to 6 Gy, single dose, gamma-ray irradiation and
treated with 2.2 ml of saline, R+ ASA rats exposed to the same irradiation procedure as R rats and treated with 25 mg/kg of ASA, R+ WR-2721 rats exposed
to the same irradiation procedure as R rats and treated with 200 mg/kg of WR-2721

*p<0.05; **p<0.01. The cases where statistically significant differences were found are given in the table

“Compared to R rats
b Compared to R+WR-2721 rats

Some agents given either before and after irradiation or
immediately after irradiation such as pentoxifylline, cortico-
steroid, angiotensin-converting enzyme (ACE) inhibitors, 5-
ASA, and WR-2721 have been reported to protect the nor-
mal tissue against both the inflammatory response and fibro-
sis [7, 10, 19]. It is believed that the agents act by decreasing
the effects of irradiation on the pulmonary endothelial cell
dysfunction [7, 10, 19, 20]. It has been reported that WR-
2721, a well-known protector, can protect rats when given

before hemithoracic irradiation against both pneumonitis and
fibrosis and reduces plasma TGF-b levels [21]. However,
there are many aspects of WR-2721 which limit its use
clinically [3, 4]. In the present study, we could not observe
any remarkable effect of WR-2721 on the irradiated lung
tissue. Histopathologically, a slight radioprotective effect
was observed with ASA or WR-2721 (Table 2 and Fig. 1).

Recently, the data proving the antioxidant properties
of ASA have been increasing rapidly [22, 23]. It is
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Fig. 1. The histological changes in irradiated rats compared with control rats. The specimens of R group microscopically showed pulmonary damage, re-

sulting in wide hemorrhagic areas on the lung (a, H&E x 110) and marked alveolar collapse (b, H&E x 44). The lung was partially protected against the effects
caused by radiation in the R+ASA group: Hemorrhagic areas and collapse were slight and obscure (¢, H&E x44), but alveolar congestion was slightly
apparent. On the lung specimens of R+WR-2721 group, there were hemorrhagic areas and vascular congestion (d, H&E x 110).
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demonstrated that ASA, a member of the NSAID group,
can inhibit the release of prostaglandins and might prevent
tissue/cell damage in various diseases with the help of its
antioxidant properties [22, 24, 25]. To investigate the re-
action of ASA to ROS, electron spin resonance (ESR) was
employed in an experimental study. According to the re-
sults, ASA was an efficient *OH radical scavenger and
faster than several well-established antioxidants, including
ascorbate, glutathione, and cysteine [22].

Some researchers argue that ASA can exert its thera-
peutic potential as a free radical scavenger and as an
antiischemic substance and that it raises the plasma anti-
oxidant activity [9, 10, 22]. The study by Mantena et al.
showed that both Cu-5ASA and Zn-5ASA reduced the
deleterious effect of radiation and hence could be useful
agents in reducing the side effects of therapeutic radiation
[10]. In a study, it is argued that 5-ASA, an amino deriv-
ative of salicylic acid, prevents irradiation-induced inflam-
matory processes as well as expression of tumor necrosis
factor, monocyte chemotactic protein-1, inducible nitric
oxide synthase, and macrophage infiltration in rat colon
[7]. In the present study, we observed that ASA treatment
might be of therapeutic value in radiotherapy (RT) induced
oxidative stress and inflammation in the lung tissue.

Neutrophils are the most abundant inflammatory cells
at the earliest stages of wound healing. They also contrib-
ute to the inflammatory response and trigger fibroblast
proliferation and recruitment [5]. MPO is an essential
enzyme for normal neutrophil function, and when neutro-
phils are stimulated by various stimulants, MPO increases,
as other cellular-tissue-damaging substances do [25]. It is
interesting that increased levels of MPO and inflammatory
cells are contained in the alveolar epithelial lining fluid of
most patients with idiopathic pulmonary fibrosis and that
they spontaneously release increased amounts of H,O,.
This agrees with the MPO system with a role in the
epithelial cell injury found in this disorder in human
beings [13, 26, 27]. In the present study, it is shown
that ASA, unlike WR-2721, decreased the MPO level
in the lung tissues when compared to the R group. It may
be required for time-dependent research to observe the
possible alteration in the oxidative and antioxidative pa-
rameters like MPO.

In the initial exudative phase, capillary endothelial
cells and epithelial lining cells are the most susceptible
cells [3-5]. Injury to small vessels and capillaries and
development of vascular congestion and increased capil-
lary permeability represent early radiation damage. An
exudate rich in fibrin accumulates in the alveolar spaces
at this stage. Additionally, an inflammatory infiltrate
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occurs. This might cause a second course of increased
permeability [3—5]. In spite of the presence of no statistical
significance among the groups, clues which supported the
biochemical findings were available in the histopathologi-
cal examination of the tissue specimens in our study.
Congestion, collapse, and hemorrhage were evident micro-
scopic findings in the RT group, respectively, as compared
with the groups to which ASA and WR-2721 were admin-
istered (Fig. 1). There are scarce studies to investigate the
property of ASA that protects against radiation damage to
lung or the other tissue. In their study, Van Kleef et al.
assessed the renal function and histological damage in
mice following high-dose radiation [28]. In their study,
post-RT renal dysfunction decreased with the long-term
use of ASA; however, similar to our study, no statistical
difference was observed histopathologically. The findings
of a study suggested the association of overexpression of
heat shock protein 60 with the reduction of histopatholog-
ical damage in ASA radioproprotected rat submandibular
salivary gland [29].

On the other hand, the capability of reducing oxida-
tive injury and genocytotoxicity of ASA may have a place
in a cancer prevention strategy [22, 23]. In their study on
the Huntington’s disease, Khoshnan et al. observed that
sodium salicylate increased neuronal resistance to DNA
damage caused by DNA-damaging agents (e.g., etoposide
and gamma irradiation) [30]. In the studies on [31, 32] skin
carcinogenesis, the abilities of ASA and the other NSAIDs
to suppress tumor formation have been accounted for by
the inhibition of ultraviolet-B-induced activator proteinil
and/or COX-2 activation [33].

Oxidative stress with a fundamental role in the path-
ogenesis of radiation damage is the characteristic of in-
flammatory intestinal diseases included in the cancerous
colon tissue and etiology [34]. Although the mechanism of
ASA to prevent colon cancer could not be clearly under-
stood, salicylic acid, its main metabolite, was observed to
reduce the elevated indices of oxidative stress and the
synthesis of prostaglandins with proinflammatory and po-
tential neoplastic effects [35, 36]. In a clinical study,
Mennie et al. applied a high dose of ASA to the patients
with diarrhea who were irradiated due to gynecological
malignity and who gave no response to conventional treat-
ment. They reported that ASA treatment might be of ther-
apeutic value in RT-induced diarrhea, significantly reduced
the number of bowel movements, and eliminated abdom-
inal complaints [37].

Optimum radiotherapy for cancer includes a balanced
approach to normal tissue prevention and appropriate treat-
ment. There are numerous factors that contribute to normal
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tissue radioprotection. In conclusion, although the findings
of this study are limited to biochemical and histopatholog-
ical parameters, this study gives clues to the possible
radioprotective effect of ASA and is parallel with the few
related studies on this issue. Despite some arguments on
effects and side effects, due to the considerable history of
clinical use for ASA, further experimental studies are
needed to rule out its potential radioprotector role.
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