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Abstract

The present study was designed to evaluate the radioprotective effect of diethylcarbamazine (DEC) against oxidative stress and
acute lung injury induced by total body radiation (TBI) in mice. For study the optimum dose for radiation protection of DEC,
mice were administrated with three dose of DEC (10, 50 and 100 mg/kg), once daily for eight consecutive days. Animals were
exposed whole body to 5 Gy X-radiation on the 9 day. The radioprotective potential of DEC in lung tissues was assessed using
oxidative stress examinations at 24 h after TBI and histopathological assay also was analyzed one week after TBI. Results from
biochemical analyses demonstrated increased malonyldialdehyde (MDA), nitric oxide (NO) and protein carbonyl (PC) levels of
lung tissues in only irradiated group. Histopathologic findings also showed an increase in the number of inflammatory cells and
the acute lung injury in this group. DEC pretreatment significantly mitigated the oxidative stress biomarkers as well as histo-
logical damages in irradiated mice. The favorable radioprotective effect against lungs injury was observed at a dose of 10 mg/kg
of DEC in mice as compared with two other doses (50 and 100 mg/kg). The data of this study showed that DEC at a dose of
10 mg/kg with having antioxidant and anti-inflammatory properties can be used as a therapeutic candidate for protecting the lung

from radiation-induced damage.
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Introduction

Radiation therapy is generally considered as a key strategy in
the cancer treatment. Lung is a sensitive tissue to ionizing
radiation (IR). Radiation induced-lung injury (RILI) is a com-
mon complication in the total body irradiation (TBI) and
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upper body cancer radiotherapy, e.g. thoracic malignancies.
For these concerns, the lung is the major dose limiting tissue
that dictates the definitive dose, volume and technique of ra-
diation (Abratt and Morgan 2002). RILI reveals sub-acute
pneumonitis or late fibrosis, which are the most common
causes of mortality after exposure to high dose of radiation
therapy. It was reported that the incidence of interstitial pneu-
monitis (IP) in TBI has ranged from 29% to 55% with a
fatality rate of up to 69% (Vujaskovic et al. 2000; Lee et al.
2003). These incidences are highly dependent on absorbed
radiation to the lung. Pulmonary fibrosis, infiltration of in-
flammatory cells and collagen deposition in the extracellular
matrix are complications of radiation (Chung et al. 2016). It
was also reported that radiation by induction of lung injury
can accelerate pulmonary metastasis in a passive metastatic
breast cancer (Gong et al. 2015). Adverse effect of IR on
humans’ lung and experimental animals have been recalled
special interest among researchers. Experimental studies have
indicated that several pharmacological agents able to reduce
lung injury induced by ionizing radiation in animals (Molteni
et al. 2000; Ozturk et al. 2004; Hunter et al. 2013). However,
the discovery of effective therapy for lung injury without side
effect has attracted great attention in recent years.
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Diethylcarbamazine citrate (DEC) is an antifilarial drug
that was used in the treatment of filariasis. In addition its
antifilarial effect, it has anti-inflammatory, anti-fibrotic, anti-
carcinogenic and antioxidative properties (Queto et al. 2010).
DEC with reduction of lipoxygenase (LOX), cyclooxygenase
(COX) enzymes and NO mitigates inflammation in the lung
tissue (Queto et al. 2010). The protective effect of DEC has
been seen on lung damage induced by carrageenan (Santos
et al. 2014), myocardial infarction induced by isoproterenol
(Jia et al. 2017), liver fibrosis induced by ethanol and liver
injury induced by tetrachloride (El et al. 2017; Rocha et al.
2014). In the other hand it was reported that administration of
DEC markedly improved asthma symptoms in patients with
bronchial asthma (Wilson and McPhillips 1978; Floréncio
et al. 2005). Researchers also showed that DEC can attenuate
acute lung injury through its pro-apoptotic activity as well as it
can significantly reduce inflammatory markers such as NO,
NF-kb, MPO,COX2 and stress oxidative products in acute
lung injury induced by lipopolysaccharide (LPS) (Fragoso
et al. 2017) . The effect of DEC on IR-induced lung damage
has not been reported yet. Therefore, the aim in present study
was to evaluate the effect of DEC at different doses against
radiation-induced lung injury with tissue biochemical and his-
tological examination in mice model.

Materials and methods

Diethylcarbamazine citrate (DEC) was purchased from sigma
Aldrich Company (USA) Thiobarbituric acid (TBA) (Sigma,
USA), tricloroacetic acid (TCA) (Merck, Germany), mannitol
(Sigma, USA), guanidine hydrochloride (99.5%) (Sigma,
USA), dinitrophenyl hydrazine (DNPH) (Fluka, USA), n-
butanol (Merck, Germany, 98%), 1,1,3,3-tetra methoxy-
propane (Sigma, USA), coomasie brilliant blue (Merck,
Germany) were provided for biochemical tests.

Experimental animals

The experiments were approved by the Ethical Committee of
Mazandaran University of Medical Sciences
(ID#IR.MAZUMS.REC.1397.58). Sixty male BALB/c mice
(25-30 g) were obtained from the animal lab research center
(Mazandaran University of Medical Sciences, Sari, Iran). The
animals were housed under controlled temperature (22 +
2 °QC), lighting (12 h) and humidity (60 + 10%) and provided
with free access to food and water.

Experimental design

All the animal experiments (n = 60) were randomly divided
into eight groups:

@ Springer

I.  Control group: Mice only were treated with distilled water
as vehicle via gavage (n =38).
II.  Only DEC (10 mg/kg): Mice were treated with 10 mg/kg
of DEC (n=38).
II. Only DEC (50 mg/kg): Mice were treated with 50 mg/kg
of DEC (n=28)
IV. Only DEC (100 mg/kg): Mice were treated with
100 mg/kg of DEC (n=38)
V. IR: Mice only were exposed to irradiation (n=9).
VI. IR+ DEC (10 mg/kg): Mice were treated with 10 mg/kg
of DEC and exposed to irradiation (n=9)
VII. IR+ DEC (50 mg/kg): Mice were treated with 50 mg/kg
of DEC and exposed to irradiation (n=9)
IR+ (DEC 100 mg/kg): Mice were treated with
100 mg/kg of DEC and exposed to irradiation (n=9)

VIIL

The dosages of the DEC were selected based on the previous
studies to be 50 mg/kg and 100 mg/kg for gavage administration
in animals (Santos et al. 2014; Jia et al. 2017; El et al. 2017,
Rocha et al. 2014), in this study we also selected lower dose of
DEC at 10 mg/kg as well as 50 and 100 mg/kg. DEC was
dissolved in distilled water and administrated daily for 8 consec-
utive days via oral gavage (0.2 ml). One day after the last receipt
of the drug, the mice were exposed to 5 Gy TBI (Le et al. 2010).

Radiation procedure

Two Plexiglas cages (26 x 26 x 4 cm) were designed with 18
individual homes that all of mice were placed individually in
each home of these cages. Animals in IR and IR + DEC groups
were exposed total body irradiation at doses of 5Gy from X-ray
source (6-MeV X-ray beam generated by a clinical linear ac-
celerator (Linear accelerator, Siemens, Primus, Germany) in
maximum dose rate was 4Gy/min. The mice were not anesthe-
tized during the procedure (Johnston et al. 2011) .

Biochemical analysis

The biochemical studies were performed at 24 h after irradia-
tion, then 4-5 mice from each of groups were anesthetized
with ketamine (50 mg/kg) and xylazine (5 mg/kg), and lung
tissues were removed and then were washed in phosphate
buffer saline (PBS) solution and homogenized with mannitol
buffer. Homogenates were centrifuged at 1000xg for 10 min at
4 °C. The supernatant was collected for determination of bio-
chemical parameters of lung tissue such as total protein, NO,
MDA and PC (Shokrzadeh et al. 2015).

Total protein assay
Protein content of supernatant was determined by the

coomassie blue protein binding method as described by
Bradford (Spector 1978).
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Measurement of NO level

The levels of NO in supernatant were quantified using color-
imetric assay kit (nitric oxide colorimetric kit, Cib Biotech,
Iran). Determination of NO was based on measuring the light
absorbance of the red-violet diazo dye in 540 nm, which was
the result of reaction between nitrite and sulphanilamide and
N-(1-naphtyl)-ethylene-diamine dihydrochloride in the pres-
ence of enzyme nitrate reductase (Griess reaction). NO level
of supernatant was expressed in uM (Shaki et al. 2016) .

Measurement of lipid peroxidation

In this study, MDA content of lung supernatant was deter-
mined according to the thiobarbituric acid (TBA) method.
Pink color generated through the reaction between MDA
and TBA under acidic conditions can be indication for sec-
ondary products of lipid peroxidation. Briefly, 200 pul from
supernatant was added to a mixture containing 200 pl phos-
phoric acid 0.05 M and 25 pul TBA. The mixture was heated at
95 °C for 45 min. Then the mixture was cooled in ice bath for
10 min, 500 pl of n-butanol added to each mixture and cen-
trifuged at 10000xg for 10 min and absorbance of supernatant
was read at 532 nm on a plate reader and the concentrations of
MDA in supernatant was concluded as uM using tetra
methoxy propane as standard (Shokrzadeh et al. 2015).

Measurement of protein carbonyl

Protein carbonyl content in the supernatant was determined
using the procedure was described by Dalle-Donne with
slightly modification. In this protocol, 200 pl of supernatant
was mixed with 300 pl of DNPH and was heated in bath for
30 min at 37 °C, then was centrifuged for 10 min at 10000xg.
The precipitate was washed with ethanol-ethyl acetate and the
mixture was centrifuged again. The precipitate was dissolved
in 600 pl guanidine hydrochloride, heated for 15 min at 37 °C,
and centrifuged for 3 min at 10000xg and absorbance of su-
pernatant was read in 375 nm wavelength. Lung supernatant
protein carbonyl concentration was expressed as mM (Dalle-
Donne et al. 2003).

Histological preparation

Four mice from each group were followed for seven days after
irradiation. Animals were sacrificed and the lungs were re-
moved and fixed with 10% neutral-buffered formalin for
24 h. After dehydration through graded alcohols, embedded
in paraffin, sections with 5 pm thickness were stained with
hematoxylin and eosin according to the standard protocol.
Then, the slides were observed by a histologist blindly under
an optical microscope (Olympus, Tokyo, Japan). For semi-
Quantitative scoring the extent of lung injury for each field

was determined on a scale from 0 (normal lung), 1 (slight), 2
(mild), 3 (moderate), and 4 (severe) injury based on inflam-
matory cell infiltration (neutrophils, erythrocytes, macro-
phages, lymphocytes) in the alveolar sac or perivascular re-
gion, alveolar sac exudation, alveolar sac collapse, hyaline
arteriosclerosis, thickened alveolar walls, edema, congestion
and hemorrhage. The slides were evaluated in five fields of
each slide and then, the average score was determined for each
sample of lung (Tahamtan et al. 2015).

Statistical analysis

Statistical analysis of results was performed by using Graph
Pad Prism 6 (USA) Software. All of the data are presented as
mean + standard error. One -way analysis of variance
(ANOVA) was applied to compare variables between groups,
followed by the Tukey’s multiple comparison tests for multi-
ple comparisons. P value <0.05 was considered significant.

Results
Effect of DEC on radiation-induced lipid peroxidation

DEC mitigated the radiation-induced lipid peroxidation in
lung tissue (Fig. la). The irradiated mice exhibited higher
MDA levels than the control or DEC only (10, 50 and
100 mg/kg) in lung tissues of mice. Increase of 2.2-fold was
observed in MDA level in IR group as compared with control
mice (35.5+8.5 uM vs 16.15+0.3 uM, P<0.0001). The
MDA level concentration was significantly decreased in irra-
diated mice that pretreated with DEC at dose of 10 mg/kg
(P <0.0001).

Effect of DEC on radiation-induced NO levels

Nitric oxide is an important inflammatory mediator in the
irradiation-induced pneumonitis. NO is a production of alve-
olar macrophages (AM) and alveolar epithelial cells after irra-
diation (Chen et al. 2016). NO levels significantly increased in
lung tissues of irradiated mice in comparison to the control
group (P <0.0001). In contrast, the pretreatment of mice with
DEC at dose of 10 mg/kg and 50 mg/kg displayed a reduction
in NO levels in the lung tissue compared to irradiation only
group (P <0.0001) (Fig. 1b).

Effect of DEC on radiation-induced protein oxidation

Elevation of protein carbonyls is considered as biomarker of
protein oxidation in lung injury and chronic obstructive pul-
monary disease after exposure to IR (Kadiiska et al. 2013).
Changes in protein carbonyls content in irradiated mice with
and without pretreatment by DEC were assessed in this study
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Fig. 1 Diethylcarbamazine (DEC) downregulated the MDA, NO and PC
levels in irradiated (IR) mice. a: MDA, b: NO, ¢: PC,), *P<0.0001 vs
control mice; °P < 0.0001 vs irradiated mice; 7s: non-significant. MDA
(malondialdehyde), NO (nitric oxide), PC (protein carbonyl

(Fig. 1c). The irradiation alone mice showed significantly
higher levels of protein carbonyl in comparison with control
group (P <0.0001). Significant decrements in protein carbon-
yl concentration were observed in all IR + DEC groups com-
pared to the irradiation only group (P < 0.0001).

Effects of DEC on histopathologic features of RILI

The photomicrographs of lung tissue in all groups are shown
in Fig. 2. In the control group, lung tissues had the normal
pulmonary architecture. DEC administration at a dose of
10 mg/kg showed similar bronchi, alveolar sac and alveolar
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interval structure compared with the control group. In DEC
administration at a dose of 50 mg/kg, pulmonary histology
showed slight to mild of pneumonitis evidence. DEC-
pretreated mice at dose of 100 mg/kg exhibited pulmonary
hemorrhage, capillary hyperemia, neutrophils and mononu-
clear macrophage infiltration. Only irradiated mice displayed
histological changes such as extensive erythrocytes and in-
flammatory cell infiltration into the alveolar sac and
perivascular area, capillary hyperemia, alveolar septum thick-
ening, alveolar sac collapse, edema and hemorrhage compared
to control group (P <0.0001). The higher doses of DEC had
pneumonitis consistent with IR group. The IR + DEC
(10 mg/kg) group exhibited a significant reduction in pulmo-
nary cellular infiltration and alveolar septum thickness and
hemorrhage compared with IR group (P <0.0001). These
findings indicating that DEC at a low dose (10 mg/Kg) can
preserve pulmonary structure (Fig. 3).

Discussion

Pulmonary pneumonitis and fibrosis following TBI are dev-
astating conditions that are leading to limited treatment dose
and subsequent reduced efficacy of cancer treatment. Hence,
finding of a potential medicine for prevention and mitigation
of these side effects are beneficial for cancer treatment.
Several studies have reported the radioprotecive effects of
medicines and natural products, which acted through antioxi-
dant, anti-inflammatory and hematopoietic stimulation
(Hosseinimehr et al. 2009; Salechifar and Hosseinimehr
2016; Hosseinimehr et al. 2006, 2015; Naeimi et al. 2017).
Generation of stress oxidative and inflammation mediators are
crucial parameters in radiation-induced lung injury (Li et al.
2016). In this study, TBI increased oxidative stress and in-
flammatory markers. Histological changes were also found
after TBI. Pretreatment with DEC at dose of 10 mg/kg signif-
icantly decreased IR-induced oxidative stress and inflamma-
tory response, and improved histopathological changes.

IR induces formation of MDA from cell membrane carbo-
hydrates. MDA is produced during the peroxidation of the
polyunsaturated fatty acids in a chain reaction “lipid peroxi-
dation (LP)” and eventually resulting in loss of membrane
integrity (Kamat et al. 2000). The results of this study showed
a significant increase in MDA levels in lung tissue of irradi-
ated animals, which revealed peroxidation of polyunsaturated
fatty acids in the cell membrane of lung tissue. These results
are consistent with previous studies (Kumar and Tiku 2016).
In contrast, pre-administration of DEC at dose of 10 mg/kg
significantly reduced the radiation-induced lipid peroxidation
that was agreement with previous study that found treatment
with DEC decreased MDA levels in alcoholic-induced hepa-
totoxicity in mice (Santos Rocha et al. 2012).
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Fig. 2 Photomicrographs of effect of DEC pre-treatment on the
histological architecture of lungs in mice. a: Control; b, ¢ and d: DEC
with 10, 50 and 100 mg/kg; respectively, e: irradiation; f, g and h: IR +
DEC with 10, 50 and 100 mg/kg. Hemorrhage (Narrow arrow),

DEC as an antiflarial drug has anti-inflammatory property
(Ribeiro et al. 2014). Pretreatment of irradiated mice with
DEC ameliorated acute lung injury and oxidative stress in-
duced by irradiation through decreasing the MDA, NO and
PC levels in lung tissue. Enhanced MDA and PC as putative
markers of oxidative stress accompany numerous pathologies
with an inflammatory component in the irradiated lung.
Several studies have demonstrated that the DEC blocks some
enzymatic steps of the COX-2 pathways (Peixoto and Silva
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Fig. 3 The lung injury scores in IR and DEC + IR mice. The irradiation
significantly increased injury score in the lung tissue as compared to the
control group (P<0.001). DEC (10 mg/kg) treatment significantly
mitigated lung injury in irradiated treated mice compared with the
irradiated group. (P <0.0001). Also, no significant difference was seen
between irradiation + DEC (100 mg/kg) (5.28 £0.10) and irradiation-
alone (4.85+0.11) groups, DEC (diethylcarbamazine), * P<0.0001 vs
control mice; ¢ P<0.0001 vs control mice; ®P<0.0001 vs irradiated
mice; ns: non- significant

inflammatory cell infiltration (thick arrow) and alveolar septum
thickening show in irradiated treated mice. DEC with 10 mg/kg was
reduced these damage. AS Alveolar Sac; Alveolar interval; Al (H&E
staining, Mag: %400, scale bare: 100 um), DEC (diethylcarbamazine)

2014). A possible molecular mechanism underlying radiopro-
tective effect of DEC can be explained by dual COX-2 and
NF-kB inhibitor role of DEC. It was reported that in first 24 h
after exposure to 5 Gy radiation, COX-2 expressions in-
creased more than 20-fold in lung tissue of irradiated mice
relative to un-irradiated group (Chai et al. 2013). Induction
of COX-2 expression by ionizing radiation can increase
MDA and PC concentration 3-fold that was consistent with
MDA and PC results of this study. lonizing radiation also
induces expression and activity of the NF-kB (Pordanjani
and Hosseinimehr 2016). On the other hand, NF-kB regulates
the expression of inducible nitric oxide synthase (iNOS) gene
that catalyzes the generation of nitric oxide (NO) (Ruia et al.
2016). Thus, radioprotective effect of DEC against RILI may
be suppressing COX-2 and NF-kB pathway. Protein damage
following radiation has been demonstrated to have a signifi-
cant effect on cellular viability and clonogenicity. Several
studies have demonstrated that protein oxidation and in-
creased PC lead to endoplasmic reticulum (ER) stress, that
causing programmed cell death and accelerated senescence
within 24 h post-irradiation (Panganiban et al. 2013). The
findings of present study demonstrated that protein carbonyl
oxidation 24 h after irradiation in the lungs of mice were
significant higher in comparison with control group.
However, highly reduced protein carbonyl content was ob-
served in irradiated mice that were pretreated with DEC.
These results confirmed the antioxidant activity of DEC in
lung tissue.

NO is recognized as a signaling molecule that plays a key
role in the pathogenesis of inflammation. Several findings
reported that NO was produced in lung tissues of irradiated
animals resulted to pneumonitis (Nozaki et al. 1997; Giaid
et al. 2003). In a previous study, the anti-inflammatory effect
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of DEC was established on LPS-induced acute lung injury in
mice (Fragoso et al. 2017). In this study, pretreatment mice
with DEC at doses of 10 mg/kg and 50 mg/kg decreased the
NO production in lungs tissue of irradiated mice. But there
was no significant difference in NO levels between irradiated
mice with irradiated mice pretreated with DEC at dose of
100 mg/kg. It is proved that DEC at dose of 100 mg/kg has
not anti-inflammatory effect in irradiated mice.

Pneumonitis and fibrosis are the side effects of radiotherapy
in the thoracic malignancies (Almeida et al. 2013). The severity
of the RILI depends on dose of radiation. Histological changes
in mice lungs have been reported at 1 week to 1 year after
radiation (Rube et al. 2000). Infiltration of inflammatory cells,
edema, Shedding of alveolar epithelial cells, and type II
pneumocyte hyperplasia are histopathological features in pa-
tients or animal models that exposed to radiation. But alveolar
fibrosis usually seen one to three months after irradiation
(Collie et al. 2018). Since we performed histological evaluation
one week after irradiation in this study, no fibrotic changes were
seen in the lung tissue. Irradiated mice displayed histological
changes such as extensive erythrocytes and inflammatory cell
infiltration into the alveolar sac and perivascular area, capillary
hyperemia, alveolar septum thickening, alveolar sac collapse,
edema and hemorrhage that compared to control and IR + DEC
groups. The lung injury score increased in the IR group. Lung
injury may be attributed to IR-induced oxidative stress and lipid
peroxidation. The pretreatment with DEC at a dose of 10 mg/kg
inhibited the irradiation-induced activation and infiltration of
macrophages and neutrophils in lung tissue. Santos et al.
showed DEC is able to inhibit the activity of NF-kB in
carrageenan-induced lung injury (Santos et al. 2014). They
showed DEC in dose of 50 mg/Kg for three days before carra-
geenan administration led to a significant reduction in inflam-
matory markers. Also, DEC stimulates apoptosis in inflamma-
tory cells and prevents the accumulation of these cells (Fragoso
etal. 2017). In this study, we used three doses of DEC for 8 days
and the results showed that the 10 mg/kg dose was more effec-
tive than the 50 mg/kg dose and 100 mg/kg dose had no pro-
tective role in this study.

The reuse of existing licensed drugs for new medical indi-
cations has known as drug repurposing, Repurposing drug
offers a cost efficient way for new indication of radioprotec-
tive agent (Verma and Gangenahalli 2017). DEC is an anthel-
mintic drug that does not resemble other anti-parasitic com-
pounds. It does not any toxic metallic elements (Ghai et al.
2017). For optimization dose of DEC to prevent RILI in mice,
oxidative stress markers and histopathological assessments
were investigated at different doses (10, 50, and 100 mg/kg).
The current study, demonstrated for the first time that pretreat-
ment with DEC at dose of 10 mg/kg can relieve radiation-
induced pulmonary injury in mice. The limitations of this
study were the evaluation of inflammatory markers such as
NF-kb and COX-2 by immunohistochemical evaluation.
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Conclusion

It was revealed that DEC at dose of 10 mg/kg with antioxidant
property, effectively reduced the inflammation and oxidative
stress parameters in the early stage of RILI. Of note, DEC at
dose of 10 mg/kg carried no side effects while DEC at higher
doses (50 and 100 mg/Kg) exhibited some side effects even in
the lungs of healthy mice.
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