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Abstract

Objective: Radiation-induced lung injury (RILI) is one of the serious complications of
radiotherapy. We have recently demonstrated that nicaraven can effectively mitigate RILI in
healthy mice. Here, we further tried to optimize the dose and time of nicaraven administration
for alleviating the side effects of radiotherapy in tumor-bearing mice.

Methods and results: A subcutaneous tumor model was established in the back of the chest
in C57BL/6N mice by injecting Lewis lung cancer cells. Therapeutic thoracic irradiations were
done, and placebo or different doses of nicaraven (20, 50, 100 mg/kg) were administrated
intraperitoneally pre-irradiation (at almost 5-10 min before irradiation) or post-irradiation
(within 5 min after irradiation). Mice that received radiotherapy and nicaraven were sacrificed
on the 30th day, but control mice were sacrificed on the 15th day. Serum and lung tissues
were collected for evaluation. Nicaraven significantly decreased the level of CCL8, but did

not clearly change the levels of 8-OHdG, TGF-, IL-1B, and IL-6 in serum. Besides these,
nicaraven effectively decreased the levels of TGF-f, IL-1B, and SOD2 in the lungs, especially
by post-irradiation administration with the dose of 20 mg/kg. Although there was no significant
difference, the expression of SOD1, 53BP1, and caspase 3 was detected lower in the lungs of
mice received nicaraven post-irradiation than that of pre-irradiation.

Conclusion: According to our data, the administration of nicaraven at a relatively low dose
soon after radiotherapy will be recommended for attenuating the side effects of radiotherapy.
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Introduction

Radiotherapy is an essential tool for the treatment
of intrathoracic malignancies, including lung,
breast, and esophageal cancers.!»> Exposure of
healthy tissues to radiation and the toxicity it
causes often limits its effectiveness and decreases
the survival benefit of radiotherapy. Beyond the
systemic side effects, radiation-induced lung
injury (RILI) is a serious obstacle to patients
receiving radiotherapy for thoracic malignant
tumors.>* RILI occurs in 5-20% of lung cancer
patients receiving radiotherapy, which may lead
to the discontinuation of treatment. However,

there are still no effective drugs and protective
strategies to prevent radiation side effects in can-
cer patients undergoing radiotherapy.

It is well known that ionizing radiation induces
directly DNA double-strand breaks and triggers
the release of ROS.> The level of ROS over-
whelms can cause oxidative damage to DNA,
lipids, and proteins.® Although radiotherapy is a
local therapy, it has systemic effects mainly influ-
encing immune and inflammation processes.’
Moreover, it has been demonstrated that radia-
tion-induced injuries to tissue cells can promote
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the release of a multitude of inflammatory
cytokines and chemokines, which indirectly con-
tribute to the consequent damage to cells and tis-
sues and eventually culminate in fibrotic
changes.8-19 Therefore, the scavenging of ROS
and the suppression of the inflammatory response
are thought to be potential pharmacological
interventions for mitigating the side effects of
radiotherapy.

Many past studies have challenged to develop
radioprotective agents. Thiol-synthetic com-
pounds, such as amifostine has been approved to
use clinically for protecting against radiation
injury, however, amifostine has the disadvan-
tages of toxicity and limited route of administra-
tion in the clinic.!! Nitrogen oxides, such as
Tempol, have also been tested as a radioprotect-
ant, but its application is limited due to problems
on producing hypotension and increasing heart
rate.!? Some natural antioxidants, such as vita-
min E and selenium have also shown radiopro-
tective effects, but the benefit of antioxidants for
cancer radiotherapy is asked to be further con-
firmed because of the probable effect on radio-
sensitivity of cancer cells.!?13 Therefore, there is
still required to develop an ideal agent for miti-
gating the side effects of radiotherapy for cancer
patients.

Nicaraven, a chemically synthesized hydroxyl
radical-specific scavenger,!4 has previously been
reported to protect against radiation-induced
cell death.!%!5 Nicaraven can also reduce the
radiation-induced recruitment of macrophages
and neutrophils into irradiated lungs.!®
Moreover, we have recently demonstrated that
nicaraven can also effectively protect against
RILI by suppressing the inflammatory
response.!” To further develop for clinical appli-
cation, we herein aim to optimize the dose and
time of nicaraven administration for attenuating
the side effects of radiotherapy.

Using a preclinical tumor-bearing mice model,
we administered different doses of nicaraven,
before or soon after thoracic irradiations. We then
evaluated the systemic side effects and RILI,
mainly by focusing on oxidative stress and inflam-
matory responses. According to our experimental
data, the administration of nicaraven at a rela-
tively low dose soon after radiotherapy will be
recommended for attenuating the side effects of
radiotherapy.

Materials and methods

Cancer cells and animals

Mouse Lewis lung cancer (LLC) cells were used
for the experiments. The cells were maintained in
DMEM (FUJIFILM Wako Pure Chemical
Corporation), supplemented with 10% fetal
bovine serum (Cytiva) and 1% penicillin/strepto-
mycin (Gibco; Thermo Fisher Scientific, Inc.),
and cultured at 37°C in a humidified incubator
with 5% CO2.

Male C57BL/6N mice (8weeks old) were used
for the study. Mice were housed in a pathogen-
free room with a controlled environment under a
12-h light-dark cycle and maintained on labora-
tory chow, with free access to food and water.
This study was approved by the Institutional
Animal Care and Use Committee of Nagasaki
University (N0.1608251335-12). All animal pro-
cedures were performed in accordance with insti-
tutional and national guidelines.

Tumor-bearing mouse model, radiotherapy,

and nicaraven administration

To match the pathological status of cancer
patients, we used a preclinical tumor-bearing
model for the experiment. Briefly, mice were sub-
cutaneously inoculated with 5X 105> LLC
cells/0.1ml of saline in the back of the chest. At
10days after cancer cell inoculation, mice had
randomly received radiotherapy and nicaraven
administration as indicated in Figure 1(a).
Considering the common clinical radiotherapy
regimen for lung cancer and breast cancer,!81°
thoracic irradiations (including the heart and
lungs) were delivered to mice at a dosage rate of
1.0084 Gy/min (200 kV, 15 mA, 5mm Al filtra-
tion, ISOVOLT TITAN320, General Electric
Company, United States). Mice were intraperito-
neally injected with 0 (placebo), 20, 50, 100 mg/
kg nicaraven pre-irradiation (almost 5-10min
before irradiation) or post-irradiation (within
5min after irradiation), respectively. Six mice
without irradiation exposure were used as control
(n=6, Control group).

We measured the body weights of mice every
other day. Mice that received radiotherapy and
nicaraven were sacrificed on the 30th day, but the
control mice were sacrificed on the 15th day. To
collect serum, we took the blood from the inferior
vena cava of mice under general anesthesia before

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

Y Xu, L Abdelghany et al.

sacrifice. Lung tissues were then excised and
weighed. The collected serum and lung tissue
samples were stored under —80°C, and used for
experimental evaluations as follows.

ELISA

We measured the concentrations of 8-0x0-29-de-
oxyguanosine (8-OHdG), a marker of DNA oxi-
dation in serum using an ELISA kit (Nikken
SEIL Corporation, Shizuoka, Japan) according to
the manufacturer’s instructions. The mean values
of duplicate assays with each sample were used
for the statistical analyses.

ELISA kits (R&D Systems) were used to detect
the contents of transforming growth factor
(TGF-B), interleukin-1beta (IL-1B), interleu-
kin-6 (IL-6), C-C Motif Chemokine Ligand 8
(CCLB) in serum and lung tissues according to
the manufacturer’s instructions. Briefly, the lung
tissues were homogenized using Multi-beads
shocker® and added to the T-PER reagent
(Thermo Fisher Scientific) consisting of protein-
ase and dephosphorylation inhibitors (Thermo
Fisher Scientific). Then, lung lysates and serum
were added to each well and measured per the
manufacturer’s instructions. The optical density
of each well was measured at 450 nm using a
microplate reader (Multiskan Fc, Thermo Fisher
Scientific).

Western blot

Western blot was performed as previously
described.2? Briefly, total protein from the lung
tissues was separated by SDS-PAGE gels and
then transferred to 0.22-um PVDF membranes
(Bio-Rad). After blocking, the membranes were
incubated with primary antibodies against SOD1
(1:500 dilution; cat. no. sc11407; Santa Cruz),
SOD2 (1:500 dilution; cat. no. sc30080; Santa
Cruz), B-actin (1:1,000 dilution; cat. no. 84578S;
CST),53BP1 (1:1,000 dilution; cat. no. ab36823;
Abcam), caspase 3 (1:1,000 dilution; cat. no.
9662; CST), a-SMA (1:1,000 dilution; cat. no.
192458S; CST), collagen I (1:1,000 dilution; cat.
no. ab34710; Abcam), or a-Tubulin (1:1,000
dilution; cat. no. 3873S; CST) overnight at 4°C,
respectively, followed by the appropriate horse-
radish peroxidase-conjugated secondary antibod-
ies (Dako). The expression was visualized using
an enhanced chemiluminescence detection kit
(Thermo Scientific). Semiquantitative analysis

was done using ImageQuant LAS 4000 mini (GE
Healthcare Life Sciences).

Statistical analysis

All the values were presented as the mean = SD.
For comparison of multiple sets of data, one-way
analysis of variance (ANOVA) followed by
Tukey’s test (Dr. SPSS II, Chicago, IL) was used
for statistical analyses. All analyses were carried
out with the SPSS19.0 statistical software (IBM
SPSS Co., USA). A p-value less than 0.05 was
accepted as significant.

Results

Nicaraven for mitigating the systemic side

effects of radiotherapy is not very clearly
detectable in tumor-bearing mice under our
experimental treatment regimens

Mice had well tolerated the therapeutic regimens,
but two mice in the post-irradiation administra-
tion with the dose of 20ml./kg group died on the
9th and 10th days, and one mouse in the placebo
group died on the 19th day during the follow-
period (Figure 1(a)). Thoracic irradiation was
delivered to mice using lead shielding sheets, and
we found the death of mice at the next morning
after radiation exposure. Radiation exposure to
the brain stem may happen even only 1-mm posi-
tioning error. As a single 6 Gy exposure to the
brain stem can kill some mice,?! we speculated
the death of mice should be an error exposure to
the brain due to some positioning or shadowing
problems of mice during thoracic exposure. The
body weights of mice in all groups were decreased
temporarily during radiotherapy, but tended to
increase a few days after the stopping of irradia-
tion exposures (Figure 1(b)). There was no sig-
nificant difference on the body weight changes of
mice among groups. Compared with the control
mice, the lung weights were slightly increased in
mice received placebo treatment after radiother-
apy. However, the lung weights showed signifi-
cantly lower in mice received nicaraven
post-irradiation than that of placebo treatment
(p<0.05, Figure 1(c)).

ELISA was performed to detect the levels of
8-OHdG, TGF-p, IL-1p, IL-6, CCLS8 in serum.
The level of 8-OHAG in serum was not signifi-
cantly different among groups (Figure 2(a)).
However, the serum level of 8-OHdG was
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Figure 1. Changes of body weight and lung weight in mice. (a) Schematic diagram about the experimental timeline and protocol. (b)
Quantitative data on the changes of body weights through 30days. (c) Quantitative data on the changes of lung weight and lung to body weight

ratio in mice. Data are represented as the means + SD, n=3~6 in per group. #p<0.05 versus Control group, *p<0.05 versus Placebo group.
IR, irradiation; Post-IR, post-irradiation; Pre-IR, pre-irradiation.

detected significantly lower in mice received nica-
raven post-irradiation than that of pre-irradiation
(p<0.05, Figure 2(a)). Our results also showed
that the administration of nicaraven with any dose
before or after irradiation did not clearly change
the levels of TGF-B, IL-1B3, IL-6 in serum.
However, the level of CCLS8 in serum was signifi-
cantly lower in mice received nicaraven either
post-irradiation or pre-irradiation when com-
pared with mice received placebo treatment
(p<0.05, Figure 2(e)).

The administration of nicaraven at a relatively

low dose after radiotherapy shows partial
attenuation of RILI in a preclinical

tumor-bearing mouse model

To evaluate the inflammatory responses in lungs,
ELISA analysis indicated that the TGF-3 level in

lungs was slightly increased in mice received pla-
cebo treatment after thoracic radiation, but was
effectively attenuated by post-irradiation admin-
istration with 20mg/kg nicaraven (p<<0.05,
Figure 3(a)). Similarly, the IL-1p level in the
lungs was also increased in mice that received
placebo treatment after thoracic radiation, but
significantly decreased by post-irradiation admin-
istration with 20 or 50 mg/kg nicaraven (p <0.05,
Figure 3(b)). Strangely, it seems that post-irradi-
ation administration with relatively lower doses of
nicaraven more effectively alleviates the enhance-
ment of TGF-f and IL-1B in lung tissues.
However, the levels of IL-6 and CCLS8 in the
lungs were not significantly different among all

groups (Figure 3(c), (d)).

The expression of SOD1 in lungs was detected
higher by Western blot in the placebo group than
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Figure 2. The effect of nicaraven on levels of 8-OHdG and inflammatory factors in serum.
Quantitative data on the levels of 8-OHdG (a), TGF-B (b), IL-1B (c), IL-6 (d], CCL8 (e). Data are represented as the means + SD, n=3~6 in per group.
*p < 0.05 versus Placebo group, p <0.05 versus post-IR group.

IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.
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Figure 3. ELISA analysis on the inflammatory response in irradiated lungs. Quantitative data on the levels of TGF-B (a), IL-1B (b), IL-6 (c], CCL8
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Figure 4. Nicaraven on attenuating oxidative response in irradiated lungs. Representative blots (up), and quantitative data (down) on
the expression of SOD1 (a), SOD2 (b]). Data are represented as the means + SD, n=3~6 in per group. #p <0.05 versus Control group,

*p < 0.05, **p<0.01 versus Placebo group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.

the control group (»p<<0.05, Figure 4(a)). We finally investigated the expression of a-SMA

Although there was no significant difference
among all groups (Figure 4(a)), the increased
expression of SOD1 in the lungs was effectively
attenuated by post-irradiation administration
(p<0.05, Figure 4(a)). The expression of SOD2
was also significantly increased in the placebo
group, but the increased expression of SOD2 was
clearly decreased by post-irradiation administra-
tion with 20 or 100mg/kg nicaraven (p<<0.05,
Figure 4(b)). The enhanced expression of SOD2
in the lungs was effectively decreased by either
post-irradiation or pre-irradiation administration
(p<0.01, Figure 4(b)).

We also measured the expression of 53BP1, a
marker for DNA damage in lungs by Western
blot. Post-irradiation administration of nicaraven
showed to slightly decrease the 53BP1 expression
in lungs (Figure 5(a)). Caspase 3 has been con-
sidered a key effector in inducing cell apoptosis.
Compared with the control group without irradi-
ation, Western blot analysis showed a significant
enhancement on the expression of caspase 3 in
lungs of mice from the placebo group (p<<0.05,
Figure 5(b)), but the enhanced expression of cas-
pase 3 in irradiated lungs was effectively attenu-
ated only by post-irradiation administration of
nicaraven (p <0.05, Figure 5(b)).

and collagen I, the common markers of fibrosis
in lungs. Compared with the control group,
Western blot analysis showed higher expression
of a-SMA and collagen I in lungs of mice from
the placebo group (Figure 6). Although there was
no significant difference among groups, the
enhanced expression of a-SMA and collagen I
in irradiated lungs was partially attenuated in
mice that received post-irradiation administration
of nicaraven (Figure 6).

Discussion

Radiotherapy for cancer is known to accompany
side effects, which may lead to the discontinua-
tion of treatment and decrease the quality of life
of patients.?? In this study, we investigated the
optimal dose and time of nicaraven administra-
tion for attenuating the side effects of radiother-
apy in tumor-bearing mice. We could not clearly
detect significant changes on body weight and the
levels of inflammatory cytokines in serum.
However, nicaraven administration, especially
with a relatively lower dose at the time soon after
thoracic irradiations partially decreased the levels
of TGF-f, IL-1B, SOD1, SOD2, and caspase 3 in
lungs, suggesting the effectiveness of nicaraven
for attenuating the side effects of radiotherapy.
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Figure 5. Western blot analysis on the expression of the DNA damage and cell apoptosis in irradiated lungs. Representative blots
(up) and quantitative data (down) on the expression of 53BP1 (a), caspase 3 (b). Data are normalized to B-actin. Data are represented
as the means = SD, n=3~6 in per group. #p < 0.05 versus Control group, *p <0.05 versus Placebo group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.
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Nicaraven has been well recognized on radical-
specific scavenging property.!* The 8-OHdG, an
oxidized nucleoside of DNA has been frequently
used as a marker for detecting oxidative stress.?3
However, consistent with our previous study,?*
nicaraven administration did not effectively
decrease the level of 8-OHdG in serum in this
study.

Radiation exposure results in the release of
pro-inflammatory cytokines and chemokines.8-10
Radiation-induced systemic and local inflamma-
tory responses can be detected in the blood by an
increased level of circulatory cytokines and the
activation of immune cells.”?> However, we found
that nicaraven administration did not significantly
change the levels of TGF-f, IL-1f3, and IL-6 in
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serum. Several reasons can be considered for it.
First, the sample number in each group was too
small to detect a statistical significance. Second,
the initial sizes of tumors were widely varied
among animals and groups, which also resulted in
large variations in measuring data. Third, we col-
lected lungs and serum at 14days after the last
irradiation, which will be not a suitable time win-
dow for sensitive detection about the changes of
8-OHdG and inflammatory factors in serum.
Otherwise, tumor-secreted factors might also be
considered to affect the levels of cytokines and
chemokines in serum,?® but we did not find sig-
nificant correlations between tumor weights and
the levels of systemic inflammatory factors (data
not shown).

Increasing evidence has shown that the release of
a multitude of cytokines in response to radiation
exposure can contribute to the damage to the
cells/tissues.?? Previous studies have demon-
strated that RILI could be alleviated by blocking
pro-inflammatory factors.?”-28 In this study, we
observed that nicaraven partially attenuated the
enhanced expression of TGF-§ and IL-1f in the
lungs, especially by post-irradiation administra-
tion with relatively low doses. We have not yet
found a clear reason why post-irradiation admin-
istration with relatively lower doses of nicaraven
even more effectively alleviates the enhancement
of TGF-f and IL-1B in the irradiated lungs.
Previous studies have well documented the harm-
less of nicaraven at the dose of 100mg/kg in
mice.?® As VEGF level may increase in tumor-
bearing mice, it is a possibility that a high dose of
nicaraven increases the permeability of alveolar
capillaries and cause edema of lungs in these
tumor-bearing mice.

SODI1 and SOD2 are antioxidant enzymes, but
their expression generally increases in response to
oxidative stresses and various types of injuries.®
Nicaraven partially attenuated the enhanced
expression of SOD1 and SOD2 in irradiated
lungs, especially by post-irradiation administra-
tion. Radiation can directly lead to cell death and
apoptosis.®!7 Nicaraven also partially decreased
the expression of 53BP1 and caspase 3 in irradi-
ated lungs, especially by post-irradiation adminis-
tration. The main manifestations of the late stage
of RILI are fibroblast proliferation and collagen
deposition.?> Post-irradiation administration of
nicaraven partially decreased the expression of o-
SMA and collagen I in irradiated lungs.

This study has several limitations. First, we did not
perform histopathological analysis on lungs. Second,
we only used male mice for the experiment, but
gender difference may affect radiation-induced out-
comes.3%3! Third, we could not provide data on the
8-OHAG level in lungs because of our technical
mistake. Otherwise, due to the small sample size
and large individual variation, there was no statisti-
cally significance on the expression of a-SMA and
collagen I in lungs among groups. Although we
have already planned a phase I-II clinical trial in
esophageal cancer patients who receiving radiother-
apy, the benefit of nicaraven administration will be
needed to be further confirmed before clinical appli-
cation for cancer radiotherapy.

According to our experimental evaluations in a
preclinical tumor-bearing mouse model, nicara-
ven seems to effectively attenuate the side effects
of radiotherapy. As nicaraven has a very limited
effect on the growth of established tumors,!¢ nica-
raven may be useful for mitigating the side effects
of radiotherapy in cancer patients, and post-irra-
diation administration with a relatively low dose
will be highly recommended.
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