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Mitra Abbasifard, Abstract
Email: dr.mabbasifard@gmail. Introduction: The responses of biological systems to various types of radiation have multifaceted
com dimensions. In the field of ionizing radiation, in vitro external gamma radiation therapy has primarily

been studied as a model to elucidate the challenges that biological systems face from radiation
effects. Exposure of cells/organisms to gamma radiation results in a cascade of ionization events
that can cause severe and irreversible biological damage. However, the biological responses and
oxidative stress-related mechanisms under acute radiation conditions remain poorly understood in
inflammatory systems. The present study aimed to provide a model of the effect of ionizing radiation
on macrophages, which play a pivotal role in the mechanisms of inflammation, to assess the impact
of radiotherapy as an approach to treating inflammatory diseases.

Methods: A macrophage cell line (RAW 264.7) was cultured and exposed to different doses of
gamma radiation (4, 6, 8, 10 Gy). Cell viability, apoptosis, cell cycle, migration, nitric oxide (NO)
and prostaglandin E2 (PGE2) production, expression of pro-inflammatory and apoptotic genes, and
cytokine secretion of macrophages were also evaluated.

Results: The results showed that gamma radiation at 4 Gy had a low effect on macrophage
characteristics and cytokine secretion patterns. In contrast, higher doses (8 and 10 Gy) increased
DNA damage, expression of apoptotic genes, and secretion of NO and PGE2 cytokines. 6 Gy
radiation, the maximum radiation dose, showed moderate non-destructive effects and inflammation
process modulation. In this study, doses higher than 6 Gy of Gamma radiation caused cell mortality.
= = Conclusion: It appears that 6 Gy of gamma radiation modulates the inflammatory cascade caused
2 by macrophage cells.
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Introduction brain, intestinal tract, reproductive system, liver, and

The immune system responds to destructive stimuli, such
as damaged cells, pathogens, toxins, and irradiations,
by initiating inflammation, which removes harmful
agents and initiates the healing process. However,
uncontrolled acute inflammation can become chronic
and cause a range of chronic inflammatory disorders
and pathophysiology.!” Inflammation is a common
effector mechanism that leads to extracellular matrix
remodeling, fibrosis, angiogenesis, oxidative stress, and
tissue damage in different organs. Acute and chronic
inflammation responses in the pancreas, kidney, heart,

lung cause inflammatory diseases such as atherosclerosis,
arthritis, inflammatory bowel disease, and kidney and
lung disease.**

Inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-alpha) and interleukin-6 (IL-6), and IL-1f
are biomarkers used for inflammatory disease prognosis,
diagnosis, and therapeutic decisions.*' Monocytes,
macrophages, and other cells are responsible for local
responses to infection and tissue damage. Monocytes can
differentiate into macrophages and dendritic cells and are
attracted to damage sites via chemotaxis. Most disorders,
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including asthma, cancer, diabetes, atherosclerosis,
chronic inflammatory disease, and degenerative and
autoimmune diseases, are related to the alterations of
inflammation-mediated immune cells."""?

According to the extensive use of ionizing irradiation in
medicine, low doses or acute ionizing irradiation is a new
approach that is widely under study and investigation.
However, although its therapeutic effects are not
clearly evident, its harmful biological effects cannot be
neglected.' It has been shown that radiation can cause an
inflammatory response and has effects on the expression of
the ZEBRA protein and stress mediators (glucocorticoid)
in the Epstein-Barr virus (EBV). EBV reactivation induced
by 2 and 4 Gy gamma irradiation caused a combination of
glucocorticoid and gamma radiation that plays a key role
in the inflammatory response.®

In 2010, researchers reported that exposure to ionizing
radiation showed a dose-dependent increase in the
expression of IL-6 at 20 hours, while immediately after
radiation, the release of IL-8 decreased compared to the
control group but elevated over time, particularly at a
0.5 Gy radiation dose.'s As previously reported, 0.5 Gy
gamma irradiation upregulated MKP-1 and suppressed
TNF-a production by P38 MAPK inactivation in mouse
macrophage cell lines.”” In addition, other researchers
have shown that a low dose of gamma radiation increases
the expression and activation of Nrf2 in the macrophage
RAW264.7 cell line.' In 2018, the enhancement of INF/
IL4 in lymphocytes of BALB/c spleen by a low dose of local
gamma radiation suggested that acute ionizing radiation
mightbeagood choiceinradiotherapyand could attenuate
inflammatory disease. The purpose of this study was to
evaluate the effect of different doses of gamma radiation
(4, 6, 8, 10 Gy) on cell viability, apoptosis, cell cycle,
migration, and motility of RAW264.7 macrophage cells.
Furthermore, cytokine production, nitric oxide (NO) and
prostaglandin E2 (PGE2) production as inflammation
mediators, and expression and upregulation of pro-
inflammatory and apoptotic genes were investigated
to provide a comprehensive model of acute gamma
radiation on the macrophage cell line, which is the main
mediator of all inflammatory responses.

Materials and Methods

Cell Culture

Macrophage cell line RAW 264.7 was obtained from
the National Cell Bank of Iran (NCBI). The cells were
cultured in Dulbecco’s Modified Eagle medium (DMEM)
(GIBCO) supplemented with 10% fetal bovine serum
(FBS) (GIBCO, Life Technologies, Ghent, Belgium), 100
U/mL of penicillin, and 100 pg/mL of streptomycin. The
cells were grown until they reached 70-80% confluence in
the culture flask (Figure 1a). The cells were passaged and
plated at 1:3 or 1:2 dilutions every 2-3 days using 0.25%
trypsin and 1mM EDTA (Invitrogen LT, Merelbeke,

a .

Viability Percent

0&0\ X 6 % Ky
¢

Radiation(Gy)

Figure 1. RAW264.7 Cell Survival After 24 Hours Following Exposure to
4, 6, 8, and 10 Gy of Gamma Radiation Relative to the Untreated Control,
Measured by MTT Assay. (@) RAW264.7 cells were cultured in DMEM
medium (x10). (b) MTT assay for the Raw264.7 line with a different
gamma dose: change in viability percent with an increasing irradiation
dose. The obtained results are expressed as mean+SD of at least three
replicates (* P<0.05)

Belgium). The cells were frozen in 90% DMEM with 10%
DMSO (Merck, Darmstadt, Germany) in liquid nitrogen.
Cell Viability Screening by MTT Assay

RAW 264.7 macrophage cells were seeded in 96-
well plates (1x10* cells/well) and irradiated in the
Radiotherapy Department of Imam Hospital at room
temperature, using a Co-60 gamma-ray source (Source
Canada, Theratron 780 E) with a dose-rate of 0.4 Gy/
min., at a distance of 1 m from the source. This study was
aimed at investigating the effect of gamma radiation with
4, 6, 8 and 10 Gy doses. In the control group, the cells
received no radiation.

Cell viability was measured by MTT (3-(4, 5-Dimethyl-
2-thiazolyl)-2, 5- diphenyl-2H-tetrazolium bromide)
assays, 24 hours after radiation, as described previously."”
The percentage of cell viability was calculated and
compared to the control (100% of viability).

Apoptosis Process Assay by Flow Cytometry

RAW 264.7 macrophage cells seeded in 6-well plates
(16 x 10* cells/well) and irradiated with at least 4, 6, 8 and
10 Gy doses. Other irradiation conditions were done in
the same way as the previous assay. The control group
received no radiation. 24 hours after the treatment, the
cells were collected in 500 pl Binding Buffer (Annexin
V-FITC/PI apoptosis detection kit, Jiangsu Keygen
Biotechnology). Annexin V fluorescein isothiocyanate
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and propidium iodide (FITC; 5 uL) were added to
the cell suspension and incubated for 15 min at room
temperature in the dark. The cells were analyzed with the
FACSCalibur flow cytometer via the BD CellQuest™ Pro
Analysis system (BD Biosciences, USA).

Cell Cycle Analysis by Flow Cytometry

After collection, the cells were seeded in 6-well plates and
the cell pellet was washed twice with a PBS buffer and
fixed in a cold 70% EtOH solution at 4 °C for 24 hours.
The fixed samples were washed with PBS and stained
with a 1 ml propidium iodide cocktail (50 pg/mL PI+20
uL RNase A+1 uL triton x-100) for 30 min. at room
temperature. Afterwards, the samples were subjected to
cell cycle description by flow cytometry (BD Biosciences,
USA). The cells in G0/GI1, S, and G2/M-phase were
determined by filtering for doublets and aggregates.

In Vitro Migration Assay

For this assay, 4x10* cell/well was seeded onto 24-well
plates. After overnight incubation at 37 °C and 5% CO2,
the cells were starved for 24 hours. The cells were cultured
and grown to 90% confluency and subjected to 1%
mitomycin C at 37 °C for 8 hours to stop cell proliferation.
The cell monolayers were scratched horizontally with a
P100 pipette tip. The cells were gently washed twice with
PBS to remove cell debris. The monolayer was rinsed
three times with PBS and placed in DMEM with 1% FBS
followed by irradiation (4, 6, 8 and 10 Gy). Reduction
in the scratch areas was monitored by an inverse light
microscope (ECLIPS 80i with WG filter, Nikon, Tokyo,
Japan) equipped with a digital camera. The images were
taken at the interval time of 0, 24, and 48 hours.” The
percentage of migration was calculated based on the
reduction in the scratch area measured at the specific
time as described below:

scratch area 0 — scratch area at specific time
= x

100

scratchareaOh

Invasion Assay

The 24-well trans-well invasion assay was performed
to measure the invasion of the cells under treatment
conditions. The cells (4x10* cell/well) in DMEM
supplemented with 1% FBS cultured in the upper chamber
with 8 um pore (SPL life science Co., Gyeonggi-do,
Republic of Korea). The cells were allowed to adhere for 2
hours and then exposed to irradiation (4, 6, 8 and 10 Gy).
After 24-hour rest in the incubator, the polycarbonate
membrane was removed. The cells that migrated through
pores to a lower surface were rinsed with PBS, fixed in
100% methanol, and stained with ethanol-based crystal
violet solution. Relative to the control, the migrated cells
were shown as the means of the cell numbers in fifteen
randomly selected visions.

Stimulation Inflammatory Pathways of Raw264.7 Cells
With LPS

Lipopolysaccharide (LPS) (1 pg/mL) was used to stimulate
and activate inflammatory pathways in Raw264.7
Macrophage cells. The cells were incubated for 18 hours
with LPS at 37 °C, 5% CO2 and 95% humidity.

Cytokine Releases the Assay by ELISA

Determined by ELISA kits (BD Biosciences, San Jose,
CA, USA), cytokines were secreted from the cells to the
media, according to the manufacturer’s instructions.
Briefly, RAW264.7 macrophage cells (2x10* cells/well)
were cultured in a 48-well plate with DMEM containing
10% FBS, incubated at 37 °C and 5% CO, incubator. The
content level of IL-1f, IL-6 and TNF-a in culture media
was evaluated at 450 nm in a BioTek ELx808 microplate
reader (control, LPS and irradiated with 4, 6, 8 and 10
Gy groups). The absorbance values were converted
to concentrations of IL-1p, IL-6, and TNF-a (pg/mL)
using standard curves prepared with serial dilutions of
recombinant IL-1f, IL-6, and TNF-a standard protein.

NO And PGE2 Production

The cells (16 x 10* cell/mL) were cultured in 6 well plates
and irradiated (4, 6, 8 and 10 Gy). After 24 hours, cell
rest from the irradiation, measured the quantity of nitrite
as an indicator of NO release to the culture medium.
The level of nitrite — stable metabolite of NO - was
measured using the Griess reagent (1% sulfanilamide
and 0.1% naphthylethylenediamine dihydrochloride in
2.5% phosphoric acid). Briefly, 100 pL of the cell culture
medium was mixed with 100 pL of the Griess reagent.
Subsequently, the mixture was incubated at room
temperature for 10 minutes, and then the absorbance
was measured at 540 nm by a microplate reader. A fresh
culture medium was used as a blank in every experiment.
The quantity of nitrite was determined using the sodium
nitrite standard curve. The concentration of PGE, in cell
culture media was determined using a PGE, assay ELISA
kit (Cayman Chemicals, Ann Arbor, MI, USA) following
the manufacturer’s instructions.

Quantitative Analysis of Gene Expression

Total RNA was extracted from each one of the groups
(control, LPS and irradiated with 4, 6, 8 and 10 Gy
groups) using the RNeasy Mini Kit (Qiagen, USA)
according to the manufacturer’s recommendations. The
quantity and quality of extracted RNA were determined
by UV spectrophotometry (Eppendorf, Germany). cDNA
synthesis was performed from 500 ng DNase-treated RNA
samples with a QuantiTect Reverse Transcription Kit,
using oligo (dT) primers. The specific primers were used
for PCR reactions (Table 1). Quantitative polymerase
chain reaction (q-PCR) reaction was performed using
master mix and cyber green in an Applied Biosystems,
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Table 1. Sequence of Primers Used in This Study

Name Forward Reverse Length
P53 5-ACC GCC GAC CTATCCTTA CC-3 5-TCT TCT GTA CGG CGG TCT CTC-3 118
BCL2 5-GTCCCGCCTCTTCACCTTTCAG-3 5-GATTCTGGTGTTTCCCCGTTGG-3 148
BAX 5-TGA AGA CAG GGG CCTTTTTG-3 5-AAT TCG CCG GAG ACA CTC G-3 140
GAPDH 5-TGG ATT TGG ACG CATTGG TC-3 5-TTG CACTGG TAC GTG TTG AT-3 210
TNF o 5-TCA AAC CCT GGT ATG AGC CC-3 5-ACC CAT TCC CTT CAC AGA GC-3 154
IL-1B 5-GAA ATG CCA CCTTTT GAC AGT G-3 5-TGG ATG CTC TCA TCA GGA CAG-3 116
IL-6 5-ACG GCCTTC CCT ACT TCA CA-3 5-CAT TTC CAC GAT TTC CCA GA-3 129
iNOS 5-AAC GGA GAA CGTTGG ATT TG-3 5-CAG CAC AAG GGG TTTTCT TC-3 147

StepOne™ thermal cycler (Applied Biosystems, USA). The
PCR program started with an initial melting cycle for 5
minutes at 95 °C to activate the polymerase, followed by
40 cycles of melting (30 seconds at 95 °C), annealing (30
seconds at 58 °C) and extension (30 seconds at 72 °C). The
quality of the PCR reactions was confirmed by melting
curve analyses. The efficiency of primers was determined
for each gene using a standard curve (logarithmic dilution
series of cDNA of each sample). The reference gene
(GAPDH) and target genes were amplified in the same
run. The target genes were normalized by the reference
gene (that had equal expression in all runs) and expressed
relatively to a calibrator.

Statistical Analysis

Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey post hoc test using
GraphPad Prism 8.0 (San Diego, USA). All obtained data
were expressed as mean+SD of three replications. Data
with P values lower than 0.05 were considered statistically
significant.

Results

Radiation Causes Changes in Viability

The effect of radiation on the viability of a macrophage
cell line was investigated using the MTT assay. After a
24-hour rest period following exposure to 4, 6, 8, and
10 Gy of gamma radiation, the cytotoxicity of each dose
of radiation was assessed. The results showed that the
viability of RAW 264.7-treated cells was not affected by
radiation doses less than 10 Gy. At this dose of radiation,
the viability significantly increased (P<0.05) (Figure 1b).

Radiation Increases Apoptosis in the Raw264.7 Cell Line
The rate of apoptosis in the radiation-treated macrophage
cells (the lower right quadrant) significantly increased in
all treated groups (Figure 2) by Flow cytometry analysis.
Therefore, the percentage of live cells significantly
decreased in all treated groups except the 4 Gy radiation
group. The high-dose exposed groups (8 and 10 Gy)
showed an increase in apoptosis percentage (Figure 3a)
(P<0.001).

Gamma Radiation Induces G2/M Arrest in the
Macrophage Cell Line

The influence of gamma radiation on cell cycle
progression and distribution was analyzed using flow
cytometry. The results indicated that the arrest of cells
in the G2/M phase increased in all treatment groups
(Figure 4). This inhibition was greater in the 8 and 10 Gy
groups (Figure 3b).

In Vitro Migration Assay

The evaluation of the effect of gamma radiation on the
migration potential of macrophages was assayed using
the scratch method, which mimics to some extent the
migration of cells in vivo. The monolayer culture of
Raw264.7 treated with different doses of gamma radiation
showed a significantly lower migration potential rate
compared to the control group after 0, 24, and 48 hours
(Figure 5b). This finding indicates that gamma radiation
reduces the migration potential of macrophage cells
(Figure 6).

Gamma Radiation Increases Cell Invasion in Raw264.7
Cells

Another important characteristic of the biological effects
of gamma radiation involves its effect on cell invasion. In
order to minimize cell division, the cells were subjected
to a starvation period by the supplementation of the
culture media with only 1% FBS. The trans-well invasion
assay illustrated three-dimensional movement, where
macrophage cells were cultured in the upper chamber of
8 um pore size trans-wells, allowed to adhere for 2 hours,
and then irradiated. The cells were then incubated for 24
hours, and the migrated cells were counted at the end of
the rest time. The results showed that gamma radiation
significantly increased the ability to migrate and the
mobility of the cells (Figure 5a).

Inhibitory Effect of Gamma Radiation on Pro-
inflammatory Cytokines

To determine whether gamma radiation might also have
effects on the modulation of pro-inflammatory cytokines
in RAW264.7 macrophage cells, the pro-inflammatory
cytokines, such as IL-1B, IL-6, and TNF-a, were
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Figure 2. Dot Plot of Apoptosis Assays by Annexin V and PI Method in Cells Treated With Gamma Radiation After 24 Hours. Q4; live cells, Q3; early apoptosis
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Figure 3. Quantitative Comparison of Apoptosis After RAW264.7 Cell Exposed Groups (0 and 10 Gy). Flow cytometry results for the apoptosis assay and cell
cycle distribution. (a) Dot plot of apoptosis assays by Annexin V and Pl method in cells treated with Gy10 gamma radiation after 24 hours. Q4; live cells, Q3;
early apoptosis cells, Q2; late apoptosis cells, Q1; necrosis cells. (b) Flow cytometry apoptosis histogram of a different treatment. (c) Gy10 gamma radiation
reduces live cell percent and arrests cells in the G2/M phase. (d) Flow cytometry cell cycle histogram of a different treatment. Radiation reduces live cell percent
and increases in apoptotic population. The obtained results are expressed as mean+SD of at least three replicates (* P<0.05, ** P<0.01, *** P<0.001)

determined by cytokine detection ELISA kits. As shown
in Figures 7a, 7b and 7c, the treatment of RAW264.7
macrophage cells with LPS, 4, 6, 8, and 10 Gy irradiation
significantly increased the secretion of IL-1p, IL-6, and
TNF-a to the cell culture media. The induction effect of
the cytokines by 10 Gy radiation was significantly greater
than other groups. These findings strongly suggest that
radiation is able to modulate inflammatory action by
inducing the release of pro-inflammatory cytokines
(Figure 7a-c).

NO and PGE2 Production

Under LPS treatment as a model agent for the elicitation
of the inflammatory pathway in macrophage cells,
gamma radiation (4, 6, 8, and 10 Gy) caused the release
of nitrite oxide as an inflammation signal mediator
from the treated cells in the culture media, which was
determined using the Griess reaction method assay.
Gamma radiation significantly induced NO production
in a dose-dependent manner (Figure 8a), with an increase
in the dose of gamma irradiation leading to an elevation
of NO release to the media.
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Contrastingly, another inflammation signal mediator,
PGE2, was assayed using a PGE2 detection ELISA
kit, which showed that gamma radiation significantly
enhanced PGE2 production (Figure 8b). Therefore, the
results demonstrated a positive linear correlation between
the dose of irradiation and the release of biochemical
inflammation mediators.

Gamma Radiation Increases Apoptotic Genes Expression
The results showed that the exposure of macrophages to 6, 8,
and 10 Gy gamma radiation caused an increased expression
of BAX and p53 as pro-apoptotic genes, while the expression
of Bcl-2 (anti-apoptotic) was found to be down-regulated
at 10 Gy (Figure 9a). The results also indicated that Bcl-2
expression was not affected by radiation, showing that a low
dose (4 Gy) had no significant effect.
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Gamma Radiation Up-regulates Inflammatory Genes slightly higher in the 4 Gy group than in the control, but
The expression of TNFa, IL-6, IL-1B, and iNOS genes, there was no statistical difference (Figure 9b).

according to qPCR analysis results, showed a significant

increase in both radiation-exposed groups and the LPS Discussion

model group. The expression of inflammatory genes was The application of ionizing radiation in cancer therapy
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has improved over the last few years. It has been shown
that low doses of radiation are more effective than daily
conventional doses of 1-2 Gy in cancer therapy. Several
studies have illustrated that ionizing radiation could cause
diverse effects on cell biology. Therefore, it seems to be a
long way to have a clear perspective on the dose-dependent
effects of radiation on biological systems. Low-dose
ionizing radiation could improve physiological functions.
However, all of these studies were performed under
certain exposure conditions, cell lines, or animal models.*'
Direct or indirect exposure of cells to ionizing radiation
induces various biological pathway alterations, such as
frequent enhancement of micronucleation, apoptosis,
mutations, DNA strand breaks, alteration of regulatory
protein activity and enzymes, oncogenic transformation,
and reduction of clonogenic efficiency.”> Up to 10 Gy
whole-body gamma radiation in animal models can
cause an acute induction of the inflammatory system
and a cytokine expression burst.”? The systemic effect of
low-dose radiation on the immune system is still obscure.
Some studies report that low-dose radiation induces the
immune system, while others show a suppressive effect on

the immune system.' In fact, further studies are needed
to clarify the molecular events included in this progress.
A low dose of gamma radiation has various effects on
living cells, including the enhancement of cell survival,
oxidative stress resistance, improvement of immune
system function, and stimulation of cell growth. On the
other hand, studies show that gamma radiation can cause
suppression or modulation of immune system mediators,
so it could be assigned as a valuable therapeutic method
in autoimmune or chronic inflammatory diseases. As
reported, exposure to 0.5 Gy gamma radiation promotes
natural killer (NK) cell activity, elevates glutathione levels,
and prevents tumor growth factors. It suppresses pro-
inflammatory cytokines from peritoneal macrophages
and demonstrates strong potential anti-inflammatory
effects.”” 0.5 Gy gamma radiation upregulates MKP-1,
activates P38 MAPK, and suppresses TNF-a in mouse
macrophage cell lines."” Interestingly, recent studies have
revealed that low-dose gamma irradiation in collagen-
induced arthritis decreases the antibody and pro-
inflammatory cytokine release, increases the induction of
regulatory T cell count, and thereby causes the attenuation
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of disease symptoms.** Besides, another study showed
that in rheumatoid arthritis, human T lymphocytes
were resistant to apoptosis induced by 0.5 Gy gamma
radiation. It found that the apoptosis gene expression had
a different pattern in the rheumatoid arthritis patients.”®
In this study, doses of 6, 8, and 10 Gy of gamma radiation
caused an elevation of apoptotic cells and a decrease of
alive cells (Figure 3a). In radiation-induced senescent
models, BM-MSCs in vitro increased their expression
of IL-6 with reduced immunosuppressive potential.
The findings were confirmed in further experiments in
vivo when murine MSCs after irradiation also lost their
protective immunosuppressive function.?*

However, the risk of damage to neighboring normal
tissues still limits the radiation dose that can be used.
In this regard, the potential of the cerulenin synthetic
analog C75, a fatty acid synthase inhibitor, and of
17-N-allylamino-17-demethoxy geldanamycin (17AAG),
a geldanamycin derivative, to sensitize PCa cells grown
in 3D culture to ionizing radiation has been investigated,
demonstrating a significant improvement of targeted
radiotherapy.?*

According to previous studies, low doses of gamma
radiation (less than 50 mGy) have been known to enhance
cell mechanisms such as DNA repair and apoptosis
reduction, leading to an elevation of cell protective
efficiency." Our data have confirmed that the low dose (4
Gy) group did not cause significant apoptosis, while there
was a considerable enhancement as radiation increased,
especially in high doses such as 8 and 10 Gy. Previous
studies have shown that there is a positive correlation
between Fas gene expression and gamma irradiation (4
and 10 Gy) in malignant lymphoma cells.”!

Ionizing radiation induces signaling pathways, such
as P53 and Ataxia telangiectasia mutated kinase (ATM),
which are involved in DNA damage repair.'” Although
the pre-apoptotic protein (BAX) gene expression was
down-regulated, the anti-apoptotic protein (Bcl2) gene
was upregulated under low doses of gamma ionization.”
Radiation can activate cell cycle checkpoints, which
arrest the cells at G1/S, S, and G2/M stages.” The G2/M
checkpoint is the final step before the cells enter mitosis.
It has been reported that this checkpoint can be activated
as a response to DNA damage. In this study, it was found
that in all treated groups, arrested cells in the G2/M phase
increased and were remarkable at 8 and 10 Gy treated
groups (Figure 2b). It seems that the increasing gamma
radiation enhances DNA damage and subsequently
elevates the number of cells arrested in G2/M. This is
aligned with previous results that reported sub-low dose
radiation (2.5 Gy) caused cell accumulation in the G2
phase.

In these radiation doses, cells can enter mitosis or
apoptosis progress after the treatment.” It is important
to note that ionizing radiation can also lead to secondary

malignancy when used for cancer therapy, especially
when some cells remain alive and can turn into metastatic
or invasive forms. It has been reported that ionizing
radiation can elevate the motile or metastatic form
of cancer cells in vitro by hyper-activating the TGF-f
signaling pathway in human carcinoma cells.”

Low-dose ionizing radiation can suppress mast cell
migration and subsequently inhibit PI3K and Btk
signaling pathways through the knockdown of Nr4a2.
It was found that a low dose of radiation could down-
regulate chemotactic cytokine MCP-1 (monocyte
chemoattractant protein 1) gene expression mediated by
Nr4a2 in mast cells and suppress cell migration.**

This study revealed that macrophage exposure to
gamma radiation reduced the anti-inflammatory
mediator’s profile. It could suggest that pro-inflammatory
macrophages may contribute to the effect of local
radiotherapy. Pro-inflammatory macrophages produce
cytokines such as IL-1B, IL-6, and TNF-a and express
genes such as CD80, CD86, HLA-DR, CCR7, and NFKp
involved in cell cycle regulation. On the other hand, anti-
inflammatory macrophages induce anti-inflammatory
cytokines such asIL-10 and TGF-f and protein expression
of CD163 and MRC.* The study illustrated that ionizing
radiation can regulate macrophages and change their
phenotype to the pro-inflammatory form. Therefore, it
could be suggested that the regulation of inflammatory
responses under gamma radiation exposure is derived
by promoting the production and release of pro-
inflammatory cytokines (Figure 7a-c).

According to previous studies, gamma irradiation can
enhance NO production in RAW264.7 cells, leading to
DNA damage through the induction of the nuclear factor
pathway (NF)- k. A recent study also showed that NO
and PGE2 biosynthesis are enhanced in a dose-dependent
manner after gamma radiation treatment (Figure 8b).
As it is clear, the iNOS gene was upregulated in both
radiation and LPS groups. The determination of genes
stimulated by gamma radiation in Raw264.7 cells shows
that the gene expression of pro-inflammatory cytokines
TNFa, IL-6, IL-1pB, and iNOS substantially increased in
radiation-treated groups, similar to the LPS-induced
model. The expression of pro-inflammatory genes was
slightly higher in the 4 Gy group compared to the control
group, but there was no statistical difference (Figure 9b).

Finally, the current study suggests that Raw264.7 cells
can serve as key markers for inflammatory diseases
exposed to gamma radiation (0, 4, 6, 8, 10 Gy). Higher
doses of radiation damaged the DNA of the cells, causing
them to be arrested at the G2/M phase. If the cells could
not repair the damage (which is common at higher doses),
apoptosis genes such as P53 and BAX were upregulated.
In fact, there is a bidirectional effect between the P53
and BAX genes, where P53 regulates BAX, and BAX is
involved in the P53 apoptosis mechanism. Therefore, an

Journal of Lasers in Medical Sciences Volume 14, 2023 \ 9



Bagheri-Hosseinabadi et al

increased expression of both allows the cells with DNA
damage to enter the apoptotic pathway. Conversely,
Bcl2 (which is a type of anti-apoptotic gene) is down-
regulated and aligned with this process. Moreover, pro-
inflammatory cytokines (IL1B, IL6, and TNF-a), NO, and
PGE2 production are enhanced during DNA damage and
apoptosis steps. NO burst is closely linked to excessive
activation or production of different inflammatory
cytokines like TNF-a, IL6, and IL1B.** Although high
doses of radiation caused most cells to enter the apoptosis
phase and the number of viable cells reduced, the current
study revealed that these results were not considerable
at 4 Gy radiation. Interestingly, high gamma radiation
could increase cell motility and migration, and this effect
cannot be neglected, especially when used in cancer
therapy, because it may turn cells into a metastatic form.

Conclusion

In recent times, gamma radiation has been extensively
used as a therapeutic choice in medicine. However,
the therapeutic use of low doses of gamma radiation,
which could be beneficial in cancer therapy and
suppression/modulation of immune responses in chronic
inflammatory disease, has different doubtful aspects
that should be carefully cleared. The results of this study
showed that 4 Gy gamma radiation had no destructive
effect on the macrophage cell line. However, higher doses
led to the progression of apoptosis in the cells, driven by
irreversible damage at the cellular and molecular levels.

Authors’ Contribution

Conceptualization: Jaber Zafari.

Data curation: Jaber Zafari.

Formal analysis: Zahra Bagheri-Hosseinabadi.
Funding acquisition: Jaber Zafari.
Investigation: Zahra Bagheri-Hosseinabadi.
Methodology: Fatemeh Javani Jouni.

Project administration: Mitra Abbasifard.
Resources: Jaber Zafari.

Software: Hanieh Sadeghi.

Supervision: Mitra Abbasifard.

Validation: Jaber Zafari.

Visualization: Hanieh Sadeghi.
Writing-original draft: Zahra Bagheri-Hosseinabadi.
Writing-review editing: Fatemeh Javani Jouni.

Competing Interests
There is not any conflict of interest.

Ethical Approval

This research was approved by the research ethics committee
of Shahid Beheshti University of Medical Sciences (IR.SBMU.
RETECH.REC.1401.224).

References

1.  Ferrero-Miliani L, Nielsen OH, Andersen PS, Girardin
SE.  Chronic inflammation: importance of NOD2 and
NALP3 in interleukin-Tbeta generation. Clin  Exp
Immunol.  2007;147(2):227-35.  doi:  10.1111/j.1365-

2249.2006.03261 .x.

Medzhitov R. Inflammation 2010: new adventures of
an old flame. Cell. 2010;140(6):771-6. doi: 10.1016/j.
cell.2010.03.006.

Zhou Y, Hong Y, Huang H. Triptolide attenuates inflammatory
response in membranous glomerulo-nephritis rat via
downregulation of NF-kB signaling pathway. Kidney Blood
Press Res. 2016;41(6):901-10. doi: 10.1159/000452591.
Libby P. Inflammatory mechanisms: the molecular basis of
inflammation and disease. Nutr Rev. 2007;65(12 Pt 2):5140-
6. doi: 10.1111/j.1753-4887.2007.tb00352..x.

Chen L, Deng H, Cui H, Fang ), Zuo Z, Deng J, et al.
Inflammatory responses and inflammation-associated diseases
in organs. Oncotarget. 2018;9(6):7204-18. doi: 10.18632/
oncotarget.23208.

Goldstein Bl, Kemp DE, Soczynska JK, Mclntyre RS.
Inflammation and the phenomenology, pathophysiology,
comorbidity, and treatment of bipolar disorder: a systematic
review of the literature. J Clin Psychiatry. 2009;70(8):1078-
90. doi: 10.4088/JCP.08r04505.

Gupta J, Mitra N, Kanetsky PA, Devaney ], Wing MR, Reilly
M, et al. Association between albuminuria, kidney function,
and inflammatory biomarker profile in CKD in CRIC. Clin
J Am Soc Nephrol. 2012;7(12):1938-46. doi: 10.2215/
¢jn.03500412.

Lindahl B, Toss H, Siegbahn A, Venge P, Wallentin L. Markers
of myocardial damage and inflammation in relation to long-
term mortality in unstable coronary artery disease. FRISC
Study Group. Fragmin during Instability in Coronary Artery
Disease. N Engl ] Med. 2000;343(16):1139-47. doi: 10.1056/
nejm200010193431602.

Miller AH, Maletic V, Raison CL. Inflammation and its
discontents: the role of cytokines in the pathophysiology of
major depression. Biol Psychiatry. 2009;65(9):732-41. doi:
10.1016/j.biopsych.2008.11.029.

Shlipak MG, Fried LF, Crump C, Bleyer AJ, Manolio TA,
Tracy RP, et al. Elevations of inflammatory and procoagulant
biomarkers in elderly persons with renal insufficiency.
Circulation. 2003;107(1):87-92. doi: 10.1161/01.
cir.0000042700.48769.59.

Robb CT, Regan KH, Dorward DA, Rossi AG. Key
mechanisms governing resolution of lung inflammation.
Semin Immunopathol. 2016;38(4):425-48. doi: 10.1007/
500281-016-0560-6.

Stramer BM, Mori R, Martin P. The inflammation-fibrosis link?
A Jekyll and Hyde role for blood cells during wound repair.
J Invest Dermatol. 2007;127(5):1009-17. doi: 10.1038/
sj.jid.5700811.

Van Linthout S, Miteva K, Tschope C. Crosstalk between
fibroblasts and inflammatory cells. Cardiovasc Res.
2014;102(2):258-69. doi: 10.1093/cvr/cvu062.

Bahreyni Toossi MT, Najafi Amiri M, Sankian M, Azimian
H, Abdollahi S, Khademi S. INF/IL-4 increases after the low
doses of gamma radiation in BALB/c spleen lymphocytes.
Iran ] Med Phy. 2019;16(4):264-9. doi: 10.22038/
ijmp.2018.35092.1440.

Ferrieu C, Ballester B, Mathieu J, Drouet E. Flow cytometry
analysis of gamma-radiation-induced Epstein-Barr virus
reactivation in lymphocytes. Radiat Res. 2003;159(2):268-73.
doi: 10.1667/0033-7587(2003)159[0268:fcaogr]2.0.co;2.
Pasi F, Facoetti A, Nano R. IL-8 and IL-6 bystander signalling
in human glioblastoma cells exposed to gamma radiation.
Anticancer Res. 2010;30(7):2769-72.

Tsukimoto M, Homma T, Mutou Y, Kojima S. 0.5 Gy gamma
radiation suppresses production of TNF-alpha through up-
regulation of MKP-1 in mouse macrophage RAW264.7 cells.

10 | Journal of Lasers in Medical Sciences Volume 14, 2023


https://doi.org/10.1111/j.1365-2249.2006.03261.x
https://doi.org/10.1111/j.1365-2249.2006.03261.x
https://doi.org/10.1016/j.cell.2010.03.006
https://doi.org/10.1016/j.cell.2010.03.006
https://doi.org/10.1159/000452591
https://doi.org/10.1111/j.1753-4887.2007.tb00352.x
https://doi.org/10.18632/oncotarget.23208
https://doi.org/10.18632/oncotarget.23208
https://doi.org/10.4088/JCP.08r04505
https://doi.org/10.2215/cjn.03500412
https://doi.org/10.2215/cjn.03500412
https://doi.org/10.1056/nejm200010193431602
https://doi.org/10.1056/nejm200010193431602
https://doi.org/10.1016/j.biopsych.2008.11.029
https://doi.org/10.1161/01.cir.0000042700.48769.59
https://doi.org/10.1161/01.cir.0000042700.48769.59
https://doi.org/10.1007/s00281-016-0560-6
https://doi.org/10.1007/s00281-016-0560-6
https://doi.org/10.1038/sj.jid.5700811
https://doi.org/10.1038/sj.jid.5700811
https://doi.org/10.1093/cvr/cvu062
https://doi.org/10.22038/ijmp.2018.35092.1440
https://doi.org/10.22038/ijmp.2018.35092.1440
https://doi.org/10.1667/0033-7587(2003)159%5b0268:fcaogr%5d2.0.co;2

Effect of radiation on inflammation and apoptosis

20.

21.

22.

23.

24.

25.

26.

27.

28.

Radiat Res. 2009;171(2):219-24. doi: 10.1667/rr1351.1.
Tsukimoto M, Tamaishi N, Homma T, Kojima S. Low-dose
gamma-ray irradiation induces translocation of Nrf2 into
nuclear in mouse macrophage RAW264.7 cells. ] Radiat Res.
2010;51(3):349-53. doi: 10.1269/jrr.10002.

Kumar P, Nagarajan A, Uchil PD. Analysis of cell viability by
the MTT assay. Cold Spring Harb Protoc. 2018;2018(6). doi:
10.1101/pdb.prot095505.

Liang CC, Park AY, Guan]L. Invitro scratch assay: a convenient
and inexpensive method for analysis of cell migration in vitro.
Nat Protoc. 2007;2(2):329-33. doi: 10.1038/nprot.2007.30.
Hekim N, Cetin Z, Nikitaki Z, Cort A, Saygili El. Radiation
triggering immune response and inflammation. Cancer Lett.
2015;368(2):156-63. doi: 10.1016/j.canlet.2015.04.016.
Marin A, Martin M, Lifdn O, Alvarenga F, Lopez M,
Ferndndez L, et al. Bystander effects and radiotherapy. Rep
Pract Oncol Radiother. 2015;20(1):12-21. doi: 10.1016/j.
rpor.2014.08.004.

Linard C, Marquette C, Mathieu J, Pennequin A, Clarencon D,
Mathé D. Acute induction of inflammatory cytokine expression
after gamma-irradiation in the rat: effect of an NF-kappaB
inhibitor. Int J Radiat Oncol Biol Phys. 2004;58(2):427-34.
doi: 10.1016/}.ijrobp.2003.09.039.

Nakatsukasa H, Tsukimoto M, Ohshima Y, Tago F, Masada
A, Kojima S. Suppressing effect of low-dose gamma-ray
irradiation on collagen-induced arthritis. J Radiat Res.
2008;49(4):381-9. doi: 10.1269/jrr.08002.

Maas K, Westfall M, Pietenpol ], Olsen NJ, Aune T. Reduced
p53 in peripheral blood mononuclear cells from patients
with rheumatoid arthritis is associated with loss of radiation-
induced apoptosis. Arthritis Rheum. 2005;52(4):1047-57.
doi: 10.1002/art.20931.

Lyamina S, Baranovskii D, Kozhevnikova E, Ivanova T, Kalish
S, Sadekov T, et al. Mesenchymal stromal cells as a driver of
inflammaging. Int J Mol Sci. 2023;24(7):6372. doi: 10.3390/
ijms24076372.

Kumari R, Jat P. Mechanisms of cellular senescence: cell
cycle arrest and senescence associated secretory phenotype.
Front Cell Dev Biol. 2021;9:645593. doi: 10.3389/
fcell.2021.645593.

Rae C, Haberkorn U, Babich JW, Mairs RJ. Inhibition of fatty

29.

30.

31.

32.

33.

34.

35.

36.

acid synthase sensitizes prostate cancer cells to radiotherapy.
Radiat Res. 2015;184(5):482-93. doi: 10.1667/rr14173.1.
Enmon R, Yang WH, Ballangrud AM, Solit DB, Heller G,
Rosen N, et al. Combination treatment with 17-N-allylamino-
17-demethoxy geldanamycin and acute irradiation produces
supra-additive growth suppression in human prostate
carcinoma spheroids. Cancer Res. 2003;63(23):8393-9.
Fontana F, Raimondi M, Marzagalli M, Sommariva M,
Gagliano N, Limonta P. Three-dimensional cell cultures as an
in vitro tool for prostate cancer modeling and drug discovery.
Int ) Mol Sci. 2020;21(18):6806. doi: 10.3390/ijms21186806.
Azimian H, Bahreyni-Toossi MT, Rezaei AR, Rafatpanah H,
Hamzehloei T, Fardid R. Up-regulation of Bcl-2 expression
in cultured human lymphocytes after exposure to low doses
of gamma radiation. ] Med Phys. 2015;40(1):38-44. doi:
10.4103/0971-6203.152249.

Vavrova J, Rezacova M, Vokurkova D, Psutka J. Cell cycle
alteration, apoptosis and response of leukemic cell lines to
gamma radiation with high- and low-dose rate. Physiol Res.
2004;53(3):335-42.

Carl C, Flindt A, Hartmann J, Dahlke M, Rades D, Dunst J, et
al. lonizing radiation induces a motile phenotype in human
carcinoma cells in vitro through hyperactivation of the TGF-
beta signaling pathway. Cell Mol Life Sci. 2016;73(2):427-43.
doi: 10.1007/s00018-015-2003-2.

Song CH, Joo HM, Han SH, Kim JI, Nam SY, Kim JY. Low-
dose ionizing radiation attenuates mast cell migration through
suppression of monocyte chemoattractant protein-1 (MCP-1)
expression by Nr4a2. Int J Radiat Biol. 2019;95(11):1498-
506. doi: 10.1080/09553002.2019.1642535.

Teresa Pinto A, Laranjeiro Pinto M, Patricia Cardoso A,
Monteiro C, Teixeira Pinto M, Filipe Maia A, et al. lonizing
radiation modulates human macrophages towards a pro-
inflammatory phenotype preserving their pro-invasive and
pro-angiogenic capacities. Sci Rep. 2016;6:18765. doi:
10.1038/srep18765.

Lee YJ, Han JY, Lee CG, Heo K, Park SI, Park YS, et al. Korean
Red Ginseng saponin fraction modulates radiation effects
on lipopolysaccharide-stimulated nitric oxide production in
RAW?264.7 macrophage cells. ] Ginseng Res. 2014;38(3):208-
14. doi: 10.1016/j.jgr.2014.02.001.

Journal of Lasers in Medical Sciences Volume 14, 2023 \ 11


https://doi.org/10.1667/rr1351.1
https://doi.org/10.1269/jrr.10002
https://doi.org/10.1101/pdb.prot095505
https://doi.org/10.1038/nprot.2007.30
https://doi.org/10.1016/j.canlet.2015.04.016
https://doi.org/10.1016/j.rpor.2014.08.004
https://doi.org/10.1016/j.rpor.2014.08.004
https://doi.org/10.1016/j.ijrobp.2003.09.039
https://doi.org/10.1269/jrr.08002
https://doi.org/10.1002/art.20931
https://doi.org/10.3390/ijms24076372
https://doi.org/10.3390/ijms24076372
https://doi.org/10.3389/fcell.2021.645593
https://doi.org/10.3389/fcell.2021.645593
https://doi.org/10.1667/rr14173.1
https://doi.org/10.3390/ijms21186806
https://doi.org/10.4103/0971-6203.152249
https://doi.org/10.1007/s00018-015-2003-2
https://doi.org/10.1080/09553002.2019.1642535
https://doi.org/10.1038/srep18765
https://doi.org/10.1016/j.jgr.2014.02.001

