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Galangin Ameliorates Gamma Radiation-
induced DNA Damage and Subsequent
Chromosomal Aberrations in Human
Blood Lymphocytes
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Abstract

Background: Natural compounds with radioprotective properties have gained attention due to their potential to reduce
health risks associated with radiation exposure. Galangin (GA), a flavonoid recognized for its antioxidant activity, has been
investigated for its capacity to alleviate oxidative stress.

Objectives: This study aimed to explore the radioprotective effects of GA against gamma radiation-induced double-strand
breaks (DSBs), dicentric chromosomes (DCs), and cytokinesis-block micronuclei (CBMN) in human blood lymphocytes.
Materials and Methods: Human blood peripheral lymphocytes (HBPLs) were treated with varying concentrations of GA
(1,5, and 10 pM) for 24 h before being exposed to gamma radiation (3 Gy). Following radiation exposure, the cells were incu-
bated for another 24 h to evaluate deoxyribonucleic acid (DNA) damage. Cytogenetic assays were performed to measure DC
and CBMN frequencies, while DSBs were assessed using y-H2AX analysis. Additionally, the phosphorylation of ATM (p-ATM)
was analyzed through Western blotting, and DNA repair gene expression was examined using a polymerase chain reaction
(PCR) array. Statistical methods were employed to analyze the data and determine the significance of GA’s protective effects.
Results: Gamma radiation exposure markedly increased the incidence of DCs and CBMN in HBPLs in a dose-dependent
manner. Pretreatment with GA, however, significantly reduced these effects in a concentration-dependent fashion. GA also
decreased radiation-induced DSBs, as demonstrated by reduced levels of y-H2AX and p-ATM. Furthermore, GA-treated
cells exhibited a downregulation of DNA repair-related gene expression compared to cells exposed solely to radiation.
Among the tested concentrations, |0 pM GA provided the greatest protective effect.

Discussion: GA effectively mitigates gamma radiation-induced DNA damage in human lymphocytes by lowering the inci-
dence of DSBs, DCs, and CBMN. The protective effects appear to be mediated through modulation of the DNA damage
response and the reduction of oxidative stress.

Conclusion: This study highlights GA’s potential as a radioprotective agent and suggests its relevance in radiation therapy
and preventive applications. Further research is warranted to fully elucidate its mechanisms and therapeutic potential.
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Introduction

Radiotherapy is a widely utilized treatment method, employed
in managing over 50% of all cancer subtypes. The effective-
ness of this approach relies on delivering the optimal radia-
tion dose while maximizing tumor cell sensitivity to the
treatment (Baskar et al., 2012). However, the radiation dos-
age used in therapy is often limited by the sensitivity of sur-
rounding healthy tissues. The primary goal of radiotherapy is
to maximize cancer cell destruction while minimizing harm
to adjacent normal tissues. To achieve this, various strategies
have been developed to protect normal cells from the harmful

effects of ionizing radiation during treatment. Insights into
deoxyribonucleic acid (DNA) damage response mechanisms,
genetic modifications, and molecular signaling pathways
have the potential to pave the way for improved treatment
strategies, particularly when combined with pharmacological
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interventions (Bhattacharya & Asaithamby, 2017). Several
adjuvant compounds have been proposed to enhance the sen-
sitivity of tumor cells to radiation while safeguarding normal
tissues from its adverse effects (Zhang et al., 2023).

Radiation-induced double-strand breaks (DSBs) are often
evident as chromosomal aberrations (CAs). These include
three primary types: dicentric chromosomes (DCs), acentric
fragments (AFs), and acentric rings (ARs), which arise from
chromatid breakages and improper exchanges (Begum et al.,
2012). CAs serve as biomarkers for radiation exposure and
can be identified in cultured human blood lymphocytes
(Prasad et al., 2005). Furthermore, CAs resulting from ioniz-
ing radiation are often observed as micronuclei (MN) in
affected cells (Vral et al., 2011). The cytokinesis-block micro-
nucleus (CBMN) assay is a widely utilized method for assess-
ing DNA damage caused by radiation (Beinke et al., 2016).
Another technique for detecting radiation-induced DNA
strand breaks is the comet assay, or modified single-cell elec-
trophoresis, which offers a rapid means of identifying single-
strand breaks (SSBs) and DSBs at the individual cell level
(Mgller, 2018; Olive, 2009). In response to DSBs, mamma-
lian cells recruit specific proteins to the damaged sites.
Phosphorylated histone H2AX (y-H2AX) and phosphory-
lated ataxia-telangiectasia mutated protein (p-ATM) can be
detected at these sites using specialized antibodies (Lee et al.,
2019). Specifically, phosphorylation of ATM at serine 1981
(p-ATM) and H2AX at serine 123 (y-H2AX) are early indica-
tors of cellular responses to DSBs induced by ionizing radia-
tion (Murray et al., 2016).

Ionizing radiation generates reactive oxygen species
(ROS), which cause severe oxidative damage, leading to
redox imbalance and the activation of cellular signaling path-
ways (Yi et al., 2020). Key endogenous antioxidants, such as
reduced glutathione (GSH), catalase, superoxide dismutase
(SOD), and GSH peroxidase, play a critical role in protecting
normal tissues from radiation-induced oxidative stress.
Several phytochemicals enhance the activity of these antioxi-
dant enzymes, thereby shielding cellular components from
oxidative damage caused by ionizing radiation (Materska
et al., 2015; Shyam et al., 2018; Wu & Dhanasekaran, 2020).
Nevertheless, when cells experience severe radiation dam-
age, endogenous repair mechanisms may not suffice.
Supplementing with exogenous natural antioxidants can help
mitigate radiation effects. Epidemiological studies suggest
that a diet rich in fruits and vegetables, which are abundant in
natural antioxidants, reduces the risk of radiation-induced
DNA damage and CAs (Rostami etal., 2016). Radioprotectors,
which are chemical agents designed to protect normal tissues
during radiotherapy, are one approach to minimizing such
damage. For example, amifostine is a Food and Drug
Administration (FDA)-approved radioprotector that shields
normal cells during radiotherapy (King et al., 2020).

Natural compounds with free radical scavenging activity
offer significant potential for enhancing radioprotection in

normal cells during cancer treatment (George et al., 2021).
Galangin (GA), a flavonol found in Alpinia officinarum,
Alpinia galanga, and propolis, is one such compound (Tuli
et al., 2022). It exhibits a variety of pharmacological proper-
ties, including the inhibition of alpha-glucosidase activity,
which reduces glycation product formation (Zeng et al.,
2019). GA also prevents airway remodeling by suppressing
ROS generation and modulating mitogen-activated protein
kinase (MAPK) signaling pathways (Liu et al., 2015).
Additionally, it induces apoptosis in gastric cancer cells
(Liang et al., 2021) and inhibits epithelial-mesenchymal tran-
sition in renal cell carcinoma (Cao et al., 2016). Despite its
potential as a functional food component (Mak et al., 2018),
GA against radiation-induced cellular damage has not been
previously reported. The current study aims to investigate the
radioprotective properties of GA, focusing on its ability to
mitigate ionizing radiation-induced damage in human blood
lymphocytes.

Materials and Methods

Chemicals

The chemicals and reagents used in this study included GA,
cytochalasin-B (Cyt-B), colchicine, phytohemagglutinin-M
(PHA-M), and fetal bovine serum, all sourced from Sigma
Co., St. Louis, USA. Additional materials, including RPMI-
1640 medium, L-glutamine, streptomycin, penicillin, aga-
rose, and ethidium bromide (EtBr), were purchased from
Medical Equipment Research Center (MERC), China. Kits
and reagents for molecular studies, such as the RT2 First
Strand Kit, RT2 Profiler polymerase chain reaction (PCR)
Arrays in 96-well plates with primers for DNA repair path-
way-specific and housekeeping genes, and RT2 SYBR
Green PCR master mix, were obtained from Qiagen
Scientific Services. Antibodies for y-H2AX, p-ATM,
B-actin, and secondary antibodies were acquired from Cell
Signaling Technology, USA.

GA Preparation

A stock solution of GA (1 mM) was prepared using 0.05%
dimethyl sulfoxide (DMSO) and diluted to working concen-
trations for experimental use. Control experiments included
0.05% DMSO as a vehicle control.

Study Plan

Human blood peripheral lymphocytes (HBPLs) were obtained
from BiolVT Scientific Company. The lymphocytes were
freshly isolated from healthy donors and delivered within
24 h of collection. The cells were divided into the following
experimental groups:
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e  Group [—Control: HBPLs treated with 0.05% DMSO.

e Group II—GA only: HBPLs treated with 10 uM GA.

e Group III—Radiation only: HBPLs exposed to gamma
radiation doses of 1, 2, or 3 Gy.

e Group [IV—Radiation + 1 uM GA: HBPLs pretreated
with 1 uM GA for 1 h, followed by gamma radiation
exposure (1, 2, or 3 Gy).

e Group V—Radiation + 5 pM GA: HBPLs pretreated
with 5 uM GA for 1 h, followed by gamma radiation
exposure (1, 2, or 3 Gy).

e Group VI—Radiation + 10 uM GA: HBPLs pretreated
with 10 uM GA for 1 h, followed by gamma radiation
exposure (1, 2, or 3 Gy).

Gamma radiation was delivered at doses of 1, 2, and 3 Gy
using a cobalt-60 teletherapy unit, with a dose rate of 1.6 Gy/
min. The GA treatments (1, 5, and 10 uM) were administered
to whole blood samples 1 h before irradiation. After expo-
sure, the samples were held at room temperature for 1 h and
then transported to the laboratory in an icebox for further
analysis.

Dicentric Aberration (DC) and CBMN Assay

The International Atomic Energy Agency (IAEA) estab-
lished the guidelines for the cytogenetic analysis
(International Atomic Energy Agency, 2011). A 0.5 mL
sample of whole blood was cultured in 4.5 mL of RPMI-
1640 medium; then, PHA-M, 200 uL was added to stimulate
cell division, and the cultures were incubated for 72 hin a
5% CO, atmosphere.

To assess DC aberrations, colchicine (200 pL,
0.04 pg/mL) was introduced to the cultures at the 70th
hour to arrest cells in metaphase. At the 72nd hour, the
cells were harvested using a hypotonic solution of 0.56%
potassium chloride (KCI). After harvesting, the cells were
washed and resuspended in Carnoy’s fixative
(3:1 methanol:acetic acid). Fixed cells were then spread
onto prelabeled microscope slides, air-dried, and stained
with 4% Giemsa solution. The prepared slides were
mounted in distyrene plasticizer xylene (DPX) and exam-
ined under a microscope at 100x magnification using oil
immersion to detect CAs across the experimental groups.

The protocol for the CBMN assay was similar to that of
the DC assay, with the addition of Cyt-B (6 pug/mL) at the
44th hour of incubation to prevent cells at the cytokinesis
stage of the cell cycle. At the 72nd hour, the cells were har-
vested using a hypotonic 0.56% KCI solution, washed, and
fixed with Carnoy’s fixative. The fixed cells were subse-
quently distributed on prelabeled slides, air-dried, and
stained with 4% Giemsa solution. Slides were examined
under a microscope to evaluate mono-, bi-, and multinucle-
ated cells under different treatment conditions, as described
by Prasad et al. (2005).

Measurement of Intracellular ROS Levels

The dichloro-dihydro-fluorescein diacetate (DCFH-DA)
probe was employed to evaluate the impact of GA on ROS
generation induced by 3 Gy gamma radiation. In this proce-
dure, HBPLs were treated with 1 uM DCFH-DA dye and
incubated for 1 h to allow oxidation of the dye. Following
the incubation period, the cells were washed with phos-
phate-buffered saline (PBS) to remove any excess unbound
dye remaining. Dichlorofluorescein (DCF), the oxidized
fluorescent product, was subsequently quantified through
fluorescence microscopy and a spectrofluorometer. For the
purpose of detection, the excitation and emission wave-
lengths were established at 485 and 535 nm, respectively
(Rastogi et al., 2010).

Analysis of Cellular Antioxidants System

Irradiated blood lymphocytes were suspended in 0.1 M
dithiothreitol and subjected to gentle sonication in a solu-
tion containing 130 mM KCI and PBS. The resulting super-
natant was collected to assess cellular antioxidant levels.
SOD activity was determined by measuring the inhibition of
the nicotinamide adenine dinucleotide (NADH)-phenazine
methosulfate-nitroblue tetrazolium formazan reaction. The
assay was initiated by adding NADH to the reaction mix-
ture, and the reaction was stopped after 90 s by introducing
glacial acetic acid. The color formed during the reaction was
extracted into the n-butanol layer and measured spectropho-
tometrically at 520 nm (Kakkar et al., 1984). Catalase activ-
ity was analyzed by monitoring the decomposition of
hydrogen peroxide (H,0,) over varying time intervals. The
reaction was terminated by adding a dichromate-acetic acid
mixture, which forms perchromic acid that subsequently
converts to chromic acetate when heated in the presence of
H,0,. The amount of chromic acetate produced was mea-
sured at 620 nm using a microplate reader (Sinha, 1972).
The activity of GSH peroxidase was assessed by allowing a
known amount of the enzyme to react with H,0O, and reduced
GSH for a defined duration. The remaining GSH in the reac-
tion was then quantified to determine glutathione peroxi-
dase (GPx) activity (Rotruck et al., 1973).

Determination of DSBs by Neutral Comet Assay

The neutral comet assay was implemented in accordance with
the methodology established by Olive and Banath (2006) to
assess the severity of DNA DSBs. 50 pL of control or irradi-
ated HBPL and 200 pL of 0.5% low melting point agarose
(LMPA) was poured onto the slides. The cells were lysed
using a prechilled lysis solution and incubated at 4°C for 1 h.
The cells were transferred to an electrophoresis chamber that
was filled with buffer at potential of hydrogen (pH) 7 after
lysis. The electrophoresis was conducted for 25 min at a volt-
age of 1.33 V/cm. The DNA was visualized by staining the
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specimens with 10 pg/mL EtBr after electrophoresis. An epi-
fluorescence microscope was employed to acquire comet
images, with an excitation wavelength of 510-560 nm and an
emission wavelength of 590 nm. The CASP image analysis
software (Kumaravel et al., 2009) was employed to analyze
the comet assay parameters, including tail length, tail moment,
Olive tail moment, and % tail DNA.

Analysis of Messenger Ribonucleic Acid (mRNA)
Expression Pattern of DNA Repair Markers by
PCR Array

Radiation-induced DNA damage often leads to cell cycle
arrest, allowing for stabilization and repair of the compro-
mised cellular genome. The mRNA expression profiles of
DNA repair enzymes in response to GA treatment and/or
radiation exposure were analyzed using the RT2 Profiler™
system (SA BioSciences). Total mRNA was extracted using
the Qiagen RNeasy Mini Kit, and the purity of the ribonucleic
acid (RNA) was assessed using a Nanodrop spectrophotom-
eter. The integrity of the RNA was confirmed through agarose
gel electrophoresis. Complementary DNA (cDNA) was syn-
thesized using a cDNA Synthesis Kit, and the expression of
DNA repair-specific genes was examined through PCR
amplification using the SYBR Green Qiagen kit. The relative
expression levels (RQ) of several key DNA repair genes,
including BRCA1, GADD45A, RAD21, ATM, ATRX, NBS1,
ATR, XRCC6, XRCC6BP, OGG1, ERCC2, DDBI, and
XRCCl1, were analyzed using an RT2 Profiler™ PCR array.
Fold changes in gene expression were calculated from Ct val-
ues obtained during the PCR. The fold change data were then
used to create a clustergram with the aid of an online heatmap
generation tool (http://www.heatmapper.ca/expression/).

Western Blot Analysis of y-H2AX and p-ATM

Protein concentrations were determined, and 20 pg of protein
was deposited onto a 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) gel for separation.
The Bio-Rad semidry transfer method was employed to trans-
fer the proteins to a polyvinylidene fluoride (PVDF) mem-
brane following electrophoresis. The membrane was
subsequently occluded with 5% nonfat milk at 4°C for the
night. Immediately after blocking, the membrane was incu-
bated with primary antibodies against p-ATM (1:1,000),
v-H2AX (1:400), and B-actin (1:800) at 37°C for 2 h. The
membrane was subsequently incubated at room temperature
(37°C) for 1 h with horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:2,000). The Bio-Rad chemilumines-
cence substrate reagent was employed to detect the protein
bands. Using Image] software, the band intensity was quanti-
fied, and the protein expression levels were normalized to
B-actin (Johnson, 2013).

Statistical Analysis

Statistical analysis was performed using Statistical Package
for the Social Sciences (SPSS) software, and the data were
presented as Mean + Standard Deviation (SD), unless other-
wise noted. Differences between experimental groups were
assessed using one-way analysis of variance (ANOVA) fol-
lowed by Duncan’s Multiple Range Test (DMRT). A p value
of less than 0.05 was considered statistically significant
between the groups.

Results

Effect of GA on Gamma Radiation-induced
DC Frequencies

Significant dose-dependent increases in the frequency of DCs
were observed following gamma radiation exposure, with the
highest number of DCs detected at 3 Gy irradiation (Figure 1).
In contrast, pretreatment with GA effectively reduced the for-
mation of DCs induced by gamma radiation in a concentra-
tion-dependent manner. Even at the lowest concentration of
1 uM, GA pretreatment significantly mitigated DC formation
induced by 1 Gy radiation. The highest GA concentration
(10 uM) showed a marked reduction in DC formation in
HBPLs exposed to 3 and 4 Gy of radiation.

Effect of GA on Gamma Radiation-induced
MN Frequencies

Pretreatment with GA significantly reduced the frequency of
CBMN in a concentration-dependent manner (Figure 2). The
highest concentration of GA (10 uM) was particularly effec-
tive in preventing the increase in CBMN frequencies induced
by gamma radiation, compared with the lower concentrations
(1 and 5 pM). Additionally, treatment with GA alone did not
result in any significant increase in DC or MN frequencies in
HBPL, indicating that GA does not exhibit toxicity at the con-
centrations used for radioprotection.

Effect of GA on Radiation-induced ROS
Generation in HBPL

To evaluate the protective effect of GA against radiation-
induced oxidative damage, we measured intracellular ROS
generation by analyzing the two-electron oxidation of DCFH
to the fluorescent product DCF under different treatment con-
ditions. Our results showed that irradiated HPBLs exhibited
significantly higher ROS levels compared with the unirradi-
ated sham-control. However, pretreatment with GA (10 uM)
for 1 h prior to 3 Gy gamma irradiation effectively prevented
the increase in intracellular ROS levels in HPBL. The ROS
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Figure 3. A. Effect of Galangin (GA) on y-Irradiation (3 Gy) Induced Intracellular Reactive Oxygen Species (ROS) Generation in Human
Blood Peripheral Lymphocyte (HBPL) by Dichloro-Dihydro-Fluorescein Diacetate (DCFH-DA) Method. B. The Dichlorofluorescein
(DCF) Fluorescence was Measured by Spectrofluorometry and the % ROS Scavenging was Calculated when Compared to the Control.

Note: Bars not sharing a common superscript differ significantly at the p < 0.05 level [Duncan’s Multiple Range Test (DMRT)]. Values are given as

mean * standard deviation (SD). (n = 6).

levels in cells treated with GA alone were similar to those of
the sham control group (Figure 3).

Effect of GA on Radiation-induced Antioxidants
Depletion in HBPL

Antioxidant enzymes play a crucial role in protecting cells
from radiation-induced damage. Figure 4 illustrates the activ-
ities of key antioxidant enzymes (SOD, catalase, and GPx) in
HPBLs following GA and/or radiation treatment. The results
revealed a significant decrease in the activities of these
enzymes in HPBL exposed to 3 Gy radiation. However, pre-
treatment with 10 uM GA effectively prevented the radiation-
induced reduction in SOD, catalase, and GPx activities. No
significant changes in antioxidant enzyme activity were
observed in the GA-alone treated control group.

Effect of GA on Radiation-induced DNA DSBs in HBPL

To further investigate the protective effect of GA against radi-
ation-induced DNA damage, we performed a neutral comet

assay to assess DNA DSBs. The comet parameters, includ-
ing % tail DNA, tail length, tail moment, and Olive tail
moment, were evaluated in HPBL. Irradiated HPBL exhib-
ited increased comet parameters, indicating a higher level of
DNA damage. However, GA pretreatment (10 uM) for 1 h
before exposure to 3 Gy gamma radiation significantly
reduced these comet parameters, indicating protection from
DSBs. The DNA damage levels in GA-treated cells were sim-
ilar to those observed in the sham control group (Figure 5).

Effect of GA on Radiation-induced DNA Repair
Related Gene Expression Pattern

The mRNA expression of DNA repair proteins, such as dam-
aged DNA binding proteins, DSB repair proteins, and base
excision repair enzymes (e.g., H2AX, ATM, MRN, Mrell,
CtlP, RPA, Rad51, Rad52, Rad54, BRCA2, Tdpl, DNA-PK,
XRCC4, XRCCl, XLF, and XPF), were significantly
increased in HPBL cells that were exposed to 3 Gy radiation.
Nevertheless, the overexpression of these DNA repair-related
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genes was normalized by pretreatment with GA. The
GA-alone treatment group did not exhibit any changes in
gene expression (Figure 6).

Effect of GA on Radiation-induced Activation of
Yy-H2AX and p-ATM Activation

In order to evaluate the influence of GA on the activation of
critical DNA damage response markers, we conducted a
Western blot analysis of y-H2AX and p-ATM expression. In
comparison to nonirradiated HPBL, gamma radiation expo-
sure resulted in an elevated expression of y-H2AX and
p-ATM. Nevertheless, the radiation-induced overexpression
of phosphorylated y-H2AX and p-ATM in HPBL was signifi-
cantly reduced by GA pretreatment. The overexpression of
v-H2AX or p-ATM was not induced by GA treatment alone

(Figure 7).
Discussion

lonizing radiation is a commonly employed treatment for a
variety of cancer subtypes; however, it can also have an

impact on the rapid division of normal human cells during
radiotherapy. The effectiveness of radiation therapy is contin-
gent upon the ability to maximize the death of cancer cells
while simultaneously minimizing the injury to normal tis-
sues. This underscores the necessity of creating radioprotec-
tors that are effective in protecting normal cells during
treatment. The present investigation shows that GA has a pro-
tective effect on gamma radiation-induced DNA damage and
CAs in HPBLs. The gold standard for evaluating the effects
of ionizing radiation in HPBL is DC analysis (Bakkiam et al.,
2015). We observed a dose-dependent increase in the fre-
quency of DCs in HPBL that had been exposed to gamma
radiation (1-3 Gy) in our study. In a concentration-dependent
manner, we discovered that radiation-induced DC formation
was substantially reduced by GA pretreatment. Numerous
studies have demonstrated that antioxidant phytochemicals,
including GA, can scavenge free radicals produced by radia-
tion and prevent CAs that may result. In V79 cells, GA has
been identified as a potent antioxidant with antimutagenic
properties (Bacanli et al., 2017). Additionally, in vitro and
in vivo studies have shown that GA has an anticlastogenic
effect, which reduces CAs in mouse spleen lymphocytes
(Heo et al., 1994).



812

Pharmacognosy Magazine 21(3)

Control

GA (10 pM)

% DNA damage

i :

A

y-radiation (3 Gy) GA + y-radiation (3 Gy)

T

% tail DNA Tail length

Dcontrol  MGA (10 pM)

@ y-Radiation (3-Gy)

Tail moment  Olive tail moment

BCA + y-radiation (3 Gy)

Figure 5. A. Effect of Galangin (GA) on y-Irradiation (3 Gy) Induced Comet Attributes [% Tail Deoxyribonucleic Acid (DNA), % Tail
Length, Tail Moment and Olive Tail Moment] in Human Blood Peripheral Lymphocyte (HBPL). Comet Assay was Performed at Potential
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and the Different Comet Parameters were Analyzed.

Note: Bars not sharing a common superscript differ significantly at the p < 0.05 level [Duncan’s Multiple Range Test (DMRT)]. Values are given as mean *

standard deviation (SD). (n = 6).

MN are produced as a result of radiation exposure from
AFs or damaged whole chromosomes. MN frequencies can
function as an efficient biomarker for the evaluation of radia-
tion-induced injury in cultured HPBL. In our investigation,
we found that the formation of radiation-induced MNs was
prevented by GA pretreatment in a concentration-dependent
manner (1-3 Gy). MN formation induced by mutagens such
as N-methyl-N'"-nitro-N-nitrosoguanidine (MNNGQG) and bleo-
mycin has been demonstrated to be reduced by GA and other
flavonoids in previous research (Heo et al, 1993).
Additionally, GA has been demonstrated to inhibit the clasto-
genic effects of N-methyl-N-nitrosourea (MNU)-induced MN
formation in murine bone marrow cells (Heo et al., 2001).
The antioxidant and free radical scavenging properties of GA
are dependent on the structure, which comprises a C-2—-C-3

double bond and a C-3 hydroxyl group (Thangaiyan et al.,
2020).

The antigenotoxic activity of GA against gamma radiation
may be attributed to its capacity to scavenge free radicals,
which are crucial in the formation of DCs and MNs.
Consequently, compounds such as GA, which possess anti-
oxidant properties, may mitigate CAs and safeguard against
radiation-induced oxidative damage. Furthermore, we
observed that the generation of ROS in HPBL was efficiently
prevented by the 10 uM GA treatment, which was induced by
3 Gy gamma radiation. This may elucidate GA’s anticlasto-
genic properties, as its antioxidant activity likely reduces the
free radicals that cause DNA damage and CAs. The free radi-
cal scavenging effects of GA have been extensively docu-
mented in a variety of experimental models (Aloud et al.,
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Figure 6. The Messenger Ribonucleic Acid (NRNA) Expression Levels of Deoxyribonucleic Acid (DNA) Repair Related mRNA
Expression Pattern in Galangin (GA) and/Radiation Treated Human Blood Peripheral Lymphocyte (HBPL) by Custom Designed Reverse
Transcription Polymerase Chain Reaction (RT-PCR) Array. The mRNA Expression Pattern of Genes Involved in Double-strand Breaks
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Using Online Software Tool www.heatmapper.ca.

2018). In addition, GA treatment has been demonstrated to
enhance cellular antioxidant status and prevent oxidative
damage in diabetic rats (Zeng et al., 2019), which further sub-
stantiates its potential as a radioprotective agent.

Radiation exposure leads to the generation of ROS such as
superoxide (O, —), hydroxyl radicals (HO-), hydrogen radi-
cals (H-), and H,O, due to the dissociation of water molecules
within the cell (Islamian & Mehrali, 2015). These ROS can
disrupt mitochondrial membrane potential, increase endoge-
nous ROS levels, and cause extensive oxidative damage to
cellular DNA (Kam & Banati, 2013). In our study, we
observed a significant increase in intracellular ROS levels
following exposure to 3 Gy of gamma radiation.

Additionally, we detected elevated comet parameters,
including % tail DNA, tail length, tail moment, and Olive tail
moment in HPBL irradiated with 3 Gy of gamma radiation.
These increased comet parameters likely resulted from the
elevated number of DNA DSBs, a key indicator of chromo-
somal damage. DSBs are considered a critical form of DNA
damage and activate multiple repair pathways (Ivashkevich
et al., 2012). However, pretreatment with GA prior to gamma

radiation exposure (3 Gy) significantly reduced the comet
parameters, suggesting that GA effectively enhances DNA
repair mechanisms in response to radiation-induced DSBs.
Similar findings have been reported for apigenin, another fla-
vonoid, which was shown to reduce DNA strand breaks in
human blood cells exposed to ionizing radiation (Begum
etal., 2012).

Gamma H2AX plays a critical role in the DNA damage
response following DSBs induced by ionizing radiation
(Bartova et al., 2018). Activated ATM is one of the first
responders at the damaged DNA site (Ui et al., 2020). The
MRE11-RAD50-NBS1 (MRN) complex senses the DSBs,
which activate ATM and facilitate the phosphorylation of
H2AX, leading to the recruitment of nucleases such as
Mrell and CtIP, which process the DNA ends to generate
single-stranded DNA (ssDNA) overhangs (Kinner et al.,
2008). These ssDNA regions are then bound by RPA, fol-
lowed by Rad51 binding, which is further aided by Rad52,
Rad54, and BRCA2. Additionally, Ku proteins recognize
the DNA ends and recruit Tdpl or DNA-PKcs.
Phosphorylated DNA-PKcs activates the DNA ligase
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Figure 7. Effect of Galangin (GA) on y-Irradiation (3 Gy) Induced y-H2AX and p-ATM Protein Expression in Peripheral Blood
Pooled Lymphocytes (PBPL). A. The Western Blot Analysis Showed the Expressions of y-H2AX and p-ATM under Various Treatment
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Note: Points with error bar represents mean * standard deviation (SD) represents for three independent experiments and values are not sharing a
common superscript (¥, *¥) differs significantly at p < 0.05 [Duncan’s Multiple Range Test (DMRT)].

IV/XRCC4/XLF complex to mediate the DNA end-ligation In our study, we observed a significant upregulation of
process, while gap-filling and removal of overhangs are car- mRNA expression for DNA repair-related proteins in 3 Gy
ried out by the ERCC1/XPF nuclease, ultimately restoring gamma-irradiated HPBLs. Furthermore, Western blot analy-
DNA integrity (Moskwa, 2016). sis revealed increased levels of gamma H2AX and p-ATM in



Zhao and Xia

815

irradiated cells. However, pretreatment with GA significantly
reduced the radiation-induced expression of these DNA dam-
age response proteins, suggesting that GA enhances DNA
repair mechanisms. Similarly, apple flavonoids have been
reported to promote DNA repair by modulating H2AX
expression in human bronchial epithelial cells (George &
Vasantha Rupasinghe, 2017). Studies also suggest that phyto-
chemicals can protect DNA either through their antioxidant
properties or by modulating DNA repair processes (Guarnieri
et al., 2008). Given that GA is recognized as a powerful anti-
oxidant (Bacanli et al., 2018), we propose that its radioprotec-
tive mechanism is likely due to its ability to enhance the DNA
repair process, primarily through its antioxidant action.

Conclusion

This study demonstrates that GA provides significant
radioprotective effects in HBPLs. The protective mecha-
nism is likely due to GA’s ability to prevent DNA damage,
particularly DSBs, and subsequent CAs, which is attrib-
uted to its antioxidant and free radical scavenging proper-
ties. Importantly, GA treatment did not induce any DNA
damage at the concentrations effective for radioprotection.
These findings suggest that GA could be a promising natu-
ral radioprotective agent for shielding normal tissues from
the harmful effects of gamma radiation.

Summary

In this study, we assessed the protective effects of GA against
gamma radiation-induced DNA damage, specifically focus-
ing on DSBs, DC formation, and CBMN formation in HBPLs.
Gamma radiation exposure significantly increased the fre-
quency of DC and CBMN in a dose-dependent manner.
However, pretreatment with GA (at concentrations of 1, 5,
and 10 pM) effectively reduced these frequencies in a con-
centration-dependent manner. Additionally, GA pretreatment
before radiation exposure significantly reduced the levels of
radiation-induced DSBs in HBPL compared to radiation-only
treated cells. These results suggest that GA protects against
radiation-induced ROS generation, DNA damage, and CAs.
Notably, GA (10 uM) pretreatment also inhibited the overex-
pression of y-H2AX and p-ATM in response to radiation (3
Gy), indicating that GA exerts an anticlastogenic effect by
modulating the DNA repair mechanisms related to radiation-
induced DSBs in HBPL.
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