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ABSTRACT

Introduction: Radiation therapy is the major treatment modality of prostate cancer. Genistein (GEN) as the
most abundant isoflavone in soybeans prevents the repair of DNA breaks, improving the radiosensitivity of
cancer cells. It is demonstrated that cancer cells can be eradicated outside the radiation field as a result of the
bystander effect. The aim of this study was to investigate the direct and indirect effect of ionizing radiation
(IR), GEN and their combination on prostate cancer cell line (PC-3).

Material and Methods: Cells were irradiated to 4 Gy IR 24h after treatment with GEN. Then the medium of
cells was transferred to non-irradiated cells to induce bystander effect. The direct and indirect effects of

Keywords: GEN, IR, and their combination (GEN+IR) on cell cycle and apoptosis were assessed by flow-cytometry.
Gen!stgln Results: Cell cycle arrest has occurred in the G2/M phase in the GEN and GEN+IR groups, while no
Radiation significant differences were observed in the bystander groups. Apoptosis levels were also significantly

Bystander Effect

increased by GEN, IR and combined treatment. Although apoptosis was significantly higher in Bys+IR group
Prostatic Neoplasms

compared to control, indirect exposure to both GEN and IR did not enhance apoptosis levels.

Conclusion: Overall, the results demonstrate that GEN enhances PC-3 cells radiosensitivity by promoting
apoptosis and cell cycle arrest. However, bystander effect was not observed by indirect exposure of PC-3
cells to both GEN and IR. Future research are crucial to explore the radiation-induced bystander effect in the
presence of GEN.
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Introduction

Prostate cancer (PCa) is a major global health
issue, representing the second leading cause of cancer
mortality in men after lung cancer. In 2020,
approximately 1.4 million new cases were diagnosed
and 375,000 deaths occurred worldwide [1, 2].
According to the stage of PCa, a variety of primary
treatments are available, including surgery, radical
prostatectomy, chemotherapy, radiotherapy,
androgen-deprivation therapy, and cryotherapy [3], of
which radiotherapy is more commonly used for
primary treatment. Radiation causes DNA damage
that exceeds the repair capacity of cells, leading to
apoptosis, cell cycle arrest, and autophagy [4].
However, high radiation doses are limited by potential
toxicity to surrounding tissues. Some techniques like
three Dimension Conventional Radiation Therapy
(3D-CRT) and Intensity Modulated Radiation Therapy
(IMRT) have improved outcomes by enabling higher
doses, better tumor targeting, and normal tissue
protection [5]. In spite of these technologies,
radioresistant cancer cells, local recurrences, and

distant metastases following radiation therapy make it
important to investigate new approaches for
enhancing its effectiveness [6].

Chemicals or pharmaceutical substances known as
radiosensitizers can increase the sensitivity to
radiation of cancer cells and enhance the killing effect
on tumor cells by altering the DNA sensitivity to
radiation, disrupting DNA repair processes, causing
free radicals indirectly, and arresting cells at critical
phases of their life cycle [7]. Chemotherapy drugs are
often used as adjuvants in order to optimize the
clinical outcome of radiotherapy, However, these
drugs are not favored due to several limitations,
including, poor solubility, lack of specificity, and short
circulation [8]. Nowadays, natural radiosensitizers
including soy isoflavones (SIF) are preferred as they
can inhibit the proliferation and tumorigenic activity
of PCa cells while also enhancing their radiation
sensitivity [9].

GEN (4, 5, 7-trihydroxyisoflavone) as the most
abundant SIF in soybeans has a polyhydroxy
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polyphenol structure of ketones or non-ketones [10].
In recent years, many studies have been performed on
a wide variety of pharmacological characteristics of
GEN, including antioxidant, anti-inflammatory, anti-
angiogenic, pro-apoptotic, and anti-proliferative
capabilities in the prevention and treatment of several
types of cancers [11-16]. Besides its Phyto-estrogenic
properties, GEN structurally mimics the mammal’s
primary estrogen, 17(3-Estradiol (E2) which enables
interaction with estrogen receptors [17]. Distinctive
characteristics of GEN, including having a strong
binding affinity specifically to the 3 estrogen receptor,
in contrast to its relatively weaker binding affinity to
estrogen receptors, could potentially impact estrogen
metabolism and inhibit the growth of hormone-
related cancers [18, 19]. Additionally, GEN inhibits
tyrosine and  histidine kinases as well as
topoisomerase 1 and II, preventing DNA repair
pathways and improving the radiosensitivity of cancer
cells [20, 21].

Radiation-induced bystander effect (RIBE) refers
to radiation biological effects in a population of cells
that are not directly exposed to radiation but are
located adjacent to or even farther away from the
irradiated cells [22], leading them to exhibit similar
effect to directly exposed cells such as heightened
genomic damage, DNA damage, altered apoptosis,
reduced clonogenic survival and oncogenic
transformation [23]. RIBE occurs through gap junction
communication, soluble factors in the culture medium,
and complex signaling involving inflammatory cells,
oxidative stress, free radicals, and immune pathways
[24]. While studies have shown that RIBE is more
pronounced in fractionated doses, this effect has also
been documented for cytotoxic drugs [25, 26]. It may
contribute in processes such as tumor recurrence,
metastasis, and the development of secondary
cancers, such as increased lung cancer risk following
prostate radiotherapy through signalling pathways in
distant tissue [27]. In contrast, other studies have
highlighted the potential therapeutic efficacy of the
RIBE by transferring culture medium from irradiated
cells to non-irradiated cells resulting in reduced
survival [28].

Previous studies have shown that both GEN and x-
ray radiation induce apoptosis in PCa cells through
direct exposure [29-32]. However, none of these
studies have examined the bystander effect of this
combined therapy on cell cycle progression and
apoptosis of PC-3 cells so far. In this study, we
examined the effects of direct and indirect exposure to
GEN, x-ray radiation, and their combination on cell
cycle changes and apoptosis in PC-3 cell line.

Materials and Methods

Cell Culture Materials

The human prostate cancer cell line was obtained
from the National Cell Bank of Iran (Pasteur Institute,
Iran) and cultured in RPMI 1640 (Shellmax)
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supplemented with 10% (v/v) fetal bovine serum (FBS,
Gibco) and 1% (v/v)  penicillin-streptomycin
(Shellmax). The cells were incubated in a humidified
incubator at 37 °C with 5% CO,. GEN (molecular
weight: 270.241 g/mol, storage temperature: -20 °C)
was purchased from Sigma Aldrich and dissolved in
DMSO (Sigma). A stock solution at a concentration of
0.03 M GEN was prepared and stored at -20 °C. To
achieve the required concentration, the main stock was
diluted using the culture medium. The cells in the
placebo group were treated with a dilution equivalent to
DMSO in the culture medium.

GEN Cytotoxicity Analysis

Cytotoxicity effect of different concentrations of
GEN was evaluated by MTT (3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide) assay. PC-3 cells
(15 x 103 cells/well) were seeded in 96-well cell culture
plates to assess the cytotoxicity of GEN. After overnight
incubation to allow cell attachment, cells were treated
with GEN at various concentrations (20, 45, 70, 90, 120,
and 150 pM), and placebo which contained the
equivalent percentage of DMSO as the highest
concentration of GEN which was less than 0.3%
DMSO. 48h after treatment, the culture medium was
replaced with 0.5% MTT solution dissolved in
phosphate-buffered saline (PBS) and then incubated for
four hours. After that, 100 ul DMSO was used to
dissolve the formazan crystals. The optical intensity of
each well was measured at 570 nm with a microplate
ELISA reader (Stat Fax-2100, Awareness Technology,
Inc. USA).

X-ray exposure set up

In this study, a total dose of 4 Gy was delivered to
PC-3 cells cultured in T12.5 flasks using a 6 MV Electa
compact linear accelerator (Crawly, UK) located at the
department of Radiotherapy at Namazi Hospital, Shiraz,
Iran, at a dose rate of approximately 200 MU/min. The
cell culture flasks were placed at 100 cm distance from
the source (SSD: source-surface distance) in a radiation
field size of 25 cm x 25 cm with gantry angle of 0°. To
ensure sufficient lateral, forward, and back scattering of
radiation to achieve balanced charged-particle
equilibrium conditions, 5 square Plexiglas plates with a
size of 900 cm? and a thickness of 1 cm below and one
above the cell culture flasks were used.

Experimental Protocol

In order to evaluate the direct and bystander effects
of GEN and IR in PC-3 cells, 7 experimental groups
were defined: 1) Control, 2) Placebo: treatment with the
highest concentration of the drug solvent (>0.3%
DMSO), 3) IR: 4 Gy exposure to PC-3 cells, 4) GEN:
treatment with GEN, 5) GEN+IR: cells exposed to 4 Gy
IR 24h after GEN treatment, 6) Bys+IR: cells received
IR through the bystander effect and 7) Bys+GEN+IR:
cells received 4 Gy IR following GEN treatment
through the bystander effect.
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24h after cells were exposed to IR, the culture
medium of IR and GEN+IR groups were collected and
replaced with fresh medium. To induce the bystander
effect, the collected medium was centrifuged twice at
1500 rpm for 5 minutes to ensure the absence of any cell
in the medium and then transferred to two flasks that
had been seeded 48h ago, as Bys+IR and Bys+GEN+IR
groups and incubated for 24h before each experiment.
The timings have been scheduled to ensure that the
duration from seeding to the initiation of each
experiment is uniform for all groups, lasting for 72
hours. This standardized duration guarantees that all
cellular groups have approximately similar Population
Doubling Time (PDT of PC-3 cells= 33hours [33]) at
the onset of each experiment.

Cell Cycle Analysis

PC-3 cells at a density of 60x10* cells were cultured
in T125 flasks. All treated groups and their
corresponding controls were harvested 72 h after
seeding, fixed with cold 70% ethanol and stored
overnight at 4°C. After washing off ethanol, cell pellets
were suspended in a combination of PBS and 0.25%
Triton X-100 and incubated on ice for 15 minutes. Cells
were centrifuged at 4000 rpm for 2 minutes before
incubation with RNase A (10 pg/ml, CinnaGen) and Pl
(4 pg/ml). Finally, after room temperature incubation in
the dark for 30 minutes, flowcytometry (BD
FACSCalibur) was employed to assess the distribution
of cell cycle phases in Pl-stained cells, and the data were
analyzed using FlowJo software, V10 (FlowJo, LLC).

Apoptosis Analysis

Apoptosis levels were measured by Flowcytometry
(BD FACSCalibur) with Annexin V-FITC / PI
Apoptosis Detection Kit (Baran Biotech, Cat No.
B24081-25). Briefly, PC-3 cells had been cultivated
with a density of 6x10 cells in a T12.5 cell culture
flask. After irradiation and drug treatment, cells were
trypsinized and then washed twice with PBS and
suspended in 500 pl of annexin V binding solution (1X).
The resulting solution was centrifuged, and the
supernatant was discarded, and resuspended in 100 pl of
binding buffer 1X solution, and transferred to flow
cytometer tubes. After that, 5 pl of Annexin V-FITC
staining solution and 2 pl of PI staining solution were
both added to the cell suspension, followed by
incubation for 15 minutes at room temperature in the
dark. For fluorescence compensation, four samples
including unstained cells from untreated cells, Annexin
V-stained cells, Pl-stained cells and double-stained cells
from positive control group which was treated with
H20, for 30 minutes, were used to correct any spectral
overlap between Annexin V-FITC and PIl. After that,
apoptosis was evaluated by flowcytometry and the
resulting data was analyzed with FlowJo software 10.
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Gating strategy was based on defining over %90 of the
live cells’ population in negative control group.
Statistical analysis

In the present study, all data were reported as mean
*+ standard deviation of at least three parallel
measurements of the experiment. To evaluate statistical
significance among all groups, One-way ANOVA and
Kruskal-Wallis tests were performed using GraphPad
Prism 9, followed by Tukey or Dunn’s post-hoc tests,
respectively. P-value < 0.05 was considered statistically
significant.

The cytotoxicity of GEN in PC-3 cells

Figure 1 shows the cytotoxic effect of GEN at various
concentrations (20, 45, 70, 90, 120, and 150 uM) on PC-3
cells obtained by the MTT cell toxicity assay. As it can be
seen from the figure 1, <0.3% DMSO as placebo, did not
show any toxicity on PC-3 cells and more than 99% of the
cells remained viable after 48h of treatment. The viability
of PC-3 cells decreased in a dose-dependent manner as the
GEN concentration increased. 90 and 120 uM GEN nearly
reduced the viability of PC-3 cells to 50%. Therefore, a
concentration of 90 uM of GEN was used as a radiation
sensitizer in all of the following conducted experiments.
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Figure 1. The %viability of PC-3 prostate cancer cells treated with
Genistein at different concentrations for 48h. Placebo group contained the
equivalent percentage of Dimethyl sulfoxide (DMSO) as the highest
concentration of Genistein. (****: p < 0.0001)

Cell cycle alterations in PC-3 cells

Cell cycle progression of PC-3 cells was analysed in
order to investigate the molecular mechanism involved in
apoptosis enhancement by GEN, irradiation or both
treatments. The distribution of cells in different phases of
the cell cycle followed by different treatments are
displayed in Figure 2. Percentage of cells in GO/G1 phase
significantly decreased after GEN treatment compared to
control and IR (p<0.0001). The highest density of cells in S
phase belonged to GEN treated cells and GEN + IR
(p<0.0001, p=0.0001 respectively). GEN, IR and GEN+IR
significantly increased the cell population in G2/M phase,
the sensitive phase of the cell cycle compared to control
(p<0.0001).
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Figure 2. The distribution of PC-3 prostate cancer cells in different phases of the cell cycle followed by different treatment groups, A) GO/G1 phase, B) S
phase, C) G2/M phase and, D) Distribution of PC-3 prostate cancer cells in phases of the cell cycle in different groups (data reported from three independent
replicates as mean + standard deviation, ###: p<0.001 and ###: p<0.0001 compared to control, *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001)
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Figure 3. %Total apoptosis of PC-3 prostate cancer cell after treatment with Genistein and lonizing Radiation (A), Flowcytometry patterns obtained from
FlowJo 10 in different groups (B) (data reported from three independent replicates as mean + standard deviation in different groups, ##: p<0.01 and ####:
p<0.0001 compared to control, ns: non-significant (p>0.05), **: p<0.01 and ****: p<0.0001)
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Apoptosis levels in PC-3 cells

Flowcytometry data showed increased apoptosis in all
PC-3 cells across different groups of treatments compared
to control with the highest values in GEN and GEN+IR
groups (p<0.001, Figure 3). Compared to control, apoptosis
levels were also significantly elevated in IR and Bys+IR
groups (p <0.001 and p=0.0024, respectively). GEN
enhanced radiation-induced apoptosis in cells that were
exposed to both GEN and IR (p=0.003). Moreover, PC-3
cells which received GEN and IR indirectly through media
transfer, showed significantly lower apoptosis than those
who were directly exposed to GEN and IR (p<0.001), yet
indirect radiation exposure did not significantly affect the
apoptosis of the PC-3 cells (p=0.0762).

Discussion

Foods rich in SIF such as soybeans offer health
benefits as they are both anti-inflammatory and
antioxidant with DNA repair capacity [34]. Over the
past years, numerous studies have been conducted on
the preventive role of GEN, as the most common SIF, in
various types of cancer particularly prostate cancer [35].
GEN possesses pro-apoptotic, anti-angiogenic and anti-
metastatic [36] properties, making it suitable for
utilization as a radiosensitizer in adjuvant therapy,
leading to the inhibition of cancer cell growth.

In this study, PC-3 cells viability decreased (relative
to untreated cells) in a dose-dependent manner, with a
half maximal inhibitory concentration (ICsp) of
approximately 90 puM (Figure 1). Hermann et al.
demonstrated that pre-treating PC-3 cells with GEN (10
uM) followed by a 0.3 Gy radiation resulted in a 57%
reduction in colony formation compared to unirradiated
controls [37]. Other studies reported lower 1Cso values,
including 43 uM (Kyle et al [13]) and 50 uM (Shafiee et
al [38]), while the viability of PC-3 cells also decreased
to nearly less than %50 with 90 uM. While plasma
concentration of GEN is about 1-5 pM from digesting
soy foods [39], in vitro studies use higher concentrations
of about 10-100 pM which are still considered
biologically and physiologically safe with no evidence
of harm from consumption of high doses of SIF
compounds.

As shown in Figure 2A, all treated groups showed a
slight reduction in GO0/G1 cell density compared to
control, with the GEN-treated group showing the lowest
density (~33%, p<0.0001). This suggests that GEN may
promote G1 progression in PC3 cells by activating
cyclins, cyclin-dependent kinases (CDKs), or growth
factor signaling. In the S phase, all treatments except
radiation alone increased cell population in GO/G1, with
the highest levels observed in the GEN group. Radiation
did not reduce this GEN-induced increase, indicating
that GEN may interfere with DNA replication process
and activate S-phase checkpoints (Figure 2B). In the
G2/M phase, cells treated with GEN, IR, or GEN+IR
showed significant accumulation compared to control
and placebo group (p<0.001, Figure 2C), suggesting
G2/M arrest may be due to cell cycle checkpoint
activation and enhanced DNA damage responses.

Iran J Med Phys., Vol. 23, No. 2, March 2026

Nevertheless, indirectly exposed PC-3 cells showed no
significant changes across cell cycle phases, indicating
the absence of bystander effect (Figure 2D).

These findings align with those reported by Raffoul
et al. [21], showing G2/M cell cycle arrest following 3
Gy irradiation or GEN treatment. Hillman et al [30] also
demonstrated that DNA synthesis and cell division can
be inhibited by GEN (15 mM) when combined with
radiation, possibly through inhibition of NF-xB
signaling pathway. Additionally, Hermann et.al [37]
reported that GEN or Estradiol did not significantly alter
cell cycle distribution; however, 4 Gy irradiation
resulted in an increased G2/M accumulation. Since
G2/M is known to be a radiosensitive phase, these
observations are relevant for radiosensitization of cancer
cells by GEN [37].

In apoptosis assay, it was observed that apoptosis
level was significantly elevated in cells directly exposed
to GEN, IR, combination of GEN and IR and in cells
indirectly exposed to IR compared to control which are
as a result of G2/M cell cycle arrest in these groups. In
agreement with our results, Davis et al [40] and Tang et
al [41] reported a significant increase in apoptosis of
PC-3 cells treated with 50 and 30 uM GEN. Famuyiwa
et al [42] also reported that 70 uM GEN caused %43
apoptosis in LNCap prostate cancer cells. In contrast,
~22 UM GEN did not significantly cause apoptosis in
PC-3 cells in Vodnik et al [43] study. According to
recent research, apoptosis occurs at relevantly higher
doses of GEN, usually between 50-200 pM [39].

Radiation-induced bystander effect occurs in nearby
un-irradiated cells by stress signals produced by
radiation-induced damaged cells. These stress signals
involve oxidative stress from formation of ROS and free
radicals, inflammatory cytokines such as IL-1B, IL-6,
TNF-a and TGF-B and NF-«B which transfer by cellular
gap junctions or extracellular vesicles [44, 45]. Recent
studies showed that PC-3 cells exposed indirectly to
radiation exhibited DNA damage and apoptosis [46, 47]
which is in line with the results of this study. GEN have
shown to boost DNA damage and induces cell cycle
arrest and apoptosis in irradiated PC-3 cells, while on
the other hand, attenuates RIBE by modulating the
reactive oxygen species (ROS) production and
inflammatory NF-«B/TGF-B signaling pathways in
prostate cancer cells, which are involved in bystander
effect induction [46, 48]. These effects mean that GEN
could enhance radiation-induced DNA damage and
apoptosis by inhibiting DNA repair systems and cellular
pathways (like DNA-PKcs/Rad51) in directly irradiated
cells, while alleviating the destructive factors involving
in bystander effect in indirectly irradiated bystander
cells [49]. The results of this study somehow revealed
these effects as it was shown that apoptosis was
significantly increased in indirectly irradiated PC-3 cells
compared to control. However, PC-3 cells that were
indirectly exposed to both GEN and IR, apoptosis were
lower than those exposed directly to GEN and/or IR or
indirectly to radiation alone, which can be as a result of
GEN paradoxically actions. The GEN concentration
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used in our study, as mentioned before, is much higher
than GEN’s physiological concentration in plasma.
Therefore, it could limit the possibility to directly relate
our in-vitro findings or even other recent experimental
research that also used higher concentrations of GEN, to
clinical applications of GEN in radiation therapy. For
better clinical translation of any potential existence of a
bystander effect, clinically relevant doses of GEN are
recommended to be used in future in-vitro experiments.
Nevertheless, according to the results of our study,
inducing bystander effect in un-irradiated PC-3 cells did
not significantly alter the cell cycle progression and
apoptosis levels.

Conclusion

The findings of this study showed that GEN induced
G2/M cell cycle arrest and apoptosis in PC-3 cells, both
alone and in combination with radiation, suggesting that
GEN could be a potential natural radiosensitizer to
enhance radiotherapy efficacy against prostate cancer.
Based on our study, indirect exposure of GEN and IR
did not significantly impact the cell viability and
progression of cell cycle, yet further studies are essential
to explore the clinical utility of combined GEN and
radiation treatment, and any potential bystander or
abscopal effect, which may allow effective tumor killing
while minimizing side effects and the possibility of
metastasis.
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