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Abstract
Although radiation-induced bystander effects have been broadly explored in various biological systems, the molecular 
mechanisms and the consequences of different regulatory factors (dose, time, cell type) on bystander responses are not 
clearly understood. This study investigates the effects of irradiated cell-conditioned media (ICCM) collected at different 
times post-irradiation on bystander cancer cells regarding DNA damage and apoptosis induction. Human hepatocellular 
carcinoma HepG2 cells were exposed to γ-ray doses of 2 Gy, 5 Gy, and 8 Gy. In the early and late stages (1 h, 2 h, and 24 h) 
after irradiation, the ICCM was collected and transferred to unirradiated cells. Compared to control, bystander cells showed 
an increased level of H2AX phosphorylation, mitochondrial membrane depolarization, and elevation of intrinsic apoptotic 
pathway mediators such as p53, Bax, cas9, cas-3, and PARP cleavage. These results were confirmed by phosphatidylserine 
(PS) externalization and scanning electron microscopic observations, suggesting a rise in bystander HepG2 cell apoptosis. 
Anti-apoptotic Bcl2-level and viability were lower in bystander cells compared to control. The highest effects were observed 
in 8 Gy γ radiation-induced bystander cells. Even though the bystander effect was persistent at all time points of the study, 
ICCM at the early time points (1 or 2 h) had the most significant impact on the apoptosis markers in bystander cells. Never-
theless, 24 h ICCM induced the highest increase in H2AX and p53 phosphorylation and Bax levels. The effects of ICCM of 
irradiated HepG2 cells were additionally studied in normal liver cells BRL-3A to simulate actual radiotherapy conditions. 
The outcomes suggest that the expression of the signaling mediators in bystander cells is highly dynamic. A cross-talk 
between those signaling mediators regulates bystander responses depending on the radiation dose and time of incubation 
post-irradiation.
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Introduction

The interaction between ionizing radiation (IR) and cells 
induces the development of repair-resistant damage clus-
ters. These irreparable DNA damages cause mutations, 
genomic instability, inflammation, oxidative stress, and 
activate cell death processes, including apoptosis, necro-
sis, and senescence [1]. Recent reports suggest that these 

processes promote the release of danger signals or Damage-
Associated Molecular Patterns (DAMPs) from irradiated 
cells, like, cytokines, interleukins, chemokines, ROS, DNA/
RNA fragments, or other small proteins [2, 3]. These stress 
signals activate secondary responses and oxidative stress-
induced complications in radiation non-targeted cells. Trans-
mission of the signals between irradiated and unirradiated 
cells occurs via either gap junctions or soluble signaling 
mediators. The resultant damages in adjacent non-targeted 
cells, broadly termed radiation-induced bystander effects 
(RIBE), include death, chromosomal damages, mutations, 
with modifications in gene expression and protein levels [4, 
5]. In recent years, RIBE has gained importance, not only 
because of its clinical significance during radiotherapy but 
additionally due to the diversity of findings depending on 
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various biological (cell types) and physical factors (such as 
time, radiation dose, LET) [4].

Cellular death is a crucial endpoint that has been explored 
in cells exposed to radiation. The highly regulated type of 
cell death, apoptosis, is widely triggered by radiation in can-
cer cells, especially the intrinsic pathway of apoptosis [6]. 
Radiation has an immense impact on cellular morphology 
and induces considerable modifications in the status of apop-
tosis markers. Exposure to radiation causes irreparable DNA 
damages, especially double-stranded breaks, leading to the 
accumulation of p53 protein [7]. p53 stimulates the expres-
sion of pro-apoptotic mediators, thereby disrupting the intri-
cate balance between cellular anti-apoptotic and pro-apop-
totic proteins. p53 dissolves the complex of anti-apoptotic 
Bcl2 and the pro-apoptotic Bax. Released Bax activates cell 
death by stimulating the release of cytochrome c (cyt c) from 
mitochondria [8, 9]. Radiation reduces mitochondrial mem-
brane potential (∆ψm) [10], which is one of the factors that 
stimulate Bax translocation to the mitochondria [11]. Bax 
forms transmembrane pores and activates the mitochondrial 
permeability transition pores (MPTP) [12]. MPTP opening 
boosts the passage of ions and molecules, resulting in the 
decoupling of the respiratory chain and cyt c release into the 
cytosol. Cyt c, APAF1 (apoptotic protease activating factor 
1) and initiator caspase-9 (cas-9) form apoptosome complex. 
The initiator cas-9 triggers the effector caspases, like cas-
pase-3 (cas-3), inducing cell death [8, 9]. Effector caspases 
cleave substrates involved with apoptosis regulation. Poly 
(ADP-ribose) polymerase (PARP) is a DNA damage repair 
protein that activates DNA repair pathways in response to 
radiation exposure. PARP is a substrate of cas-3, and pro-
teolytic cleavage of PARP is usually considered a hallmark 
of apoptosis [13, 14].

Even though the mechanism of IR-induced cell death in 
irradiated cells is known, there is a dearth of information 
regarding the mechanism of bystander cell death under the 
influence of radiation. The study of IR-induced apoptosis 
and the underlying molecular mediators in bystander cells 
are crucial in radiation biology to apprehend the severity 
of damages caused by IR in non-targeted cells. It is crucial 
to understand whether similar signaling pathways are acti-
vated, and the status of apoptosis markers is altered simi-
larly between irradiated and bystander cells. The bystander 
response is often more complex than the direct response. 
The existing literature highlights the intrinsic pathway of 
apoptosis as the predominant mode of bystander cell death 
[2, 15–19]. Experimentally bystander effects are studied 
either by media transfer technique or co-culture with irradi-
ated cells. The irradiated cell-conditioned media (ICCM) 
is transferred to the bystander cells in the media transfer 
technique. In vitro studies have highlighted that in the same 
cell type, ICCM transfer induces different effects under dif-
ferent radiation doses [20, 21]. These conflicting results hint 

at the complex mechanisms regulating bystander effects, yet 
to be determined. Different cell types respond differently to 
bystander signaling [22, 23]. However, the primary ques-
tion that remains to be answered is how the different signal-
ing mediators in bystander cells interact and cross-talk with 
one other to generate bystander responses like apoptosis at 
different radiation doses and at early and late time points 
post-irradiation.

RIBE is an important concept in the field of radiation 
biology. Focusing on how and why bystander cells die 
can provide new insights into RIBE. This study aims to 
unravel the effects of ionizing gamma (γ) rays at different 
doses (2 Gy, 5 Gy, and 8 Gy) on bystander radio-resistant 
hepatocellular carcinoma cells (HepG2), with emphasis 
on DNA damage and apoptosis induction, morphological 
alterations, and the status of the signaling mediators of the 
intrinsic apoptotic pathway. The effects in bystander HepG2 
cells have been analyzed compared to bystander normal liver 
cells (BRL-3A) to comprehensively evaluate the impact of 
radiation on bystander cell apoptosis. The work is designed 
to focus on the effect of ICCM collected at early (1 h, 2 h) 
and delayed time points (24 h) to obtain a more explicit 
expression profile of apoptosis markers.

Materials and methods

Cell culture

The human liver cancer cell line (HepG2) and normal buf-
falo rat liver cell line (BRL3A) were obtained from the 
National Centre for Cell Science (NCCS) in Pune, India. The 
cells were maintained in Dulbecco’s modified Eagle medium 
(DMEM) (Gibco, USA) containing 10% Fetal bovine serum 
(FBS) (Gibco, USA) and supplemented with Anti-Anti (100 
×) Antibiotic–Antimycotic (Gibco, USA) under sterile con-
ditions (Class II Biological Safety Cabinet, Esco, Singapore) 
and grown at 37 °C in a humidified incubator (NuAire, USA) 
with 95% air and 5% CO2.

Cell irradiation and transfer of conditioned medium

The cells were seeded for different experiments in 60 mm or 
100 mm Petri dishes (HiMedia, USA) at a seeding density 
of 0.8 × 106 and 2.2 × 106, respectively, using the Olympus 
Automated Cell Counter model R1 (Olympus, Japan). After 
adherent (24 h), HepG2 cells were irradiated at γ ray doses 
of 2 Gy, 5 Gy, and 8 Gy at a dose rate of 1.27 kGy/h using 
a Co60 PLC-based Gamma (GC 1200) irradiation system 
(UGC-DAE Consortium for Scientific Research, Kolkata 
Centre, India). After 1, 2, or 24 h of irradiation, the condi-
tioned media (ICCM) from irradiated HepG2 cells were col-
lected and filtered through 0.22 μm filters (Millipore, USA). 
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In an incubator (NuAire, USA), the non-irradiated HepG2 
and BRL-3A cells were cultured with the filtered, condi-
tioned media for 1 h at 37 °C and 5% CO2. Post incubation, 
the bystander cells were ready for experiments.

As reported earlier by our group [4], bystander signaling 
is different between two cancer cells and between cancer and 
normal cells, with cancer cells showing more severe effects. 
Proliferative cancer cells largely remain in the S-phase of 
the cell cycle and possess mutated DNA damage repair sys-
tems, making them more vulnerable to bystander genotoxic 
effects. The effects of irradiated normal cells on bystander 
cells are less noticeable because normal cells possess pro-
nounced repair systems. During radiotherapy, stress signals 
released from radiation-exposed cancer cells affect vicinal 
cancer and normal cells, considered bystanders. The release 
of stress signals is highly prominent in irradiated cancer 
cells because this indicates cancer cell survival strategy to 
promote growth, progression, and angiogenesis. To better 
understand the communication between irradiated cancer 
cells and bystander cancer and normal cells, only the ICCM 

of irradiated HepG2 cells was chosen as the stimulus condi-
tion in the present study.

Experimental design

The cells were divided into the following experimental 
groups. Experiments were carried out on each group to 
determine the effects of different doses of γ-rays at different 
time points post-irradiation (Fig. 1).

	 (i)	 Control group: HepG2 cells without any treatment.
	 (ii)	 Irradiation groups

A.	 2 Gy irradiation (2 Gy) group: HepG2 cells treated 
with 2 Gy dose of γ-ray. The ICCM were collected 
at 1 h, 2 h, and 24 h post-irradiation

B.	 5 Gy irradiation (5 Gy) group: HepG2 cells treated 
with 5 Gy dose of γ-ray. The ICCM were collected 
at 1 h, 2 h, and 24 h post-irradiation

Fig. 1   Schematic representation of the experimental design for 
this study. The ICCM from irradiated HepG2 cells at each dose (2, 
5, 8  Gy) was transferred to bystander HepG2 and BRL-3A cells at 
three different time points (1, 2, 24 h) post-irradiation. The irradiated 
cells at each time point served as the radiation control of the respec-
tive bystander cells. There were 18 bystander experiment groups, nine 

corresponding irradiation controls. There were non-irradiated con-
trols for every time point. The figure was created using images from 
Servier Medical Art Commons Attribution 3.0 Unported License. 
(http://​smart.​servi​er.​com). Servier Medical Art by Servier is licensed 
under a Creative Commons Attribution 3.0 Unported License

http://smart.servier.com
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C.	 8 Gy irradiation (8 Gy) group: HepG2 cells treated 
with 8 Gy dose of γ-ray. The ICCM were collected 
at 1 h, 2 h, and 24 h post-irradiation.

	 (iii)	 Bystander groups

A.	 2 Gy bystander (2 By) group: Non-irradiated HepG2 
and BRL-3A cells receiving 1 h, 2 h, and 24 h ICCM 
from 2 Gy group

B.	 5 Gy bystander (5 By) group: Non-irradiated HepG2 
and BRL-3A cells receiving 1 h, 2 h, and 24 h ICCM 
from 5 Gy group

C.	 8 Gy bystander (8 By) group: Non-irradiated HepG2 
and BRL-3A cells receiving 1 h, 2 h, and 24 h ICCM 
from 8 Gy group.

Trypan blue exclusion assay and MTT assay showed the 
LD50 dose of γ-ray on HepG2 cells as 8 Gy. Since the effect 
of irradiated cell-conditioned media (ICCM) was studied on 
the bystander cells, the LD50 was determined only in the case 
of γ-irradiated HepG2 cells. Analysis of HepG2 cell viability 
at different radiation doses, determination of the LD50 dose, 
and careful review of research work [23–30] on bystander 
effects corroborated the selection of 2 Gy, 5 Gy, and 8 Gy 
doses of γ-radiation for the study.

Cell viability assay

HepG2 cell viability was estimated using trypan blue exclu-
sion assay and MTT assay. Dead cells with distorted cell 
membranes take up trypan blue dye and are determined visu-
ally by their blue cytoplasm. Living cells exclude the dye 
and possess clear cytoplasm. 100 μl of trypan blue stock 
solution (0.4%) was mixed with 100 μl of cells. Cells were 
loaded in a hemocytometer and counted using Olympus 
Automated Cell Counter model R1 (Olympus, Japan). % 
viable cells was calculated as [1 − (Number of dead cells/
total number of cells)] × 100. Metabolically active cells can 
reduce MTT to insoluble, dark purple-colored formazan 
products. A 5 mg/ml MTT [3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide] (Merck, USA) stock 
solution was prepared using (1 ×) PBS. Cells were dispersed 
within 96-well microtiter plates (HiMedia, USA) (~ 30,000 
cells/well). A 24-h pre-incubation time was allowed before 
irradiation. Changing the culture medium from the wells 
with MTT solution (10 µl), the cells were incubated at 
37 °C and 5% CO2 for 3 h. Cells were inspected to confirm 
the reduction of the tetrazolium. MTT solution was then 
removed, and 100 µl of DMSO (Merck, USA) was added 
to each well to dissolve the formazan crystals. Plates were 
shaken for 15 min to ensure good solubilization. Absorbance 
readings on each well were measured at 540 nm on UV/
Vis Spectrophotometer (Hitachi, Japan). The percentage cell 

viability was determined using the formula: (OD of sample/
OD of control) × 100%.

Determination of alterations in mitochondrial 
membrane potential

Alterations in mitochondrial membrane potential (ΔΨm) in 
HepG2 cells were studied using JC1 (5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide) 
dye. Mitochondrial disruption is an important feature of the 
early stages of apoptosis. In cells with normal ΔΨm, JC-1 
dye accumulates in mitochondria, forming red fluorescent 
JC1 aggregates (~ 590 nm). Due to increased mitochondrial 
membrane permeability and loss of electrochemical poten-
tial in apoptotic cells, JC1 retains original green fluorescence 
(~ 529 nm). Mitochondrial depolarization is thus indicated 
by a decrease in the red/green fluorescence intensity ratio. 
Post-treatment and incubation, cells were washed with (1X) 
PBS twice and trypsinized (0.25% Trypsin–EDTA, Gibco, 
USA). The detached cells and media were subjected to cen-
trifugation (Sorvall RC6 Plus Centrifuge, Thermo Scien-
tific, USA) at 3000 rpm for 3 min, and the supernatant in 
each tube (1.5 ml micro-centrifuge tube, Tarson, India) were 
discarded. 200 μM JC-1 stock solution (MitoProbe™ JC-1 
Assay Kit, Invitrogen, Thermo Fisher Scientific, USA) was 
prepared freshly. 10 µl of JC1 stock solution was added to 
each tube and incubated at 37 °C, 5% CO2 for 30 min. Cells 
were washed with 1(×) PBS and re-suspended in 500 µl of 
JC-1 binding buffer (1 ×). These samples were analyzed by 
flow cytometry (BD FACS Calibur, Becton, Dickinson, and 
Company, USA).

Detection of phosphatidylserine (PS) 
externalization using PI/annexin double staining

Translocation of phosphatidylserine (PS) from the inner 
to the outer surface of the plasma membrane is a marker 
for apoptosis. FLUOS-conjugated annexin-V and propid-
ium iodide (PI) were used to detect and quantify apopto-
sis and differentiation from necrosis at the single-cell level 
(Annexin-V-FLUOS Staining Kit, Roche, Merck, Kenil-
worth, USA). Post-treatment and incubation, HepG2 cells 
were washed with (1 ×) PBS twice and trypsinized (0.25% 
Trypsin–EDTA, Gibco, USA). The detached cells were 
subjected to centrifugation (Sorvall RC6 Plus Centrifuge, 
Thermo Scientific, USA) at 3000 rpm for 3 min. The pellet in 
each tube was suspended with 100 µl incubation buffer and 
stained with 2 μl Annexin-V-FLUOS labeling reagent and 
2 μl PI solution. Post incubation for 15 min, the cells were 
analyzed in the flow cytometer (BD FACS Calibur, Becton, 
Dickinson and Company, USA) to determine non-apoptotic 
(negative for both dyes), early apoptotic (Annexin + /PI−), 
late apoptotic (Annexin +/PI +), and necrotic (PI +) cells.
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Flow cytometry analysis of protein expression

Following irradiation and incubation, the cells were trypsi-
nized using 0.25% Trypsin–EDTA (Gibco, USA) and cen-
trifuged (Sorvall RC6 Plus Centrifuge, Thermo Scientific, 
USA) at 3200×g for 5 min at 4 °C. The pelleted cells were 
fixed with 4% paraformaldehyde (Sigma Aldrich, USA) 
and permeabilized with 0.1% Triton X-100 (Sigma Aldrich, 
USA) for 5 min. Cells were washed twice with 1(×) PBS 
containing 3% FBS (Gibco, USA). The pellet was re-sus-
pended in primary antibody (1:200 dilution), incubated 
on ice for 2 h, centrifuged at 2500 rpm at 4 °C for 5 min, 
and washed twice with 1 (×) PBS. Then cells were re-sus-
pended in fluorescence tagged secondary antibodies (1:200 
dilution) for 30 min on ice. The expressions of phospho 
histone H2AX [(Ser139) (20E3) Rabbit mAb, Cat# 9718, 
RRID:AB_2118009], phospho p53 [(Ser15) (16G8) Mouse 
mAb, Cat# 9286, RRID:AB_331741], Bax [(D2E11) Rab-
bit mAb, Cat# 5023, RRID:AB_10557411], phospho-Bcl-2 
[(Ser70) (5H2) Rabbit mAb, Cat# 2827, RRID:AB_659950], 
cleaved Caspase-9 [(Asp330) (D2D4) Rabbit mAb, Cat# 
7237, RRID:AB_10895832), cleaved Caspase-3 [(Asp175) 
(5A1E) Rabbit mAb, Cat# 9664, RRID:AB_2070042] 
and cleaved PARP [(Asp214) (D64E10) XP Rabbit mAb, 
Cat# 5625, RRID:AB_10699459] were analyzed follow-
ing this protocol. Alexa Fluor tagged anti-rabbit and anti-
mouse secondary antibodies [Anti-rabbit IgG (H + L), 
F(ab′)2 Fragment, Alexa Fluor® 488 Conjugate, Cat# 
4412, RRID:AB_1904025], [Anti-mouse IgG (H + L), 
F(ab′)2 Fragment, Alexa Fluor® 488 Conjugate, Cat# 4408, 
RRID:AB_10694704] were used. All the antibodies were 
procured from Cell signaling technology, USA. Analysis was 
carried out in BD FACS Calibur machine equipped with Cell 
Quest Pro software.

Western blot analysis

50 µg of protein from different cell lysates (HepG2 and 
BRL-3A) were loaded in wells to analyze protein expres-
sion using western blot. The proteins were transferred to 
the activated PVDF membrane after separation using 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). The membrane with the transferred proteins 
was blocked with 5% bovine serum albumin (BSA) solu-
tion for 2 h and incubated with primary antibody (1:200 
dilution) overnight at 4 °C. The expressions of phospho 
histone H2AX, phospho p53, Bax, phospho-Bcl-2, cleaved 
caspase-9, cleaved caspase-3, and cleaved PARP were ana-
lyzed. β-actin antibody was used as the loading control. 
Alkaline phosphatase tagged anti-rabbit and anti-mouse 
secondary antibodies (1:200 dilution) [Anti-rabbit IgG, AP-
linked Antibody, Cat# 7054], [Anti-mouse IgG, AP-linked 
Antibody, Cat# 7056] were used. All the antibodies were 

procured from Cell signaling technology, USA. The protein 
bands were visualized using NBT-BCIP solution. The bands 
were analyzed using Syngene Gbox EF Gel Documentation 
System and GeneTools software with GeneSnap imaging 
for quantification.

Scanning electron microscopic (SEM) studies

HepG2 cells were seeded in surface-treated, sterile cell cul-
ture grade coverslips (HiMedia, USA). Post-treatment and 
incubation, cells were washed with PBS (1 ×) 3 times and 
fixed using 0.4% glutaraldehyde fixative (Sigma Aldrich, 
USA). Then the cells were kept at room temperature for 
24  h. Post PBS (1 ×) wash, the cells were dehydrated 
through a 10% to 100% ethanol series. Next, 1:2 solution 
of hexamethyldisilazane (HMDS) (Sigma Aldrich, USA): 
100% ethanol (Merck, USA) followed by 2:1 HMDS:ethanol 
and 100% HMDS were added in subsequent steps. The sam-
ples were immersed in absolute HMDS, covered loosely, and 
kept in a fume hood overnight. HMDS evaporated, leaving 
the sample ready for sputter coating and SEM imaging. SEM 
imaging (Zeiss Evo 18 special edition, Germany) was done 
at the Centre for Research in Nanoscience & Nanotechnol-
ogy (CRNN), University of Calcutta, Kolkata.

Statistical analysis

All experiments were carried out in triplicate. The data are 
presented in terms of mean ± standard error (S.E.) of the 
mean. Statistical significance for group comparisons was 
determined using one-way analysis of variance (ANOVA) 
along with the post-hoc Tukey HSD test. Correlation 
between the variables was determined using the Pearson 
correlation coefficient formula. In all cases, a p-value < 0.05 
was considered statistically significant. ‘*’ represented the 
significance of the difference between control vs. irradiated 
and control vs. bystander groups. ‘#’ represented the sig-
nificance of difference in irradiated vs. bystander group and 
between bystander groups (*p < 0.05, **p < 0.01 / #p < 0.05, 
##p < 0.01).

Results

γ‑Radiation exposure decreased HepG2 cell survival, 
and the cell viability of bystander cells showed 
a negative relation with apoptotic and DNA damage 
markers

Trypan blue exclusion assay and MTT assay were used to 
select the radiation doses for the study. Data showed the 
LD50 dose of γ-radiation on HepG2 cells was around 8 Gy 
at 24 h post-irradiation showing 50.3 ± 1.82% viable cells 
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(Fig. 2A, B). At 1 h or 2 h post-irradiation, 8 Gy cells showed 
59.45 ± 2.16% and 58.93 ± 2.44% viable cells (Fig. 2A). 
Again, at 36 h or 48 h post 8 Gy γ-irradiation, percentage of 
viable cells increased to 62.78 ± 1.87% and 65.89 ± 2.23%, 
respectively (Fig. 2A). Since after 24 h of γ-irradiation, cell 
viability increased, 1 h, 2 h, and 24 h post-irradiation time 

points were chosen. The radiation-induced bystander effect 
being low dose phenomenon, 8 Gy, and lower doses of 2 Gy 
and 5 Gy were selected for the study (Fig. 2B).

The MTT assay highlighted that under all treatment 
conditions, except in 1 h ICCM treated 2 By cells, the 
bystander cell viability was significantly reduced compared 
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to the control (Fig. 2C, D). At a particular radiation dose, 
the percentage decrease in viability was independent of the 
time of ICCM transfer from irradiated cells (Fig. 2D). 8 By 
cells treated with 2 h ICCM showed the most substantial 
reduction in viability (Fig. 2D). However, except 2By cells, 
all other bystander cell groups demonstrated significantly 
higher viability than irradiated cells (Fig. 2C). In 1 h ICCM 
treated 8 By cells, a rise in viability was correlated with 
decreased PS externalization, cleaved cas-3, and cleaved 
PARP levels (Fig. 2E). While in 2 h ICCM treated 8 By 
cells, decrease in viability was linked to increased mito-
chondrial membrane depolarization, phospho-p53, phospho-
H2AX, and Bax levels (Figs. 2F, 8B).

No significant association was noticed 
between reduced mitochondrial membrane 
potential (ΔΨm) and increased PS externalization 
in the bystander HepG2 cells

γ-rays induced considerable loss of mitochondrial membrane 
potential in bystander HepG2 cells compared to control 
(Fig. 3A–C). However, bystander cells except for 2 h ICCM 
treated 5 By cells demonstrated a significantly lower level of 
depolarization than irradiated cells (Fig. 3A–C). The most 
substantial depolarization was observed in 2 h ICCM treated 
8 By cells, which was not significantly different from that in 
5 By cells (Fig. 3D). In 8 By cells, post 1 h ICCM treatment, 
increase in mitochondrial membrane depolarization was 
correlated with a rise in Bax and cleaved cas-9 levels and 
decrease in phospho-Bcl2 levels, while in 2 h ICCM treated 
cells, a positive correlation was observed with phospho-p53, 
phospho-H2AX, Bax and cleaved cas-9 levels. However, in 
24 h ICCM treated 8 By cells, a reduction in mitochondrial 
membrane potential was associated only with increased 
phospho-H2AX and Bax levels (Fig. 3E).

Phosphatidylserine (PS) externalization in bystander 
cells under the influence of γ-rays indicated increased cel-
lular apoptosis (Fig. 3F–H). The increase was significant 
in 5 By and 8 By cells at different time points (Fig. 3F–H). 
1 h ICCM treatment caused a dose-dependent increase in 
the percentage of bystander apoptotic cells, with 8 By cells 
showing the highest percentage of cells in the late apoptosis 
stage (Fig. 3F, I). The effects in 1 h ICCM treated 5 By, 
and 8 By cells were less than respective irradiation controls 
(Fig. 3I). 2 h ICCM induced a similar level of effects in 2 
By and 5 By cells with significantly higher effects in 8 By 
cells (Fig. 3G). The effects in 24 h ICCM treated 5 By and 
8 By cells were similar but significantly higher than 2 By 
cells (Fig. 3J). γ-rays at a dose of 2 Gy did not stimulate 
bystander apoptosis at any time post-irradiation (Fig. 3J). 
8 By cells showed a time-dependent decrease in apoptosis 
with maximum effect in 1 h and minimum in 24 h ICCM 
treated cells (Fig. 3J). An increase in PS externalization was 
associated with increased cleaved PARP levels at both early 
and late time points in 8 By cells. Post 2 h ICCM treatment 
significant large positive relationship was also noticed with 
cleaved cas-3 and cas-9 (Fig. 3K).

Phosphorylation of H2AX had a significantly large 
positive relationship with the phospho‑p53 level 
in γ‑ray induced bystander HepG2 cells

γ-rays increased H2AX phosphorylation and phospho-
p53 levels in bystander cells which was confirmed by flow 
cytometry and western blotting (Fig. 4A–C, E). The increase 
was significant in all conditions other than 1 h and 2 h ICCM 
treated 2 By cells (Fig. 4A, F, G), which showed a similar 
response to irradiated cells. The effects in all other bystander 
cells were significantly lower than respective irradiation con-
trols (Fig. 4A–C, E). Although 1 h ICCM treatment resulted 
in a radiation dose-dependent increase in p53 expression in 
bystander cells (Fig. 4G), phospho-H2AX level showed a 
dose-dependent increase only in 24 h ICCM treated cells 
(Fig. 4F). The 24 h ICCM treatment caused the most sub-
stantial increase in H2AX phosphorylation in bystander 
cells at different radiation doses (Fig. 4A, C, F) compared 
to the control group. Both phospho-H2AX and phospho-p53 
demonstrated the highest increase in 24 h ICCM treated 8 
By cells (Fig. 4F, G). Compared with 24 h ICCM treated 
8 By BRL-3A cells, p53 level was 6% higher in HepG2 
cells (Fig. 4E, I). However, there was no considerable dif-
ference in phospho-H2AX level between 8 By HepG2 and 
BRL-3A cells post 24 h ICCM treatment (Fig. 4D, H). In 
8 By HepG2 cells, an increase in phospho-H2AX level was 
linked to increased phospho-p53 levels both in early and 
late time points post-irradiation (Fig. 4J). An increase in 
phospho-p53 level was also correlated with the increase in 
Bax levels (Fig. 4K). The increased phospho-p53 level was 

Fig. 2   The viability of irradiated and bystander HepG2 cells 
decreased under the influence of γ-rays. A HepG2 cells were irradi-
ated with different γ-ray doses (up to 10 Gy) at different time points 
post-irradiation (up to 48 h), and cell viability was measured. Radia-
tion doses were taken along the X-axis, and cell viability % was taken 
along the Y-axis. B MTT assay showed the LD50 dose of γ-radiation 
on HepG2 cells was 8 Gy. In the X-axis, radiation doses and in the 
Y-axis, percentage cell viability were plotted. C Percentage cell via-
bility of the various experimental groups- bystander (2 By, 5 By, 8 
By) and irradiated (2 Gy, 5 Gy, 8 Gy) groups decreased compared to 
control at different time points. D Cell viability of bystander cells at 
different doses and time points (1 h, 2 h, 24 h ICCM) in comparison 
to control. E–F Evaluation of the relationship between viability and 
cellular damage markers in (E). 1 h ICCM treated and F. 2 h ICCM 
treated 8 By cells. The bystander cell viability showed a significant, 
very small negative correlation with the different parameters. Val-
ues are mean ± S.E. ‘*’ represented significant difference compared 
to control. ‘#’ represented a significant difference in bystander effect 
compared to irradiated and bystander cells. (*p < 0.05, **p < 0.01, 
#p < 0.05, ##p < 0.01)
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associated with a decreased phospho-Bcl2 level only in 24 h 
ICCM treated cells (Fig. 4L). In 2 h and 24 h ICCM treated 8 
By HepG2 cells, phospho-H2AX level showed a significant 
large positive relationship with mitochondrial membrane 
depolarization (Fig. 4M).

A negative correlation was observed 
between pro‑apoptotic Bax and anti‑apoptotic 
phospho‑Bcl2 levels in γ‑ray induced bystander 
HepG2 cells

Compared with control cells, the expression of phospho-
Bcl2 decreased (Fig. 5A–C, E). However, Bax expression 
increased in different ICCM treated bystander cells (Fig. 5D, 
E) except for 2 h ICCM treated 2 By and 5 By cells (Fig. 5H). 
Although 1 h ICCM caused a dose-dependent reduction 
in Bcl2 levels, the increase of Bax level demonstrated no 
dependency on the radiation dose (Fig. 5I, L). 2 h ICCM 
induced considerable effects on Bax and Bcl2 levels only 
in 8 By cells (Fig. 5E, J, L). In contrast, 24 h ICCM treated 
cells showed a dose-dependent increase in Bax levels, but 
the decrease in Bcl2 level was not dose-dependent (Fig. 5E, 
K, L). 8 By cells manifested the highest levels of Bax and the 
lowest levels of phospho-Bcl2 (Fig. 5E, K, L). While Bax 
showed a time-dependent increase with maximum effects in 
24 h ICCM (Fig. 5M), effects on phospho-Bcl2 levels were 

maximum post 1 h ICCM treatment (Fig. 5L). Compared 
to BRL-3A cells under similar conditions, no substantial 
difference was observed (Fig. 5F, G, N). Compared to irra-
diated cells, Bax levels in the bystander HepG2 cells were 
significantly lower, except in the case of 2 By cells treated 
with 2 h ICCM (Fig. 5H). In contrast, phospho-Bcl2 levels 
in these bystander cells were similar to respective irradiation 
controls, except 2 h ICCM treated 2 By cells, and 1 h and 
2 h ICCM treated 5 By cells, showing significantly higher 
levels (Fig. 5E). The ratio of Bax and Bcl2 in 8 By HepG2 
cells was highest at 1 h but not significantly different from 
24 h ICCM treatment (Fig. 5O), indicating bystander cellular 
susceptibility to apoptosis at both early and delayed time 
points post-irradiation. A correlation study pointed out that 
an increase in Bax levels in the bystander cells was associ-
ated with a decrease in Bcl2 levels (Fig. 5P). Although a 
significantly large positive relationship was noticed between 
Bax and phospho-H2AX, Bcl2 and phospho-H2AX showed 
a significant negative relationship (Fig. 5Q, R).

Increased cleaved cas‑3 levels in bystander HepG2 
cells was linked with increased cleaved cas‑9 levels 
at all time points and with increased cleaved PARP 
levels only at earlier time points post γ‑irradiation

Transfer of ICCM at different times post-irradiation 
increased cleaved cas-3, cleaved cas-9, and cleaved-PARP 
in the bystander cells (Fig. 6A–F). In 2 By cells, no consid-
erable increase in cleaved cas-9 level could be observed at 
any time point, but 1 h ICCM treatment caused an increase 
in cleaved cas-3 and cleaved PARP levels (Fig. 6A–C). 
Although cleaved cas-9 level in 2 By cells was similar to 
respective irradiation controls, 5 By and 8 By cells showed 
significantly lower levels than irradiated cells at all time 
points (Fig. 6A, D). Except for 2 h ICCM treated 2 By cells, 
and 24 h ICCM treated 5 By and 8 By cells, cleaved cas-3 
levels in the bystander cells were also significantly lower 
than the irradiated cells (Fig. 6B, E, H). The bystander cells 
also showed lower cleaved PARP levels than irradiated cells, 
except 2 h ICCM, treated 2 By and 8 By cells and 24 h ICCM 
treated 2 By cells showing similar levels with irradiated cells 
(Fig. 6C, F, J). In 5 By and 8 By cells, the effects induced 
by 1 h and 2 h ICCM were similar but significantly higher 
than 24 h ICCM. While this was true for cleaved cas-3 and 
cleaved cas-9, in 8 By cells cleaved PARP level was simi-
lar post 1 h, 2 h, or 24 h ICCM treatment (Fig. 6H–J). 1 h 
ICCM treated 5 By cells and 2 h ICCM treated 8 By cells 
showed a similar degree of effects and maximum cleaved 
PARP level among all the experimental groups (Fig. 6J). The 
highest effects on the cleaved cas-9 level were seen in 1 h 
ICCM treated 8 By cells, but this was not significantly dif-
ferent from 2 h ICCM treated 5 By and 8 By cells (Fig. 6I). 
The highest levels of cleaved cas-3 were noted in 1 h and 

Fig. 3   γ-rays induce mitochondrial membrane depolarization and 
phosphatidylserine externalization in bystander cells with the highest 
effects at the earlier time points. A–C Percentage of cells with red 
and green fluorescence at different doses and time points post-irradi-
ation: A 1 h, B 2 h. C 24 h. The cells in the Q3 quadrant of the dot 
plots were viable cells with no loss of membrane potential. Apoptotic 
cells with mitochondrial membrane depolarization were present in the 
lower Q2 quadrant. The X-axis FL1-H channel (green) and the Y-axis 
FL2-H channel (Red) were taken. D The red to green fluorescence 
intensity ratio in bystander cells under different experimental condi-
tions. A reduction in the red: green fluorescence ratio in the bar dia-
gram indicated increased mitochondrial membrane depolarization. E 
Significant correlations between mitochondrial membrane depolariza-
tion and cellular damage markers in 1 h, 2 h, and 24 h ICCM treated 
8 By cells. F–H HepG2 cells were stained with FLUOS-conjugated 
annexin-V and propidium iodide (PI). Cells in the Q2 quadrant were 
early apoptotic (Annexin + /PI−). Cells in the Q3 quadrant were 
late apoptotic (Annexin + /PI +), and the Q4 quadrant were necrotic 
(PI +) cells. The intensity of Annexin V in the FL4-H channel was 
taken along the X-axis, and the intensity of PI in the FL2-H chan-
nel was taken along Y-axis. PI-annexin study was carried out in con-
trol, irradiated, and bystander cells at different time points F 1 h, G 
2 h, H 24 h post-irradiation. I The percentage of apoptosis (early and 
late) in bystander cells compared to control and irradiated cells at 1 h 
post-irradiation. J The time-dependent change in the percentage of 
bystander apoptotic cells at different radiation doses w.r.t. control. K 
Substantial positive correlations between PS externalization and cel-
lular damage markers in 1 h, 2 h, and 24 h ICCM treated 8 By cells 
Values are mean ± S.E. ‘*’ represented significant difference com-
pared to control. ‘#’ represented a significant difference in bystander 
effect w.r.t. irradiated and bystander cells (*p < 0.05, **p < 0.01, 
#p < 0.05, ##p < 0.01)
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2 h ICCM treated 8 By cells (Fig. 6H). The effects in 8 By 
HepG2 cells were significantly lower than 8 By BRL-3A 
cells when treated with the same ICCM (Fig. 6K). At all 
time points, an increase in cleaved cas-3 in 8 By cells was 
correlated to a rise in cleaved cas-9 level (Fig. 6L). At the 
earlier time points of 1 h or 2 h post-irradiation, increased 
cleaved cas-3 level in bystander cells was positively linked 
to increased cleaved PARP levels. However, no relationship 
could be noticed between cas-9 and cleaved PARP levels 
(Fig. 8A–C).

SEM studies outlined distinct modifications 
in cellular morphology

Scanning electron microscopic studies showed distinct mor-
phological alterations in bystander cells compared to control 
(Fig. 7E–M). Control cells (Fig. 7A) were slightly flattened 
and attached to the substratum; microvilli were scanty and, 
when present, distributed along the margins. The cell surface 
was homogenous, cell symmetrical. Distinct filopodia were 
present, and there was no membrane blebbing. Exposure 
of cells to γ-rays induced alterations in cell shape with a 
marked increase in the number of microvilli (Fig. 7B–D). 
Cells demonstrated asymmetry and cell surface heterogene-
ity. At a dose of 8 Gy, cells were distorted, shriveled with 
damaged filopodia, highly increased number of microvilli, 
and membrane blebbing (Fig. 7D). Bystander cells at 1 h 
post-irradiation showed maximum cell surface alterations 

(Fig. 7E–G). At a dose of 8 Gy, 1 h ICCM treated bystander 
cells became rounded with cell surface distortions and a 
few membrane blebs (Fig. 7G). The radiation dose and the 
time of ICCM transfer affected cell morphology and surface 
topography.

Discussion

Previous studies have shown that ionizing radiation 
induces bystander cell apoptosis, especially the intrinsic 
pathway of apoptosis [2, 15–19]. During clinical radio-
therapy, RIBE may be beneficial by promoting cancer cell 
death but may increase secondary cancer risks by affect-
ing normal cells. Hence, our study investigated the effect 
of γ-irradiated HepG2 cells on bystander HepG2 cells com-
pared to bystander Brl-3a cells to evaluate the underlying 
signaling cross-talk promoting bystander cellular death. The 
results showed that: (1) γ-rays activate the intrinsic path-
way of apoptosis in bystander HepG2 cells, (2) the release 
of bystander signals from irradiated cells and subsequent 
effects on bystander cells depends on the radiation dose, (3) 
the time of ICCM transfer post-γ-irradiation affect the devel-
opment of bystander responses, (4) the release of bystander 
signals from irradiated cells is persistent up to 24 h, and 
most importantly, (5) DNA damage markers, mitochondrial 
membrane potential, and apoptosis markers cross-talk with 
each other to shape bystander HepG2 cell fate under the 
influence of γ-rays.

Phosphorylation of the histone variant H2AX is a marker 
for DNA damage [31]. Ionizing radiation exposure induces 
H2AX phosphorylation at Ser 139 (γ-H2AX) at sites of 
DNA damage [32, 33]. In addition to activating DNA dam-
age response pathways, H2AX phosphorylation promotes 
apoptosis by activating DNA fragmentation [34]. The 
tumor suppressor protein p53 plays a vital role in the cel-
lular response to DNA damage. DNA damage induces p53 
phosphorylation at Ser15. Existing literature has reported the 
development of γ-H2AX foci in various bystander cell types 
[35–37] and the activation of p53 in bystander cells [38–42]. 
In our study, increased phosphorylated H2AX indicated 
DNA damage, especially DNA double-stranded break for-
mation in the radioresistant bystander HepG2 cells. Accord-
ing to Sedelnikova et al. (2007), DSBs in bystander cells 
reach maximum levels from 12 to 48 h post-irradiation in 
human tissues [43]. Our results also showed that out of the 
three time points examined (1 h, 2 h, and 24 h), 24 h ICCM 
had the highest effect on the phospho-H2AX level. We also 
observed the highest p53 phosphorylation in bystander 
cells at 24 h post-irradiation. Our observation was similar 
to the reports of Korturbash et al. (2008) and Hamada et 
al.  (2008), who suggested that bystander cells manifest 
delayed p53 phosphorylation [44, 45]. 8 Gy dose induced the 

Fig. 4   Level of phosphorylated H2AX and p53 were modified in 
γ-ray induced bystander cells, showing the highest effects at the 
delayed time point. A–B The overlaid histograms represented the 
level of phospho-H2AX (A) and phospho-p53 (B) in the FL1 chan-
nel at different time points along the X-axis. The count was taken 
along the Y-axis. The shift in histogram towards the right indicated 
increased fluorescence intensity highlighting increased H2AX phos-
phorylation (A) and p53 phosphorylation (B). C–E The western blot 
images of phospho-H2AX (C, D) and phospho-p53 (E); C phospho-
H2AX level in control, irradiated and bystander HepG2 cells post 
24  h of irradiation and beta-Actin; D phospho-H2AX level in con-
trol and bystander BRL-3A cells and beta-Actin; E. phospho-p53 
level in control, irradiated and bystander HepG2 cells and BRL-3A 
cells under different experimental conditions and beta-Actin. F The 
relative level of phospho-H2AX in bystander cells to control. G The 
relative level of phospho-p53 in bystander cells to loading control. 
H Comparative phospho-H2AX level in 24 h ICCM treated HepG2 
and BRL-3A cells in cells. I Comparative phospho-p53 level in 24 h 
ICCM treated 8 By HepG2 and BRL-3A cells. J Significant large 
positive correlation between phospho-p53 and phospho-H2AX in 8 
By HepG2 cells. K Substantial, large positive correlation between 
phospho-p53 and Bax in 8 By HepG2 cells. L Significant negative 
relationship between phospho-p53 and phospho Bcl2 in 24 h ICCM 
treated 8 By HepG2 cells. M Significant positive correlation between 
H2AX and mitochondrial membrane depolarization in 2 h and 24 h 
ICCM treated 8 By HepG2 cells. Values are mean ± S.E. ‘*’ repre-
sented significant difference compared to control. ‘#’ represented sig-
nificant difference of bystander effect with respect to irradiated and 
bystander cells (*p < 0.05, **p < 0.01, #p < 0.05, ##p < 0.01)
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maximum phosphorylation of H2AX and p53 in bystander 
cells. Pereira et al. (2014) also reported the dose-dependency 
of γ-H2AX foci in bystander zebrafish cells [46]. Tomita et 
al. (2013) pointed out the regulation of effects at different 
doses by the p53 status in bystander cells [47]. However, 
our results were contradictory to Hu et al.  (2006), who 
reported early observation of DSB (maximum at 30 min 
post-irradiation) and dose independence in bystander cells 
[48]. This disparity in observation was possibly due to the 
difference in cell types and linear energy transfer (LET) of 
radiation. Hu et al. (2006) studied normal skin fibroblasts, 
which have different sensitivity to bystander signals than 
tumor cells. In addition, the energy deposition from high 
LET radiation like ɑ-particles used in their study can lead 
to larger local doses, which trigger gene expression patterns, 
different from what is seen after exposure to low LET radia-
tion like γ-rays at similar doses [49–51]. In our study, at all 
time points post-irradiation, bystander HepG2 cells showed 
a similar trend in the levels of H2AX and p53 phosphoryla-
tion (Fig. 8A–C). This indicated that ICCM borne factors 
from irradiated cells induced DNA damage, activating p53 
molecules in the bystander cells. At 24 h post-irradiation, 
increased phospho-H2AX and phospho-p53 were linked to 
decreased anti-apoptotic Bcl2 levels (Fig. 8C). The positive 
correlation between phospho-p53 and Bax levels at all time 
points confirmed the role of p53 in bystander apoptosis by 
regulating Bax molecules (Fig. 8A–C). Widel et al. (2015), 
however opined that p53 null bystander cells show higher 
apoptosis. However, their radiation source was X-rays, and 
they studied effects on colorectal carcinoma cells [52].

Mitochondria are the essential controller of cellular func-
tion and metabolism. Mitochondria regulate redox homeo-
stasis, maintain energy (ATP) production through oxidative 
phosphorylation, modulate redox signaling by produc-
ing reactive oxygen species (ROS), and control cell death 
through apoptosis. In addition to these critical cell func-
tions, recent evidence supports a signaling role for mito-
chondria. In viable cells, mitochondrial metabolic enzymes 
can transform the MTT tetrazolium salt into a deep purple-
colored product, MTT formazan. Ionizing γ rays interfere 
with cell metabolic enzyme functioning, so irradiated cell 
viability decrease compared to unirradiated control. Mito-
chondrial membrane potential is a crucial determining fac-
tor of mitochondrial function. The depolarization of the 
mitochondrial membrane is an important feature in the 
early stage of apoptosis. From our studies, it can be con-
cluded that γ rays alter mitochondrial activity in terms of 
enzyme functioning and membrane potential in both irradi-
ated and bystander cells. We observed decreased viability of 
bystander cells at different radiation doses with the most sig-
nificant impact on 8 By cells. Previous studies have pointed 
out the dose-dependency of bystander cell viability [52–55]. 
In our study, the viability of bystander cells at different doses 
was higher than irradiated cells, similar to observations of 
Faqihi et al.  (2015) [19]. Our results complied with the 
observations of Wu et al. (2011) and Rezaei et al. (2021) 
[23, 56] because ICCM treatment had no significant effect 
on bystander cells at different time points post-irradiation. 
However, Wu et al. (2011) reported an increased survival of 
bystander HepG2 under the influence of high LET carbon 
ions, contrary to our observations [23]. Although the cell 
line was the same, the observed differences were due to the 
differences in LET. Different studies emphasize that LET is 
an important regulator of bystander effects, and the differ-
ence of bystander effect of the same cell type is a function of 
LET [49, 57–59]. The LET of ionizing radiation modulates 
the relative biological effectiveness (RBE) of the exposed 
cells. Some reports [58, 60] speculate that radiation qual-
ity causes differential activation of signaling pathways in 
the targeted cells, stimulating the release of LET-specific 
bystander signals from the same cell. As evident from 
JC-1 staining experiments, we observed the most consid-
erable impact on mitochondrial membrane potential in 2 h 
ICCM treated 5 By cells and in 8 By cells, whose effects 
were independent of time. In 2 By and 5 By cells, effects 
increased post 2 h ICCM treatment and decreased after 
24 h. Contrary to the observation of Lyng et al. (2000), we 
observed a significant increase in mitochondrial depolariza-
tion in bystander cells treated with ICCM at all time points 
[24]. The difference in observation can be attributed to the 
differential sensitivity of normal keratinocytes and tumor 
cells to bystander signals. The study of this group empha-
sized that γ-ray induced effect in bystander keratinocyte 

Fig. 5   γ-radiation decreased phospho-Bcl2 level but increased Bax 
level in bystander HepG2 cells. A–D The overlaid histogram plots 
represented the level of A–C phospho-Bcl2 and D Bax, in FL1-H 
along the X-axis. The count was taken along Y-axis. A shift in his-
togram towards the left indicated decreased fluorescence intensity 
(A–C), indicating a decreased level of Bcl2 in A 1 h ICCM, B 2 h 
ICCM, C 24  h ICCM compared to control. A shift in histogram 
towards the right indicated increased fluorescence intensity (D), 
suggesting an increased level of Bax. E The western blot images of 
phospho-Bcl2 and Bax in control, irradiated, and bystander HepG2 
cells under different experimental conditions and beta-Actin. F and 
G The western blot images of Bax (F) and phospho-Bcl2 (G) in con-
trol and bystander BRL-3A cells and beta-Actin. H–K Bax level in 
bystander HepG2 cells receiving H, J 2 h ICCM; I 1 h ICCM; K 24 h 
ICCM. L Bar diagram represented the relative level of phospho-Bcl2 
in bystander HepG2 cells to control. M Percentage change in Bax 
level in 8 By HepG2 cells according to ICCM transfer time. N Rela-
tive phospho-Bcl2 and Bax levels in bystander BRL-3A and HepG2 
cells in 1 h ICCM and 24 h ICCM treated 8 By cells, w.r.t. control. 
O Ratio of Bax and Bcl2 in 8 By HepG2 cells receiving 1 h and 24 h 
ICCM. P Significant negative relationship between Bax and phospho-
Bcl2 in 8 By HepG2 cells. Q Significant positive correlation between 
BAX and phospho-H2AX. R Significant negative correlation between 
phospho-Bcl2 and phospho-H2AX. Values are mean ± S.E. ‘*’ rep-
resented significant difference compared to control. ‘#’ represented a 
significant difference in bystander effect compared to irradiated and 
bystander cells. (*p < 0.05, **p < 0.01, #p < 0.05, ##p < 0.01)
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was independent of dose, which was partly in compliance 
with our observation because 2 h ICCM treatment caused 
no significant difference in effects in different doses [24]. In 
our study, a positive association was noticed between mito-
chondrial membrane depolarization and pro-apoptotic Bax 
at all time points post-irradiation (Fig. 8A–C). Since Bax 
level was also linked with phospho-p53 levels, it is evident 
from our observation that p53 regulates Bax level while Bax 
regulates mitochondrial membrane depolarization. At 2 h 
and 24 h post-irradiation, increased correlations between 
phospho-H2AX and mitochondrial membrane depolariza-
tion indicated the involvement of oxidative stress factors like 
ROS in the induction of bystander cell damage (Fig. 8B, C).

Our study showed that under the influence of γ-rays, 
the levels of apoptosis markers, such as Bax, cleaved cas-
9, cleaved cas-3, and cleaved PARP in bystander HepG2 
cells significantly increased, while Bcl2 phosphorylation 
decreased. The phosphatidylserine externalization stud-
ies also indicated γ-ray-induced bystander apoptosis. We 
observed the highest Bax level at 24 h post-irradiation while 
pro-survival Bcl2 showed a maximum increase at 1 h post-
incubation in bystander cells. Previous studies in the exist-
ing literature have also pointed out that in Bax, expression 
is highest at the delayed time points in radioresistant cell 
lines. In contrast, Bcl2 expression is maximum at early time 
(1 h) post-γ-irradiation [25, 26]. The cleaved cas-3, cas-9, 
and PARP levels reached their maximum at the earlier time 
points (1 h, 2 h). Therefore, radiation exposure has diverse 
effects on apoptotic markers in bystander cells at discrete 

time points. These results were similar to the observations 
of Furlong et al. (2013) [2]. In our study, PI-Annexin stain-
ing of cells confirmed that apoptosis in bystander HepG2 
cells was maximum at 1  h post  γ  irradiation. Chen  et 
al.  (2020) also reported increased PS externalization in 
bystander cells [61]. In contrast, Fu et al. (2016) reported 
that radiosensitive bystander cells showed increased apop-
tosis at 24 h and reached the highest effect at 48 h [62]. 
However, in bystander lung cancer cells, high dose (8 Gy) 
ICCM decreased apoptosis compared to control at 72 h post-
irradiation. Yoshino et al. speculated in 2019 that bystander 
signals (such as cytokines) are involved in increasing radio-
resistance of bystander cells at delayed times [63], which 
may be responsible for time-dependent variations of apop-
totic markers in different cell types [16]. Li et al. (2017) 
also reported a similar dose-dependent increase in bystander 
apoptosis in an in vivo study [22]. In bystander erythroleu-
kemia cells, γ-rays activated Bax, Bcl-2, and cleavage of 
poly (ADP-ribose) polymerase [25]. The study by Zhang et 
al. (2012) emphasized the effect of γ-rays on the Bcl-2/
Bax ratio in HepG2 cells, which decreased with the time of 
treatment of conditioned media [26]. In our study, the Bax/
Bcl2 ratio was highest in 1 h ICCM treated 8 By cells, but 
significantly higher than control post 24 h ICCM treatment. 
This indicated persistent susceptibility of bystander cells to 
apoptosis, although the maximum apoptosis was observed 
in 1 h ICCM receiving cells. The effects of γ-rays on the 
gene expression of apoptosis markers in bystander HaCaT 
keratinocytes were similar to our observations. El din et al. 
(2017) noted an increase in caspase-3 levels in bystander 
cells [64]. Cranial irradiation of rats induced apoptotic cell 
death with decreased Bcl-2, increased p53, Bax, cas-3, and 
DNA damage in bystander spleen [64]. We observed that the 
8 Gy dose of γ-ray had the maximum effects on Bax, phos-
pho-Bcl2, cleaved cas-3, and cas-9 in bystander cells. Fur-
long et al. also emphasized the dose-dependent expression of 
Bax, Bcl2, and caspase-3 in their 2013 study [2]. SEM stud-
ies showed distinct morphological alterations in bystander 
cells, with the most considerable effects in 1 h ICCM treated 
8 By cells. At 1 h and 24 h post-irradiation, pro-apoptotic 
Bax showed negative regulation of anti-apoptotic phospho 
Bcl2 levels (Fig. 8A, C). At the earlier time points (1 h, 2 h) 
post-irradiation, mitochondrial membrane depolarization 
positively regulated caspase-9 cleavage (Fig. 8A, B). Since 
no correlation was observed between cleaved cas-3 levels 
and mitochondrial membrane depolarization, but cleaved 
cas-9 and cas-3 levels showed a positive association, we con-
clude that cleaved cas-9 regulated caspase-3 cleavage at all 
time points (Fig. 8A–C). The link between PARP cleavage 
with only cleaved cas-3 and not cleaved cas-9 suggest that 
cas-3 regulates PARP cleavage (Fig. 8A, B). PARP cleav-
age, the marker of cellular apoptosis, manifested a positive 
relationship with PS externalization at all the time points 

Fig. 6   γ-rays increased the cleavage of cas-9, cas-3, and PARP 
in bystander cells. A, C The overlaid histogram plots represented 
the level of A cleaved cas-9 and C cleaved PARP in FL1-H along 
the X-axis. The count was taken along Y-axis. A shift in histogram 
towards the right indicated increased fluorescence intensity. Com-
pared to control, the increased histogram shift indicated an increased 
level of cleaved A. cas-9, C PARP. B The histogram plots represented 
the level of cleaved cas-3 in control, irradiated, and bystander cells 
post 1 h of irradiation. Cleaved cas-3 was taken in FL1-H along the 
X-axis and count along the Y-axis. D–G The western blot images 
of D. cleaved cas-9 in control, irradiated and bystander HepG2 and 
BRL-3A cells at different time points post-irradiation and β-actin; 
E cleaved cas-3 in control, irradiated and bystander HepG2 and 
BRL-3A cells at 1  h post-irradiation and β-actin; F cleaved PARP 
in control, irradiated and bystander HepG2 cells at different time 
points post-irradiation and β-actin; G cleaved PARP in control, and 
bystander BRL-3A cells at different time points post-irradiation and 
β-actin. H The time-dependent change in the level of cas-3 in differ-
ent bystander cells w.r.t. control. I The relative level of cleaved cas-9 
in bystander cells to control. J The change in the level of cleaved 
PARP in 2 By, 5 By, 8 By cells w.r.t. control post 1 h, 2 h, and 24 h 
ICCM treatment. K Relative levels of cleaved cas-3, cleaved cas-9, 
and cleaved PARP in 8 By HepG2 and BRL-3A cells to control. L 
Significant large positive correlation between cleaved cas-3 and 
cleaved cas-9. Values are mean ± S.E. ‘*’ represented significant 
difference compared to control. ‘#’ represented a significant differ-
ence in bystander effect compared to irradiated and bystander cells 
(*p < 0.05, **p < 0.01, #p < 0.05, ##p < 0.01)

◂
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studied (Fig. 8A–C). Besides these key interactions observed 
between DNA damage markers and apoptosis markers in the 
bystander cells, some specific interactions were observed at 
particular time points post-irradiation. At 1 h post-irradia-
tion, negative correlations were observed between cellular 
viability and apoptosis markers like PS externalization, cas-
3, and PARP cleavage (Fig. 8A). A decrease in phospho-
Bcl2 levels was correlated with increased mitochondrial 
membrane depolarization (Fig. 8A). In 2 h ICCM treated 

cells, decreased cell viability was linked with increased acti-
vation of DNA damage markers, H2AX and p53, increased 
mitochondrial membrane depolarization, and Bax levels 
(Fig. 8B). A positive correlation was noted between PS 
externalization and cleaved cas-3 and cas-9 levels. DNA 
damage marker H2AX showed a positive association with 
apoptosis regulators like Bax and cleaved Cas-9 levels. An 
increase in phospho-p53 and mitochondrial membrane depo-
larization followed a similar trend (Fig. 8B).

A. Control

B. 2 Gy C. 5 Gy D. 8 Gy

E. 2 By (1 hr) F. 5 By (1 hr) G. 8 By (1 hr)

H. 2 By (2 hr) I. 5 By (2 hr) J. 8 By (2 hr)

K. 2 By (24 hr) L. 5 By (24 hr) M. 8 By (24 hr)

Fig. 7   SEM studies in bystander cells. A SEM image of control 
HepG2 cells. B–D SEM images of HepG2 cells 24 h post-irradiation 
with different doses of γ-rays. E–G SEM images of bystander HepG2 
cells at different γ-ray doses post 1 h of irradiation. H–J SEM images 

of bystander HepG2 cells at different γ-ray doses post 2 h of irradia-
tion. K–M SEM images of bystander HepG2 cells at different γ-ray 
doses post 24 h of irradiation
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Fig. 8   Correlation matrix show-
ing the correlation between 
different parameters studied in 8 
By HepG2 cells at A 1 h, B 2 h, 
and C 24 h post-γ-irradiation. 
Relationships that were not 
statistically significant were 
marked with the ‘X’ sign. Dif-
ferent colors indicate different 
r-values showing positive and 
negative correlations
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The data from the existing literature have indicated 
the regulatory influence of different factors, such as cell/
tissue specificity, linear energies, and radiation dose, on 
the radiation-induced bystander effects [4, 65]. Although 
bystander effects are absent between irradiated lung cancer 
and bystander fibroblasts, irradiated skin cancer cells induce 
dose-dependent effects on bystander skin fibroblasts [66, 
67]. ICCM from high LET iron ion irradiated skin fibroblasts 
induce higher effects on these bystander cells than low LET 
protons [49, 57, 66, 67]. However, ICCM from low LET 
X-ray irradiated prostate cancer cells induces higher effects 
on bystander skin fibroblasts than high LET α-particles or 
carbon ions [58, 59]. It has been understood that bystander 
effects in each cell type are unique due to differential activa-
tion of response pathways when exposed to different radia-
tion sources. Thus, the study of bystander effects is neces-
sary for different cell lines under different radiation sources 
and time points to understand the diversity of responses. 
Our study is the first to highlight γ-ray-induced effects at 
three different doses and three time points post-irradiation 
to have a complete idea about the interactions of signal-
ing mediators in bystander cells that regulate response. The 
post-irradiation time is an important factor that affects the 
expression of the signaling molecules in bystander cells dif-
ferently. Although the highest level of DNA damage was 
observed 24 h post-irradiation, apoptosis was maximum at 
early time post-irradiation. This suggests that apoptosis in 
bystander cells might be independent of DNA damage and 
induced directly by the bystander stress signals from irradi-
ated cells. Additional stress factors (like ROS generation, 
oxidative stress), which have not been explored in our study, 
may be possible mediators of apoptosis at the early time 
points. Nevertheless, our study showed persistence of DNA 
damage in bystander cells from an early time point (1 h), 
indicating the possible involvement of both DNA damage 
and additional stress factors in inducing apoptosis. The main 
conclusions regarding the interactions between the different 
signaling mediators in bystander HepG2 cells, specifically 
DNA damage markers and apoptosis regulators, have been 
represented in Fig. 9 to highlight the main findings of our 
study.

Conclusion

This study focused on the effects of γ-irradiation on 
bystander HepG2 and Brl3a cells to understand the underly-
ing intracellular signaling cross-talk in bystander liver cells. 
Although many studies [5, 23, 26, 39, 68–72] focused on the 

bystander effects of γ-rays on HepG2 cells, the experimental 
conditions and the parameters probed in our research were 
different. In some studies, where some similar parameters 
were explored, the cell line and the radiation sources were 
different [2, 22, 24, 25, 35–37, 42, 44, 54–56, 61, 62, 64]. 
The novelty of our research work lies in elucidating the 
effects of γ-irradiated HepG2 ICCM on bystander HepG2 
and Brl-3a cells at 3 different doses and time points for 
explicit understanding of the scenario in a comparative man-
ner. We analyzed the status of apoptosis and DNA damage 
markers, quantified bystander cell death using PI-Annexin 
assay, and examined morphological changes of bystander 
cells. The main advantage of this work is that it has high-
lighted the correlations between the different parameters 
studied at different time points post-irradiation, which have 
not been included in any of the previous studies.

Our results showed that the γ-radiation dose affects the 
activation of different apoptosis and DNA damage markers 
in bystander HepG2 cells. This study focuses on the sign-
aling cross-talk that regulates bystander cellular apoptosis 
providing a complete idea about their interactions and corre-
lations. DNA damage markers and apoptosis regulators work 
in synergy to induce bystander cell death. The release of the 
bystander signals is persistent at 24 h in all parameters stud-
ied though the intensity of the signal showed time-dependent 
variations. We cultured bystander cells simultaneously (1 h) 
in ICCM collected at different time points after γ-irradiation. 
Therefore, the variation in observations may not be due to 
specific reactions in bystander cells. Post 24 h, γ-irradiated 
HepG2 cells released factors that actuated the highest level 
of DNA damage, p53 activation, and Bax level in bystander 
cells. However, post early time points of 1 h or 2 h, factors 
released from the irradiated cells induced maximum activa-
tion of pro-apoptotic factors in bystander cells. This was 
confirmed by PI-Annexin and SEM studies, which showed 
the highest bystander apoptosis in the conditioned media, 
collected 1 h post-irradiation. It can be concluded that the 
time-specific release of signaling mediators from irradiated 
HepG2 cells causes differential activation of signaling mol-
ecules in bystander cells. The study identified the radiation 
dose and time point exerting the highest effects on differ-
ent signaling mediators in bystander HepG2 cells, and the 
effects were compared with normal bystander Brl-3a cells 
to understand the overall tissue response to radiation. We 
performed the studies up to 24 h, but in the future, bystander 
effects of γ rays on HepG2 cells need to be analyzed 48–72 h 
post-irradiation. The diversity of observation warrants fur-
ther investigations to reveal the exact mechanisms of various 
bystander responses.
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