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Abstract 

Background  Solid tumors are often riddled with hypoxic areas, which develops as a result of high proliferation. 
Cancer cells willingly adapt and thrive in hypoxia by activating complex changes which contributes to survival and 
enhanced resistance to treatments, such as photon radiation. Photon radiation primarily relies on oxygen for the 
production of reactive oxygen species to induce DNA damage. The present in-vitro study aimed at investigating the 
biochemical responses of hypoxic non-small cell lung cancer (NSCLC) cells, particularly the effects on the DNA dam‑
age repair systems contributing to more radioresistant phenotypes and their pro- and anti-oxidant potential, within 
the first 24 h post-IR.

Methods  NSCLC cell lines (H460, A549, Calu-1) were irradiated using varying X-ray doses under normoxia (21% O2) 
and hypoxia (0.1% O2). The overall cell survival was assessed by clonogenic assays. The extent of irradiation (IR)-
induced DNA damage was evaluated by analyzing γ-H2AX foci induction and the altered expression of repair genes 
involved in non-homologous end joining and homologous recombination pathways. Moreover, cell-altered responses 
were investigated, including the nuclear and cytosolic hydrogen peroxide (H2O2) production, as well as the associated 
anti-oxidant potential, in particular some components related to the glutathione system.

Results  Analysis of clonogenic survival revealed an enhanced radioresistance of the hypoxic NSCLC cells associ‑
ated with reduced DNA damage and a downregulation of DNA repair genes. Moreover, nuclear H2O2 levels were 
IR-induced in a dose-dependent manner only under normoxia, and directly correlated with the DNA double-strand 
breaks. However, the observed nuclear H2O2 reduction in hypoxia appeared to be unaffected by IR, thus highlighting 
a possible reason for the enhanced radioresistance of the hypoxic NSCLC cells. The cellular antioxidant capacity was 
upregulated by IR in both oxygen conditions most likely helping to counteract the radiation effect on the cytosolic 
H2O2.

Conclusions  In conclusion, our data provide insight into the adaptive behavior of radiation-resistant hypoxic NSCLC 
cells, in particular their DNA repair and oxidative stress responses, which could contribute to lower DNA damage and 
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higher cell survival rates following X-ray exposure. These findings may therefore help to identify potential targets for 
improving cancer treatment outcomes.

Introduction
Radiation therapy (RT), often combined with chemother-
apy, immunotherapy and/or surgery, is a common modal-
ity used to treat malignant solid tumors. RT works by 
depositing energy in the cancerous tissue causing direct 
and indirect DNA damage. X-rays are the most widely 
used radiation type and are considered indirectly ion-
izing radiation. In fact, the secondary electrons released 
when photons are absorbed by atoms interact with water 
molecules causing radiolysis. This creates free radicals 
which, in the presence of oxygen (O2), further react with 
it, resulting in the production of reactive oxygen species 
(ROS), including H2O2. High levels of ROS in cells induce 
damage to cellular biomolecules and different types of 
DNA lesions, among which double-strand breaks (DSBs) 
are the most detrimental due to the complexity of effi-
ciently repairing them. All these events contribute to 
generate a condition known as oxidative stress [1]. In 
response to this, cells can activate DNA repair mecha-
nisms, mostly non-homologous end joining (NHEJ) 
and homologous recombination (HR) pathways, which 
induce cell cycle arrest. As a consequence, cells undergo 
either cell death or survival depending on the severity of 
the damage and the efficiency of the repair systems. Since 
cancer cells can have dysfunctional DNA repair and 
basally stronger antioxidant defense systems [2, 3], their 
survival to RT can be favored, which results in the devel-
opment of radiotherapy resistance (RR).

The extent and the outcome of DNA damage depend 
on the oxygen content of the irradiated tissue. Many solid 
tumors are characterized by regions with different and 
fluctuating O2 levels, both in concentrations (mild versus 
severe) and in time of exposure (acute versus chronic). 
When O2 content decreases under the physiological 
levels, the resulting low O2 concentration is defined as 
hypoxia. Hypoxia is an inevitable consequence of the 
excessive proliferation and expansion rates of tumors, 
wherein the increasing distance between cells and the 
vasculature network does not allow to sustain the high 
O2 demand of metabolically active cancer cells with an 
adequate O2 supply. For example, in healthy lung tis-
sue, the median oxygen percentage (~ 5.6%) is almost 
threefold higher than the O2 content found in lung can-
cer (~ 1.9%) [4]. Further, the disorganized and defective 
rearrangement of the blood vessels with the increasing 
tumor size can generate more hypoxic milieux. Multiple 
clinical studies have proven hypoxia to be associated with 
poor prognosis after RT in patients with different types 

of cancer [5–7], including NSCLC [8, 9] In particular, 
NSCLC, with its aggressive nature and highly metastatic 
ability, accounts for 85% of lung cancer patient diagno-
sis’ and, despite of considerable progress in the treatment 
options, survival remains poor [10].

Adaptive responses to hypoxia typically result in slower 
proliferation, changes in cell cycle distribution and in 
the DNA damage response (DDR) network, as well as 
in the antioxidant defenses, which collectively contrib-
ute to develop more aggressive cell sub-populations and, 
therefore, to sustain survival and resistance to cancer 
treatments [11–15]. These adaptations and enhanced 
RR highlight the potential role of O2 as a radiosensitizer. 
Hypoxic tumors, in fact, typically require a 2–three-
fold increase in radiation dose to induce a comparable 
amount of damage as oxygenated tumors. This is called 
the oxygen enhancement ratio (OER).

Consequently, RT needs to not only overcome the 
cancer cell DNA repair systems, but also the corre-
sponding cell antioxidant defenses. However, the altered 
antioxidant behavior, which has a large association with 
the DDR [16] and can therefore play a key role in the 
increased radio-resistance in NSCLC, has little coverage 
especially in the context of hypoxic microenvironments. 
Understanding the behavior of adapted hypoxic cells is 
crucial because they represent a resistant sub-population 
with the potential for clonal proliferation and metastatic 
dissemination [17].

Therefore, the object of this study was to explore the 
responses of three NSCLC cell lines to different X-ray 
doses in severe chronic hypoxic conditions (0.1% O2) as 
compared to their counterparts cultured in standardly 
used atmospheric conditions (21% O2, hereafter referred 
to as normoxia) within the first 24 h post-irradiation.

This radiobiological study aimed to highlight potential 
common and cell-type specific features of lung tumor 
cells and how their altered responses in hypoxia could 
contribute to their ability to survive IR treatment. This 
is important in order to gain knowledge on the role 
of hypoxic microenvironments in potentially favoring 
tumor progression and RR.

Materials and methods
Cell cultures
Human NSCLC cell lines, H460, A549 and Calu-1 cells 
were cultured in RPMI, Ham’s F-12  K (Kaighn’s) and 
McCoy’s 5A media, respectively, supplemented with 
10% Fetal Bovine Serum and 1% PenStrep (all from 
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Thermo Fisher Scientific, Germany) at 37  °C with 5% 
CO2 and 21% O2 (normoxia) and 0.1% O2 (hypoxia). 
In hypoxia, cells were incubated in a hypoxic chamber 
(HC) (Sci-Tive, Baker Ruskin) at 1% O2 for 48 h (hrs) to 
adapt cells to a mild oxygen depletion. Afterwards, cells 
were maintained in severe hypoxia (0.1% O2) for a fur-
ther 12 h before IR and collected at 30 min (min) (total 
2.5 days in hypoxic conditions) or 24 h (total 3.5 days in 
hypoxic conditions) post-IR while maintaining them at 
0.1% O2. For all the experiments in hypoxia, cells were 
cultured in the HC by using pre-equilibrated hypoxic 
media.

All cell lines were a kind gift from Dr. Ina Kurth and 
they were tested for mycoplasma contamination using 
the EZ-PCR Mycoplasma Detection Kit (Biological 
Industries) and authenticated by SNP-profiling [18] at 
DKFZ.

Clonogenic assays
In normoxia, cells were seeded in T75 cm2 flasks (Greiner 
Bio-One, Germany) and cultured overnight. Cells were 
then irradiated (2, 4, 6, 8 Gy) using a MultiRad225 (Fax-
itron Biotics, USA) (225 kV X-rays; 0.5 mm Cu-filter) and 
seeded, including the control flask (0  Gy). In hypoxia, 
cells were seeded at 1% O2 and subsequently exposed 
to 0.1% O2 overnight. Cells were then irradiated with a 
2-factor increase to account for the OER (4, 8, 12 and 
16 Gy) and seeded at different concentrations. Colonies 
were fixed with 100% ethanol and stained with crystal 
violet. The survival fraction for each cell line was calcu-
lated using the following formula: S(D) = n(D)/N(D) × 1/
PE, where N is the initial number of cells seeded, n is the 
number of colonies counted post-treatment and PE is the 
plating efficiency (Additional file 1).

γ‑H2AX foci staining
Cells were seeded on coverslips at a density of 5 × 104, 
irradiated and exposed to 21% or 0.1% O2 for 30 min or 
24 h post-IR. After each time-point, cells were fixed with 
4% paraformaldehyde, permeabilized with 0.25% Triton-
X for 5 min (all reagents from Thermo fisher Scientific). 
Samples were blocked using 4% Bovine Serum albumin 
(Sigma Aldrich), then incubated with anti-phospho-His-
tone H2A.X antibody (1:1000) (Sigma Aldrich; #05-636) 
for 1 h. After washing, samples were incubated with Alex-
aFluor 647 goat anti-mouse antibody (Thermo Fisher Sci-
entific; #A-21236) for 30 min. Nuclei were counterstained 
with 1 μg/mL of Hoechst 33342 dye (Thermo Fisher Sci-
entific; #62249) and the coverslips were mounted and 
then imaged using a confocal microscope (Zeiss LSM 
710). ImageJ 1.52p software was used to quantify DSBs.

Cell cycle
Cell cycle was analyzed on nuclei 24  h post-IR by tak-
ing advantage of the ability of Nuclear Peroxy Emerald 
1 (NucPE1) to interact with DNA [19] For this type of 
measurements, the NucPE1 signal was acquired on the 
linear scale at a FACS Canto ™ II flow cytometer.

Trypan blue exclusion assay
To assess the number of viable cells at 24 h post IR, cells 
were detached, washed, resuspended in PBS and 10 µL of 
Trypan blue solution were mixed with 10 µL of cell sus-
pension. Then, 10 µL of this mixture was analyzed using 
an automated cell counter (LUNA II™, Logos Biosystems) 
which provides both viable (unstained) and non-viable 
(blue stained) cells.

Cell death analysis
After 48 h from IR, cells and supernatants were collected, 
washed and re-suspended in 500 µL of cold PBS. Each 
sample was first acquired as unstained at FACS Canto™ 
II flow cytometer and immediately after, each sample 
was stained with 2µL/mL Propidium Iodide (PI) solu-
tion (stock 10 mg/mL) (Sigma Aldrich) and acquired. All 
samples were excited with a 488 nm laser and the fluores-
cence emission was collected at 585/42  nm. The results 
were analyzed by FlowJo software 8.1.

Nuclear and cytosolic H2O2 detection
NucPE1 was used to measure the nuH2O2 levels, [19] 
while Peroxy Yellow 1 Methyl-Ester (PY1-ME) (ENAM-
INE LTD, Ukraine) was used to detect the cyH2O2. After 
IR, one set of samples (30 min time-point) was immedi-
ately processed, while another set (24 h time-point) was 
cultured in normoxia and hypoxia.

For both time-points, cells were stained with the dyes 
in HBSS for 20 min at 1% O2 for normoxia and 0.1% O2 
in hypoxia. Subsequently, cells were washed, detached 
using TrypLE Express (Thermo Fisher Scientific) and 
nuclei were extracted using 0.1% NP-40 (Thermo Fisher 
Scientific) for the nuH2O2 evaluation. For the cyH2O2, 
cells were detached and washed. Both nuclei and cells 
were then acquired at a FACS Canto™ II flow cytometer 
(Becton Dickinson). The results were analysed by FlowJo 
software 8.1. More details are provided in the Additional 
file 1.

GSH/GSSG assay
The ratio of reduced (GSH) and oxidized (GSSG) forms of 
glutathione present in samples at 30 min and 24 h post-
IR was determined using the GSH/GSSG-Glo™ Assay 
(Promega) following the manufacturer’s instructions. The 
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luminescence was recorded at a ClarioStar plate reader 
(BMG LABTECH). The GSH levels were deduced by the 
removal of GSSG from the total glutathione values.

RNA isolation and quantitative real time‑polymerase chain 
reaction (RT‑qPCR)
RNA isolation and RT-qPCR were performed as 
described in the Additional file 1, which also includes the 
Primers’ list.

Statistical analysis
Statistical analysis was carried out using Sigmaplot soft-
ware (Version 14.5) and the data were graphed using the 
same software. All data were compared to their non-IR 
control for their respective oxygen conditions, unless 
otherwise stated. Statistical significance was assessed 
on the mean of three independent experiments (n = 3), 
unless otherwise specified, using Student’s t-tests and 

one-way ANOVA and only p values < 0.05 were consid-
ered statistically significant.

Results
Cell survival of NSCLC cell lines after X‑ray treatment 
in normoxia and hypoxia
The survival ability of H460, A549 and Calu-1 cells 
under normoxia (21% O2) and hypoxia (0.1% O2) fol-
lowing X-ray exposure was investigated. Cell survival 
fraction (SF) curves were fitted according to the linear-
quadratic model (SF = exp[−(αD + βD2)]) [20]. In nor-
moxia (Fig. 1A, B), the plots clearly indicated that H460 
cells had the lowest cell survival ability after IR for all 
the doses, in comparison to the higher SF for A549 
and Calu-1 cells (Additional file  2: Table  1). However, 
in hypoxia, the differences among the SF profiles were 
abolished and the cells displayed a more radio-resistant 
response compared to their normoxic counterparts 
(Fig. 1A, B and Additional file 2: Table S1). Interestingly, 

Fig. 1  Radiosensitivity of H460, Calu-1 and A549 cells. A Clonogenic assays showing varying radioresistance at 21% O2 (upper plot) and 0.1% O2 
(lower plot). Cell lines were irradiated with doses ranging from 2 to 8 Gy in normoxia and 4–16 Gy in hypoxia. B The respective survival curves 
separated for each cell line. Each data point is presented as mean ± SD of three separate experiments performed in quintuplicate. The survival 
fractions were normalized to the respective 0 Gy samples. ***p < 0.001 as compared to 0 Gy normoxia; +++p < 0.001 as compared to 0 Gy hypoxia
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the hypoxic samples exhibited a general increase in the 
α values and a decrease in the β values (Additional file 2: 
Table S2), implicating a more linear curvature with loss 
of the quadratic component compared with the normoxic 
profiles. The radio-protective effects of diminished oxy-
gen levels were further evaluated using the OER factor 
which was determined by calculating the ratio of doses 
in normoxia and hypoxia at 10% of cell survival (D10) 
(Additional file  2: Table  S3). H460 cells had the highest 
OER (2.18 ± 0.179) compared to A549 (1.78 ± 0.699) and 
Calu-1 (1.88 ± 0.386), indicating that the removal of oxy-
gen had a more profound effect on enhancing the RR of 
the more radio-sensitive oxygenated cell line. Therefore, 

the influence of hypoxia in cell RR and the survival of 
NSCLC cells was dependent on the O2 percentage at the 
time of irradiation.

DNA DSB detection and cell repair ability after IR 
in normoxia and hypoxia
In order to understand how the oxygen level influenced 
cell repair capability, the initial (30  min) and residual 
(24  h) IR-induced γ–H2AX foci formation, which sug-
gests accumulation of DNA damage, (Fig.  2A), was 
investigated. The remaining foci at 24  h can provide an 
indication of the repair ability of each cell line.

Fig. 2  Effects of X-rays on DNA damage, gene expression, cell cycle and viability in H460, Calu-1 and A549 cells. A Representative confocal 
immunofluorescent images of γ–H2AX foci at 0 Gy and 8 Gy, 30 min after IR. B Detection of γ–H2AX foci in normoxia and hypoxia at 30 min and 
24 h post-IR at different doses, including the respective non-irradiated controls (0 Gy). C Repair capacity determined by the ratio of foci count 
per cell (FPC) at 30 min and 24 h in normoxia and hypoxia. The data in A and C represent mean FPC ± SEM (n = 3); samples were analyzed at a 
confocal microscope with a sample size of > 100 cells per replicate and compared to their respective 0 Gy group (one-way ANOVA). D Stacked bar 
chart showing the cell cycle distribution (in %) of normoxic and hypoxic NucPE1-positive nuclei after 24 h from X-ray exposure. E Relative mRNA 
expression levels of WEE1 in normoxic and hypoxic samples 24 h post-IR. The data are presented as mean of the ΔΔCt values ± SEM (n = 2, each 
in triplicate). All samples were compared to the 0 Gy normoxic sample represented as the 0 on the x-axis (one-way ANOVA). F Flow cytometric 
quantification of dead cells 48 h post-IR by staining with propidium iodide (PI). The data in D and E represent the mean ± SEM (n = 3) and were 
statistically compared to their respective 0 Gy group (one-way ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001
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At 30  min post-IR in normoxia, a dose-dependent 
increase for all cell lines was observed in comparison 
with the respective non-irradiated (0  Gy) samples, with 
H460 and Calu-1 cells having a higher number of Foci 
Per Cell (FPC) (Fig. 2B). In hypoxia, the number of FPC 
was lower for all cell lines at 30 min post-IR, even with 
the OER factor applied to the doses (Fig. 2B). 24 h after 
X-ray exposure, the normoxic samples had repaired a 
considerable amount of foci in a dose-dependent manner, 
although for the highest doses the DNA DSBs remained 
significantly higher than the non-irradiated samples 
(Fig.  2B). This suggested that normoxic cells were able 
to activate the repair programs although not sufficiently 
for complete recovery of DNA DSBs at high doses (8 Gy). 
In hypoxia, the residual damage at 24 h was reduced and 
the dose dependency remained consistent for all cell 
lines (Fig.  2B). The calculated repair capacity (i.e. ratio 
of 30  min FPC and 24  h FPC) (Fig.  2C) reduced with 
increasing dose for all cell lines in both oxygen condi-
tions, although there was a significantly lower repair abil-
ity seen in hypoxia compared with normoxia.

Cell cycle and death post‑IR in normoxia and hypoxia
Ionizing radiation induces DNA damage and conse-
quently forces cells into cycle arrest, ultimately result-
ing either in cell death, if reparation is not possible, or in 
continued proliferation with increased genome instabil-
ity. Therefore, the cell cycle profile was investigated 24 h 
post-IR. At 30  min, no significant changes were detect-
able in the cell cycle distribution most likely because of 
the reduced time after exposure (data not shown).

At 24  h post-IR in normoxia (Fig.  2D, and Additional 
file  2: Table  S4), nuclei were mainly accumulated in the 
G0-G1 phase compared to non-irradiated samples, but 
at a high dose of 8 Gy a block was also visible in the G2 
phase in H460 and Calu-1 cells. At 0.1% O2, cells resulted 
mainly arrested in the G2 phase at the high doses. Over-
all, the activation of cell cycle blocks showed intercellular 
variability and intra-cellular dose-dependency.

The mRNA expression of WEE1 (Fig. 2E), whose main 
role is preventing cells from entering mitosis too early by 
activating a block in the G2 or S phases [21], appeared 
downregulated in normoxia for H460 and A549 cells 
post-IR, while no significant changes were detectable in 
Calu-1 cells. WEE1 expression in hypoxia was instead 
predominantly increased (except in some cases at high 
doses) across cell lines which was in accordance with 
the hypoxic cell cycle profiles. This indicated a potential 
WEE1 involvement in favoring the G2 block, although 
the O2 reduction appeared to be the main factor influ-
encing WEE1 expression compared to IR.

Moreover, the possibility that cells could undergo cell 
death after cycle arrests was tested 24 and 48  h after 

X-ray exposure by measuring the amount of dead cells 
and counting cells. These viability results (Fig.  2F and 
Additional file  3: Fig.  S1 and Additional file  4: Fig.  S2) 
showed no statistically significant changes in the dead 
or dying cell pool up to 48 h in both oxygen conditions 
(except for the H460 cells at the highest dose). This sug-
gested that either the cells were arrested, yet viable at 
these time-points, or recovered from blocking, but in 
both cases radiation treatment did not result in cell death 
up to 48 h from IR.

DNA damage repair gene expression in normoxia 
versus hypoxia 24 h post‑IR
Based on these previous observations, the mRNA expres-
sion of some genes involved in the DDR sensory machin-
ery (RAD50), NHEJ (XRCC5, XRCC6, DNA-PKcs, 
DCLRE1C and LIGASE4) and HR (RAD51, RAD52, 
BRCA1 and BRCA2) repair pathways was analyzed 24 h 
post-IR (Fig.  3). Data revealed that in all cell lines, the 
fluctuations of XRCC5 and XRCC6 (also known as KU80 
and KU70, respectively), DNA-PKcs, DCLRE1C (also 
known as ARTEMIS) and LIGASE4 (LIG4) expressions 
in normoxia were not statistically significant, except 
LIG4 at the highest dose in H460 and A549 cells. At 
0.1% O2, the NHEJ-related genes were downregulated 
for H460 and A549 cells with the exception of LIG4 that 
showed a trend to increase in H460 cells. In Calu-1 cells 
instead, DCLRE1C and LIG4 were both up-regulated. On 
the contrary, RAD51 and RAD52 showed similar trends 
among the cell lines in both O2 conditions in, albeit not 
always significant, with a more pronounced downregu-
lation in hypoxia for RAD51, which was evident also for 
hypoxic Calu-1. BRCA1 and BRCA2 resulted both down-
regulated in all cell lines. Therefore, in severe hypoxic 
conditions, the IR doses played different roles depending 
on the cell lines and the two repair pathways were in gen-
eral less expressed, with the exception of Calu-1 cells in 
which some upregulation was still detectable at 24 h from 
IR.

Nuclear and cytosolic H2O2 levels post‑IR in normoxia 
and hypoxia
To qualitatively estimate the nuH2O2 and cyH2O2 pro-
duction after IR and its modulation in normoxia and 
hypoxia, NucPE1 and PY1-ME were used. Confocal 
images (Fig.  4A, B) confirmed the preferential localiza-
tion of NucPE1 and PY1-ME in the nuclei and cytosol, 
respectively, of all cell lines. Moreover, to reduce the pos-
sibility of cytosolic background fluorescence or artifacts, 
the NucPE1 signal was measured only on stained nuclei 
extracted after IR.

The H2O2 measurements at 30  min post-IR aimed 
at investigating the initial IR-induced H2O2 levels and 
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Fig. 3  Effects of X-rays and O2 levels on the expression of DNA-damage response genes. Relative mRNA expression levels of RAD50, XRCC5, 
XRCC6, DNA-PKcs, RAD51, RAD52, BRCA1 and BRCA2 in normoxic and hypoxic samples 24 h post-IR. The data are presented as mean of the ΔΔCt 
values ± SEM (n = 2, each in triplicate). All samples were compared to the 0 Gy normoxic sample represented as the 0 on the x-axis (one-way 
ANOVA)
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potentially correlating nuH2O2 with the DSB damage. 
Further, the H2O2 content analyzed 24  h post-IR aimed 
at evaluating cell ability to counteract the oxidative stress 
induced by IR treatments.

Results obtained from the normoxic samples at 
30  min indicated a fast rise in nuH2O2 production 
with increasing doses for A549 and Calu-1, whereas 
for H460 cells similar increases were produced for all 
doses with a clear plateau of the profile (Fig.  4C and 
Additional file 5: Fig. 3A). At 24 h post-IR, nuH2O2 lev-
els returned to basal values in H460 cells, whereas they 
remained higher than the controls in A549 and Calu-1 
cells for 4 and 8 Gy. By reducing oxygen availability, the 

effects of radiation after 30  min on nuH2O2 were less 
pronounced (Fig. 4C and Additional file 5: Fig. 3A) and 
no dose dependency was observed for all cell lines. At 
24 h, changes in the nuH2O2 production were no longer 
detectable, except for the highest doses in Calu-1 
cells (Additional file 2: Table 5). With the exception of 
Calu-1 cells at 30  min, all the hypoxic cells showed a 
minor content of nuH2O2 compared to the normoxic 
samples, which was more evident at 24 h post-IR (Addi-
tional file 5: Fig. 3A).

Interestingly, by plotting the DSB data against the 
nuH2O2 data obtained 30 min post-IR (Fig. 4D), a linear 
dependence of the DSBs produced with nuH2O2 was 

Fig. 4  Effects of the combined hypoxia and X-ray treatments on H2O2 production and the antioxidant responses. A and B Representative confocal 
images of nuH2O2 and cyH2O2 detection in normoxic non-irradiated NSCLC cells by staining with NucPE1 and PY1-ME, respectively. Nuclei (blue) 
were counterstained with Hoechst 33,342. C and D Relative estimation of nuH2O2 and cyH2O2 content at 30 min and 24 h post-IR in normoxia and 
hypoxia. All samples were normalized and statistically compared to their respective normoxic or hypoxic control (0 Gy). Error bars are represented as 
SEM (n = 3) (one-way ANOVA). E Correlation between normalized (to 0 Gy) DSBs per cell and nuH2O2 levels for each dose in normoxia and hypoxia 
measured at 30 min post-IR. F Relative mRNA expression levels of intracellular NFE2L2 and CAT genes evaluated using RT-qPCR at 24 h following IR 
treatment in normoxia and hypoxia. The data are presented as mean of the ΔΔCt values ± SEM (n = 2, each in triplicate) (one-way ANOVA). *p < 0.05, 
**p < 0.01, ***p < 0.001 as compared to 0 Gy normoxia; +p < 0.05, ++p < 0.01, +++p < 0.001 as compared to 0 Gy hypoxia
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present in normoxia. For the hypoxic cells instead, no 
correlation was observed (Fig. 4D).

The cyH2O2 levels of normoxic cells were seemingly 
less responsive to IR compared to the nuH2O2 levels 
(Fig. 4E and Supplementary Fig. 3B). In fact, at both time-
points, only normoxic H460 cells appeared to increase 
their cyH2O2 content. On the contrary, in hypoxic cells, 
the cyH2O2 levels were subjected to a decrease after IR at 
both time-points, except for A549 cells at 30 min (Addi-
tional file  2: Table  6). Moreover, also the cyH2O2 levels 
were reduced compared to the normoxic cells, albeit 
H460 cells at 0 Gy showed a higher content (Additional 
file 5: Fig. 3B). This apparent discrepancy at the moment 
remains to be better investigated.

In general, results potentially suggested a lower oxida-
tive stress in hypoxia and a more readily active and sus-
tained antioxidant capacity in the cytoplasm compared to 
the nucleus.

Based on these findings, the relative mRNA expres-
sion levels of the antioxidant response master regula-
tor, NFE2L2 (also known as NRF2), were analyzed 24 h 
post-IR (Fig.  4F). At 21% O2, in H460 and A549 cells a 
dose-increase was mainly observed which resulted signif-
icant only for the highest dose. In normoxic Calu-1 cells, 
no modulation of NFE2L2 gene expression was detect-
able at any dose. However, the reduction of O2 markedly 
induced the overexpression of NFE2L2 in all cell lines 
independently on the IR doses. The analysis of mRNA 
levels of CAT, which is induced by NFE2L2 and is directly 
involved in H2O2 removal, showed IR-induced stimula-
tion in normoxia for all cell lines (Fig.  4F). In hypoxia, 
CAT mRNA was upregulated in H460 and Calu-1 cells, 
with a drop at 16 Gy for the latter cell line. In A549 cells, 
a significant change in CAT mRNA expression was 
observed only at 16 Gy, even though NFE2L2 was upreg-
ulated, suggesting that NFE2L2 was not directly influenc-
ing CAT gene expression in this cell line. However, a mild 
tendency towards an increased expression was observed 
following irradiation in hypoxia.

These findings suggested that IR triggered some anti-
oxidant responses which were noticeably influenced by 
the O2 level.

Measurements of glutathione levels after X‑rays 
in normoxia and hypoxia
In order to investigate cellular ability to scavenge H2O2, 
measurements of intracellular reduced and oxidized 
glutathione levels were also performed. Glutathione, in 
fact, is the most abundant low-molecular-mass antioxi-
dant serving as an essential cofactor for the reduction 
of H2O2 to H2O catalyzed by glutathione peroxidases 
(GPX). The ratio of GSH/GSSG is high under normal 

conditions and decreases upon pro-oxidant stresses 
providing an indication of the cellular redox environ-
ment (Fig. 5A).

In normoxia, changes in the GSH/GSSG ratio at 
30 min were observed only in H460 cells with a slight 
reduction at 2 and 8  Gy and such a profile was main-
tained, although slightly decreased, up to 24 h (Fig. 5B). 
A similar trend at the later time-point was observed for 
normoxic A549, suggesting a condition of mild oxida-
tive stress in both these cell lines. However, the strong-
est difference in the GSH/GSSG ratios was observed 
in hypoxic samples compared to their normoxic coun-
terparts (Fig.  5B), which were maintained higher also 
after the X-ray exposure at both time-points, with only 
a decreased trend in Calu-1 cells. In this latter cell line, 
at 24 h, the GSH/GSSG reduction was dose-dependent 
and associated with a GSH depletion (Fig. 5C). Instead, 
in the other two cell lines, the GSSG hypoxic lev-
els were maintained at a lower level than in normoxia 
(Fig. 5C). This suggested a stronger ability to cope with 
the IR-induced intracellular oxidative stress in compar-
ison to Calu-1 cells.

Altogether, this evidence indicated that the main role in 
modulating the glutathione ratio was played by the oxy-
gen levels and the radiation treatment exhibited only cell 
specific effects.

In order to assess whether the observed effects were 
correlated with a modulation of the glutathione sys-
tem genes, the mRNA expression of GPX1 and 4, Glu-
tathione-disulfide Reductase (GSR), and Glutaredoxin-1 
(GLRX) was evaluated (Fig.  5D). The results showed an 
upregulation of GPX1 mRNA post-IR in normoxic sam-
ples to a different extent in all cell lines. Under hypoxia, 
cell-type specific behaviors were observed with down-
regulations in H460 and A549 cells, and upregulations 
in Calu-1 cells. When irradiated in hypoxia, all cell lines 
responded with an increased gene expression compared 
to their respective untreated hypoxic controls. However, 
in comparison with the 0 Gy normoxic samples, in H460 
cells GPX1 expression was upregulated already at 4 Gy, in 
A549 cells only the highest dose led to an upregulation, 
and for Calu-1 cells GPX1 was always overexpressed. 
Instead, GPX4 mRNA levels were upregulated in all cell 
lines, although not always significantly. Also, GSR mRNA 
levels were not statistically modified in normoxia and 
were observed downregulated in hypoxia. In contrast, 
GLRX mRNA levels were always upregulated in all cell 
lines, with a slight dose-dependency in normoxia and a 
larger effect following O2 reduction for H460 and Calu-1 
cells compared to A549 cells. Therefore, in hypoxia, 
GLRX rather than GSR could mostly participate in main-
taining the low levels of GSSG observed in the present 
study.
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Discussion
The high NSCLC RR results in reduced treatment suc-
cess rates [22] which is especially problematic when 
hypoxic regions develop. In these areas, cells activate 
adaptive responses characterized by altered redox and 
energy metabolisms, as well as repair mechanisms, all 
contributing to RR and intratumor response hetero-
geneity [22]. In this study, we show that three NSCLC 
lines displayed different radiosensitivity in normoxia, 
with H460 being the most radiosensitive. Conversely, 
the reduced availability of O2 abolished such differ-
ences and made the survival profiles more similar to 
each other. Moreover, all three cell lines showed higher 

RR in hypoxia, which is in agreement with the data 
reported in literature [23, 24].

Hypoxia induced varying “protectiveness” among the 
investigated NSCLC lines, as indicated by their OER fac-
tors, suggesting differing molecular mechanisms which 
aid in their survival following IR and exposure to low oxy-
gen conditions. Survival of irradiated cells is linked to the 
amount of radiation-induced DNA DSBs produced and 
the ability of cells to properly repair them. We observed 
that a DNA damage-dose response was obtained both 
in normoxia and hypoxia, albeit with much lower OER-
corrected FPC in hypoxia. This strengthens the con-
cept that the reduced levels of O2 confer protection 

Fig. 5  Effects of the IR-induced oxidative stress on the glutathione system in normoxia and hypoxia. A Schematic representation of some key 
components of the glutathione system involved in H2O2 detoxification. B Ratio of GSH/GSSG levels in normoxic and hypoxic samples at 30 min 
and 24 h post-IR in H460, A549 and Calu-1 cells. C Oxidized (GSSG) and reduced (GSH = total glutathione—GSSG) glutathione levels at 24 h post-IR 
following incubation in normoxia and hypoxia. In B and C the data are showed as mean ± SD (n = 3, in duplicate) and were statistically compared 
to their respective 0 Gy (one-way ANOVA). D Relative mRNA expression levels of GPX1, GPX4, GSR, GLRX genes at 24 h post-IR. Data are presented 
as the ΔΔCt mean ± SEM (n = 2, each in triplicate) (one-way ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001 as compared to 0 Gy normoxia; +p < 0.05, 
++p < 0.01, +++p < 0.001 as compared to 0 Gy hypoxia
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against radiation-induced DNA damage soon after IR 
[25]. Moreover, residual DNA damage was consider-
ably reduced after 24 h, indicating sufficient repair abil-
ity, which was higher in normoxia than in hypoxia. This 
could be related either to the lower initial DSBs induced 
in hypoxic conditions and thereby only minimally stimu-
lating the repair systems, or to a more functional repair 
signaling in normoxia within the first hours after IR. In 
this regard, such repair ability did not correlate with a 
higher repair gene expression at 24 h post-IR. This sug-
gested that in normoxia, at a gene level, the main players 
of the NHEJ (XRCC5 and XRCC6 involved at the begin-
ning, followed by DNA-PKcs and later by DCLRE1C 
and finally by LIG4) and HR already returned to basal 
gene level expression or, in some cases, were even 
down-regulated.

On the contrary, a cell-type specificity, as opposed to a 
clear dose-dependency, was observed in hypoxia. In fact, 
in hypoxia the O2 reduction was already able to reduce 
the expression of the majority of the investigated genes. 
Interestingly, in spite of the lower DSB induction and a 
general repair gene down-regulation in hypoxia, H460 
and Calu-1 cells showed a higher expression of RAD50 
with a slight dose-dependency. RAD50 is part of the 
MRN complex, which is crucial at the beginning of DNA 
damage induction being an early sensor of DSBs and 
probably directing the repair choice towards the NHEJ or 
the HR routes. Moreover, in Calu-1 cells DCLRE1C and 
LIG4 were also upregulated at 24  h post-IR. DCLRE1C 
and LIG4 participate in the last steps of the DNA repair. 
All these upregulations in Calu-1 cells might be corre-
lated with the higher levels of basal and especially resid-
ual DSBs.

The evidence that hypoxic cells mainly downregulate 
NHEJ and HR pathways was also described by other 
groups, although some controversies still remain [26–32]. 
However, these data clearly showed a strong differential 
behavior between normoxic and hypoxic cells, indicating 
that the O2 levels mostly influenced gene expression.

It is believed that hypoxia-mediated downregulation of 
the DNA repair mechanisms can induce accumulation of 
unrepaired lesions and further lead to genomic instabil-
ity associated with more resistant phenotypes [17, 27]. 
In this study, however, although the repair genes were 
under-expressed, most IR-induced DNA damage were 
repaired after 24 h in both oxygen conditions. This raised 
the open question of how a reduced DNA repair ability 
could lead to decreased levels of DNA damage and even-
tually increased RR, as shown in the clonogenic assays.

Additionally, the IR-triggered repair mechanisms work 
in a cell cycle-dependent manner by blocking cells at 
specific checkpoints [33–35]. After 24  h, in normoxia 
most cells accumulated in the G0/G1 phase, while in 

hypoxia in the G2 phase, suggesting the capability of 
delaying the cell cycle thereby giving cells more time 
to repair the DNA lesions or to activate cell death pro-
grams. In this respect, cell viability was unaffected until 
48 h post-IR. Nevertheless, this cannot exclude the pos-
sibility that cells entered a senescence state or activated 
cell death programs later than the time-points here con-
sidered. This, however, was not analyzed in this study as 
our main interest was to investigate cell responses within 
24  h. Therefore, it might be possible that the activation 
of alternative repair pathways and cellular survival strate-
gies in our hypoxic conditions might be responsible for 
the repair ability observed in the present study.

It should be noted that different genetic backgrounds 
most likely are also playing a big role in influencing cell 
responses to IR and cellular long-term survival ability. 
In particular, we suspect that the high basal level of γ–
H2AX foci seen in Calu-1 cells could be partly attributed 
to the lack of the TP53 protein. Therefore, Calu-1 cells 
might bypass G0/G1 checkpoint and accumulating dam-
age and mutations. This might also explain some up-reg-
ulations of the repair genes, such as RAD50 in hypoxia, 
in this cell line. Several studies highlight the importance 
of TP53 gene in instigating a balance between the genes 
relevant for the two repair pathways and can further 
elucidate a possible reason for the radioresistance of 
Calu-1 cells, albeit the high basal γ–H2AX foci. Moreo-
ver, Calu-1 cells are mutant KRAS (G12C). KRAS con-
trols cell cycle progression after irradiation and KRAS 
is maintained in a continuous active state in mutated 
cells. Preclinical studies showed that DNA repair sys-
tems are affected in mutant KRAS [36] and cell survival 
is increased after irradiation in NSCLC [37–39]. KRAS 
mutation increases the expression of WEE1, which in 
our study was particularly pushed in hypoxic Calu-1 cells 
[36]. However, H460 and A549 cells also harbor KRAS 
mutations (Q61H and G12S, respectively) but they are 
TP53-wt [41, 42]. In particular, KRAS mutation in A549 
has been shown to induce less DSBs post-IR and favour 
their radioresistance [37]. KRAS is involved in various 
signaling pathways, including AKT/mTOR, MAP-kinase 
and Ral pathways, and therefore the downstream effec-
tors of KRAS are multiple and might be differently acti-
vated in these three cell lines.

Moreover, in A549 cells, inactivation of the tumor sup-
pressor CDKN2A gene, which encodes for p16INK4α, 
p14ARF and p12 proteins, is present. These proteins 
induce cell cycle arrest in G1 and G2 by preventing TP53 
degradation. Therefore, in A549 cells, albeit TP53 is not 
mutated as in Calu-1 cells, its functions might be par-
tially compromised, thus reducing cell radiosensitivity.

Altogether, these genetic fingerprints most likely par-
ticipate in influencing the different long-term survival of 
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these cell lines observed in normoxia and underline the 
importance of intrinsic factors in each cell line which 
exert different effects on the pathogenesis, progression 
and prognosis of NSCLC. However, it appears evident 
that the mechanisms behind hypoxia-induced RR, where 
cells showed similar survival abilities, are unique, yet 
complex and multifactorial, and therefore require further 
research.

One of the main causes of IR-induced DNA damage is 
attributed to H2O2 production, which we showed to be 
cell-type and subcellular compartment specific, as well 
as oxygen-dependent. A dose dependency of the IR-
induced nuH2O2 could only be observed soon after IR 
and when oxygen, necessary for the chemical reactions to 
occur, was present. Interestingly, the linear dependency 
between nuH2O2 and DNA DSBs following increasing 
X-ray doses in normoxia provides unique evidence of a 
potential causal relation between nuH2O2 production 
and DNA damage induction soon after IR in oxygenated 
cells. Contrarily, the absence of a trend in hypoxia indi-
cated that causality cannot be assumed, reiterating the 
important role played by the O2 in favoring IR-induced 
DNA damage.

In general, the mechanisms behind the antioxidant 
responses appeared to be triggered differently in a cell-
specific manner by the combined O2- and IR-treatments. 
The low cyH2O2 in all hypoxic irradiated cell lines at 
24 h post-IR indicated a low level of cytoplasmic oxida-
tive stress which was in accordance with the high GSH/
GSSG ratios in irradiated H460 and A549 cells, and with 
the upregulation of GPX4 mRNA and, for some sam-
ples, CAT mRNA. Hypoxic Calu-1 cells were instead 
the only cells showing a dose-dependent reduction of 
the GSH/GSSG ratios 24  h post-IR. In this cell line, we 
also observed that nuH2O2 tended to increase after 24 h, 
which might at least partially explain the increased oxi-
dative stress compared to the other cell lines. In gen-
eral, glutathione is crucial for cell survival and, although 
mainly localized in the cytosol, it is also present in the 
nucleus [42–44]. Therefore, the high levels observed in 
chronically exposed hypoxic cancer cells, and the com-
mon associated upregulation of NFE2L2 (i.e. master gene 
driving antioxidant responses), might both contribute to 
the low oxidative stress observed in the cytosol of irradi-
ated cells and to some extent control the nuH2O2. Fur-
ther, the down-regulation of the repair genes in hypoxia 
could be linked to the low level of oxidative stress, since 
several studies have shown that oxidant injury, including 
H2O2, was able to influence DNA repair responses [16].

It is worth highlighting that NFE2L2 is often found 
upregulated and associated with poor prognosis in 
NSCLC patients [45]. In particular, data have shown that 
NFE2L2 activation prevents oxidative stress-induced cell 

death by increasing GSH metabolism, as well as promot-
ing tumor aggressiveness and RR [46, 47]. Therefore, the 
strong upregulation of NFE2L2 observed in our study, 
which was unaffected by IR, might be central to the RR 
of hypoxic cells, by driving a set of responses which per-
mits them to adapt to hypoxic environments as well as to 
counteract the effects of the treatments. Instead, GPX1 
gene expression appeared to be IR-sensitive and cell-
type specific, suggesting that IR-treatments did in fact 
further stimulate the antioxidant defenses in hypoxic 
cells. Of note, our results also show that non-irradiated 
hypoxic cells displayed lower levels of oxidative stress 
compared to normoxic samples, as assessed by reduced/
oxidized GSH assay. However, several published data 
have reported an increase of ROS production in hypoxic 
conditions [48, 49], albeit the well-accepted argument 
that hypoxic cells have lower metabolic rates which 
should therefore result in lower oxidative stress, as also 
reported by other studies [49]. The reasons of this appar-
ent discrepancy are still unclear, but they may reflect the 
involvement of other radical and non-radical species, 
which were not considered in the present study. More-
over, the O2 levels used in different studies, the acute 
versus chronic exposure and the handling of hypoxic 
samples during the analyses can affect cellular responses 
and might contribute to the diverse data reported.

Additionally, since the expression of GSR, requested 
to regenerate GSH (Fig.  4A), is inducible upon oxida-
tive stress, its reduction in hypoxia, with no predomi-
nant effects exerted by X-ray doses, could be due to the 
high GSH/GSSG ratios as a possible inhibitory loop, 
which remains to be proven. Instead, the levels of GLRX, 
which is part of the GSH-related enzymes (Fig. 4A) and 
has been linked to a decrease in ROS and improved sur-
vival [50–52] were generally upregulated in hypoxia and 
after IR. However, while GLRX function in cancer under 
normoxic conditions has been well investigated, its role 
in severe hypoxic microenvironments and upon IR-treat-
ments remains to be fully explored, and here we provide 
the first evidence for its possible involvement in cellular 
responses under hypoxia and following photon radiation.

Conclusions
The findings here reported indicate that hypoxia 
greatly, contributed to radioresistance of cancer cells 
derived from the same organ as compared to their 
normoxic counterparts, although a cell-type heteroge-
neity was observed at some extent. Lung cancer cells 
which have adapted to severe hypoxia showed consist-
ent intracellular antioxidant abilities, which could effi-
ciently and promptly control the IR-induced H2O2, thus 
contributing to the hypoxically induced RR. Of note, 
this study shows that low O2 levels over the radiation 
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doses seemed to play the main role in influencing cell 
responses and in causing the strongest differences in 
cell behavior.

Although further and detailed studies are requested 
to unveil the molecular mechanisms underlying the 
evidence shown here, the present work offers insights 
into the biochemical responses and the changes in the 
gene expression patterns of NSCLC cells exposed to 
severe and prolonged hypoxia after radiation therapy. 
Such observations might help to better elucidate the 
behavior of resistant cancer cells and in the future pro-
vide potential targets for improving cancer treatment 
outcomes.
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