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Investigating the impact of long 
term exposure to chemical 
agents on the chromosomal 
radiosensitivity using human 
lymphoblastoid GM1899A cells
Otilia Nuta1,2*, Simon Bouffler1, David Lloyd1, Elizabeth Ainsbury1, Ovnair Sepai1 & 
Kai Rothkamm1,3

This study aimed to investigate the impact of chronic low-level exposure to chemical carcinogens 
with different modes of action on the cellular response to ionising radiation. Human lymphoblastoid 
GM1899A cells were cultured in the presence of 4-nitroquinoline N-oxide (4NQO), N-nitroso-N-
methylurea (MNU) and hydrogen peroxide  (H2O2) for up to 6 months at the highest non-(geno)toxic 
concentration identified in pilot experiments. Acute challenge doses of 1 Gy X-rays were given and 
chromosome damage (dicentrics, acentric fragments, micronuclei, chromatid gaps/breaks) was 
scored. Chronic exposure to 20 ng/ml 4NQO, 0.25 μg/ml MNU or 10 μM  H2O2 hardly induced dicentrics 
and did not significantly alter the yield of X-ray-induced dicentrics. Significant levels of acentric 
fragments were induced by all chemicals, which did not change during long-term exposure. Fragment 
data in combined treatment samples compared to single treatments were consistent with an additive 
effect of chemical and radiation exposure. Low level exposure to 4NQO induced micronuclei, the 
yields of which did not change throughout the 6 month exposure period. As for fragments, micronuclei 
yields for combined treatments were consistent with an additive effect of chemical and radiation. 
These results suggest that cellular radiation responses are not affected by long-term low-level 
chemical exposure.

A number of bodies with interests in radiation protection have highlighted the need to explore the effects of 
combined exposures to radiation and other agents. These include  MELODI1 and  UNSCEAR2.

The scientific literature on the underlying mechanisms associated with the toxicity and carcinogenicity of 
man-made or naturally occurring chemicals is extensive and it has become very important to compare the 
findings of different in vitro studies and relate them to risk assessment in humans. For several chemicals, their 
toxicity is well characterised at high doses, while at low doses their long-term effects and impact on human 
health are not well known.

In genotoxicity studies, chemical agent-induced effects vary depending on cell type, concentration and dura-
tion of exposure and its chemical form. Genetic effects include the induction of chromosome  damage3–8, DNA 
strand  breaks9,10 and DNA protein cross  links11–17. The mode of interaction with DNA may be direct, by the 
formation of small or bulky DNA adducts as well as strand breaks, or indirect, by the formation of radicals in 
the vicinity of DNA, leading to strand breaks or small adducts.

Many studies addressed the issue of the effects of acute combined exposures particularly in cancer therapy. Yet, 
occupational exposures to chemical agents are generally chronic exposures to low levels and large populations 
may be  exposed2. The problem of combined radiation and chemical chronic exposures has received insufficient 
attention. The most relevant review identified a significant knowledge gap in that ‘…. essentially no guidance 
has been provided for conducting risk assessment for two agents with different mechanisms of action (i.e. energy 
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deposition from ionising radiation versus DNA interactions with chemicals) but similar biological endpoints (i.e. 
chromosome aberrations, mutations and cancer)’18.

Our study aimed to explore an approach to meeting this research need. The limited range of genotoxicants 
chosen reflect a variety of mechanisms of interaction with DNA, although, in principle, the approach could be 
applied to different agent combinations. In particular we assessed the impact of prolonged exposure to chemi-
cal genotoxicants on radiation induced chromosomal effects. A model of a genotoxicant exposure scenario was 
developed that in a simple fashion mimics daily combined exposure situations in which an individual is exposed 
chronically to a chemical genotoxicant and is then exposed to ionising radiation in a medical or accidental con-
text. This model is not supposed to reflect real-life environmental chemical exposure but exposure to a variety 
of genotoxicants with different modes of action.

Chemical agents may increase or reduce sensitivity to subsequent radiation exposure. Exposure to cancer 
chemotherapeutics including alkylating agents causes widespread changes in gene  expression19. Deregulated 
genes may include those involved in DNA double strand break (DSB)  repair20 providing a possible mechanistic 
link to the alteration of sensitivity to ionising radiation. Gene transcription can be affected by exposure to differ-
ent chemicals such as  arsenic21, hydrogen peroxide  (H2O2)22 and 4-nitroquinoline-1-oxide (4NQO)23. Notably, 
low dose exposure to sodium arsenite was reported to interact synergistically with UV radiation to induce muta-
tions and alter DNA repair in human lymphoblastoid  cells24 and additively with low-LET ionising radiation to 
induce chromosomal  damage25.

4NQO is manufactured and used as a model in research. The model carcinogen has generally been charac-
terized as “UV-mimetic” with respect to its genotoxic properties. The carcinogenic and mutagenic properties of 
4NQO were first reported in  195726. 4NQO induces malignant transformation in hamster and rat cells in vitro27–29 
and causes cancer in various tissues in mice and  rats30. 4NQO also produces oxidative damage and DNA single 
strand breaks (SSB)30–32 and generates reactive oxygen species (ROS), such as superoxide radicals or hydrogen 
 peroxide33,34. Other studies have shown the appearance of chromosome and chromatid-type aberrations in 
peripheral  lymphocytes35. Significant increases in chromatid interchanges, chromatid breaks and dicentrics as 
well as stable and unstable chromosomal aberrations were observed in cells treated with  10–5 M  4NQO35. Treat-
ment of human lymphocytes in G1 with  10–6 M and 5 ×  10–7 M 4NQO was reported by Preston and Gooch to 
form chromosome-type  aberrations36.

Micronuclei may result from mis-segregation of whole chromosomes or chromosome fragments second-
ary to chromosome breakage and/or damage to the mitotic  spindle37. They are widely used as a measure of 
 genotoxicity38. DNA damage caused by low concentrations of 4NQO assessed by MN induction in human 
lymphoblastoid TK6 cells was less frequent than in the p53 mutated cell lines AHH-18.

TK6 cells treated with 4NQO for 24 h showed a significant increase in gene mutations at lower concentrations 
than any of the MN-inducing doses. Hence, 4NQO probably induces predominantly gene mutations, rather than 
chromosomal  damage39.

To our knowledge there has been no quantitative analysis on possible interactions of 4NQO with ionis-
ing radiation. Moreover, there are no published data on the impact of chronic low level exposure to 4NQO, 
N-nitroso-N-methylurea (MNU) or  H2O2 on the effects of ionising radiation.

MNU has been classified as a direct-acting alkylating agent and has been used in the past for the laboratory 
synthesis of diazomethane and as a cancer chemotherapy agent (alone or in combination with cyclophospha-
mide). It has been shown that MNU exposure of TK6 lymphoblasts for 20 days induced a linear increase of 
mutation rates for resistance to 6-thioguanine and trifluorothymidine with increasing  concentration40.

A study by Imaoka evaluated mammary carcinogenesis initiated by combined exposure to various doses of 
radiation and the chemical carcinogen MNU, using a rat model and molecular biological approaches. The puz-
zling result of this study was that radiation and MNU act additively in terms of cancer risk but synergistically in 
terms of cancer initiation. The authors speculate that there may be interactions at different steps that influence 
the cancer risk. Tumour promotion appears to be a more important rate-limiting step than initiation for rat 
mammary  carcinogenesis41.

H2O2 occurs naturally at low levels, the public is potentially exposed via consumer products. It rapidly decom-
poses to water and  O2 in the environment. DNA damage by reactive oxygen species results in a spectrum of DNA 
lesions including strand breaks. In fact, Olive and Johnston performed an analysis of the pattern of oxidative 
DNA damage in Chinese hamster cells exposed to different concentrations of  H2O2 for 30 min and measured 
the relative induction of repairable SSB and potentially lethal DSB, comparing the ratio of either DNA lesions as 
measure of random damage versus clustered damage. The results suggest that  H2O2 and X-rays produce either 
type of damage but whereas  H2O2 produces predominantly random SSB, a large proportion of X-rays damage 
is  clustered42.

These different mechanisms may suggest the potential for a supra additive effectiveness in combined exposure 
to  H2O2 and X-rays which needs to be investigated.

Radiation and chemical exposures are factors that can contribute to the incidence of cancer probably caused 
through DNA damage. People are exposed to a large number of environmental chemicals in different forms 
of drugs, pesticides, industrial chemicals, food additives, etc. Because populations are also exposed to natural 
background radiation and X-ray diagnostic procedures, and additional chemical and radiation exposure is 
received by patients undergoing therapy for the treatment of cancer, it is of great interest to study the interac-
tion between chronic exposures to low levels of chemical genotoxicants and ionising radiation. Here we worked 
with an in vitro model that allowed us to investigate sequential exposure (1) to chemicals which have a variety 
of modes of action (2) followed by a radiation exposure.

Moreover, regulatory studies investigating the effects of exposure to genotoxicants are of limited relevance 
to public health because they were accomplished using high concentrations of  chemicals43. The levels are not 
relevant to the in vivo (environmental) scenario in  humans44–52.
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Results and discussion
Initial statistical analyses. There was no evidence of departure from normality for any of the endpoints.

Pilot studies. Acute genotoxic effects of chemicals. For the initial identification of suitable chemical con-
centrations for long-term exposure of lymphoblastoid GM1899A cells, the micronucleus assay was used to de-
termine the highest concentration that does not induce a significant increase of micronuclei after exposure to 
chemical for 24 h. The yield of micronuclei provided a good estimate of the overall genotoxic effect while the 
percentage of binucleated cells reflected how many cells passed through mitosis into the cytochalasin B-induced 
cytokinesis block during the chosen time and thus provided an indirect measure of cell proliferation.

For 4NQO, Fig. 1a shows a steep reduction in the percentage of binucleated cells (p < 0.001).
Although the effect of chemical was found to be highly significant overall in terms of micronuclei induc-

tion (p < 0.001) a concentration of 20 ng/ml did not induce significant levels of micronuclei in binucleated cells 
(p = 0.060). The concentration of 20 ng/ml (0.06 μM) 4NQO was chosen for long-term exposures.

Hydrogen peroxide induced significant levels of micronuclei (p = 0.001) above a concentration of 5 μM 
(Tukey’s test for comparison with 0 μM, p = 0.023), with a small but significant effect on cell cycle progression 
(p = 0.005; Fig. 1b).

MNU treatment reduced the fraction of binucleated cells (p < 0.001) at concentrations that did not induce 
significant levels of micronuclei (5–40 μg/ml; p = 0.409) (Fig. 1c).

Medium term (2 weeks) exposures to chemicals. GM1899A cells were initially cultured for two weeks in the 
presence of 20 ng/ml 4NQO, 10 μM  H2O2 or 20 μg/ml  MNU, to confirm whether these concentrations were 
suitable for long-term exposure experiments. The treatment with 4NQO or  H2O2 was well tolerated over the two 
week pilot experiment period, causing only a slight (non-significant, ANOVA p for these treatments compared 
to control = 0.163) reduction in cell production rate (Fig. 2a). During the initial two-week exposure experiment, 
samples were taken every 3.5 days for flow cytometric analysis of cell cycle distribution changes. Minor, non-sig-
nificant fluctuations of the cell cycle distribution were recorded both in controls and 4NQO- or  H2O2-exposed 
cultures (Fig. 2b; p > 0.999). Exposure to 20 μg/ml MNU, however, dramatically reduced the fraction of cells in 
G1 observed following 3.5 and 7 days of exposure (Fig. 2b). This indicates that cell cycle progression may be 
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Figure 1.  Percentage of binucleated cells (columns) and yield of micronuclei per 100 binucleated cells (‘x’ 
marker connected by line) following 24 h 4NQO exposure of GM1899A cells (a), 24 h  H2O2 exposure of 
GM1899A cells (b), and 24 h MNU exposure of GM1899A cells (c). Results are from one experiment, with 
200–500 binucleated cells on two slides scored for each dose (a) or 500 binucleated cells on two slides scored for 
each dose (b,c). Error bars represent Poisson errors.
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blocked in the G2/M phase, indicative of cell cycle arrest and consistent with cell growth data for MNU shown 
in Fig.  2a. On days 10 and 14 too few cells remained to perform any flow cytometry. O6-methylguanine is 
considered to be the main toxic lesion induced by methylating agents like MNU and does not seem to induce 
significant levels of micronuclei at toxic concentrations. However, this lesion induces delayed toxicity which 
occurs after DNA replication, when repeated unsuccessful attempts to correct a mismatched base opposite 
the O6-methylguanine base result in the formation of a DNA double-strand  break53. This delayed effect was 
observed in cell viability measurements (Fig. 3).

Subsequently, to determine concentrations of MNU that would be compatible with long-term exposure 
scenarios, cell viability tests were performed for a range of concentrations. Figure 3 shows that even at a concen-
tration of 2 μg/ml, less than 50% of cells were viable three days after the exposure, despite good viability at 24 h. 
Doses ranging from 0.1 to 1 μg/ml demonstrated a decrease in viability from 95 to 73% with increasing dose 
at 48 h, but a significantly steeper decrease from 91 to 51% at 72 h. Over the dose ranges assessed the dose of 
0.25 μg/ml MNU was well tolerated by the cells at all three time points measured and was therefore subsequently 
used for long-term exposures.

Main study: long-term exposures to chemicals. GM1899A cells were chronically exposed to 20 ng/ml 
4NQO, 10 μM  H2O2, 0.25 μg/ml MNU or sham-exposed in a set of long-term experiments. Cells were split and 
medium and chemical renewed every 3.5 days. Samples of cells from each chemical exposure were exposed to 
1 Gy of X-rays every four weeks and processed for 1) flow cytometry to monitor changes in cell cycle distribution 
and apoptosis, 2) chromosome aberration analysis and 3) the micronucleus assay.
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Figure 2.  Cell growth (a) and flow cytometric analysis of the cell cycle distribution (b) of GM1899A cells 
propagated 1:3 every 3.5 days over a two-week period in the absence (untreated) or presence of 20 ng/ml 4NQO, 
10 μM  H2O2, or 20 μg/ml MNU. Relative cell number for each time point was calculated as total cell number for 
that point divided by total cell number at day 0 and plotted on a logarithmic scale. Cell cycle distributions were 
determined by propidium iodide-based DNA content analysis. Results are based on one experiment.
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Throughout the 6 months exposure experiments cell counts were obtained. Cell growth results in Fig. 4a show 
that exposure to 20 ng/ml 4NQO was well tolerated over the 6 months period, with no significant effect of the 
chemical on cell numbers over time (p = 0.883), although the treatment resulted in a consistent 20% reduction in 
cell numbers for treated cells over the time period (p < 0.001). Exposure to 10 μM  H2O2 (Fig. 4b) or to 0.25 μg/
ml MNU (Fig. 4c) was similarly well tolerated over the 6 months period, though both the chemical and time did 
induce a small, but significant, reduction in cell numbers during this time (p all < 0.001).

Long-term exposure to 20 ng/ml 4NQO induced a few dicentric chromosomes (Fig. 5a; p = 0.004) and sig-
nificant levels of acentric chromosome fragments (Fig. 6a; p < 0.001) above the levels found in sham-exposed 
cells after months 1–6 of exposure, with a significant difference in the responses for the different time points 
for fragments only (p = 0.038). Direct induction of dicentrics by 4NQO would be somewhat unexpected, as this 
is mechanistically difficult to explain and has not been reported previously. However, the dicentrics observed 
here are likely ‘derived’ ones. Such indirectly induced dicentrics are typically not accompanied by an acentric 
fragment. They are formed when unrepaired DNA lesions are converted into chromosomal aberrations during 
DNA replication. 

Exposure to 1 Gy X-rays induced similar yields of dicentrics at all time points, irrespective of whether cells 
had been chronically exposed to 4NQO or not, with significant induction associated with exposure to X-rays only 
(p < 0.001) but with no significant interaction effect detected for the X-rays plus the chemical (p = 0.175). Pooling 
of all time points was therefore justified since no time dependent changes were observed (see Supplementary 
Table S1 online; p for time, all endpoints > 0.05). In total, 5 dicentrics and 11 acentrics were observed in 257 
untreated cells, compared to 13 dicentrics and 57 acentrics in 300 4NQO-treated cells, whilst 310 cells exposed 
to 1 Gy X-rays contained 74 dicentrics/51 acentrics and 361 combined-treated cells contained 108 dicentrics/91 
acentrics. See Supplementary Table S1 for the full data set on chromosomal aberrations.

The yields of chromosome damage did not change significantly for any of the treatment groups during 
long-term exposure. Exposure to 20 ng/ml 4NQO increased micronuclei levels consistently above the baseline 
levels and in combination with X-rays induced a significant increase in micronuclei compared with X-rays 
alone (Fig. 7a and Supplementary Table S2; p < 0.001). This was consistent with an additive effect. As observed 
for chromosome aberrations, micronuclei formation did not change over the duration of exposure (p = 0.560) 
so that individual counts were pooled to give 54 micronuclei in 1407 binucleated untreated cells; 149 in 1310 
X-irradiated cells; 122 in 1248 4NQO-treated cells and 189 in 1195 combined-treated cells.

Long-term exposure to 10 μM  H2O2 did not induce any dicentric chromosomes (Fig. 5b) but a similar number 
of chromosome fragments as 1 Gy of X-rays (Fig. 6b) above the level found in sham-exposed cells after long-term 
exposure (p < 0.05). Exposure to 1 Gy X-rays induced a similar level of dicentrics at all time points, irrespective 
of whether cells had been chronically exposed to hydrogen peroxide or not. Chromosome fragment data show 
a slight, but not significant, increase in combined treatment samples compared to single treatments, consistent 
with an additive effect.

Exposure to 10 μM  H2O2 increased micronuclei levels slightly, but consistently above the baseline levels and 
in combination with X-rays induced a significant increase in micronuclei compared with X-rays alone (Fig. 7b 
and Supplementary Table S2; p < 0.001). This was consistent with an additive effect. Micronuclei formation did 
not change over the duration of exposure so that individual counts were pooled to give 50 micronuclei in 1265 
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Figure 3.  Cell viability analysis of GM1899A cells 24 and 72 h after exposure to different concentrations of 
MNU. The CellTiter-Blue Cell Viability Assay (Promega) was used. Error bars are standard deviations from 2–3 
experiments.
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binucleated untreated cells; 132 in 1225 X-irradiated cells; 77 in 1150  H2O2-treated cells and 155 in 1130 com-
bined X-rays and  H2O2-treated cells.

Figure 5c shows that exposure to 0.25 μg/ml MNU did not induce a significant number of dicentrics but 
levels of chromosome fragments shown in Fig. 6c were similar to the samples treated with 1 Gy of X-rays and 
sham-exposed cells after 5 months of exposure. Exposure to 1 Gy X-rays induced a similar level of dicentrics 
at all time points, but levels tended to be slightly higher for cells that had been chronically exposed to MNU. 
This trend was, however, not significant. Chromosome fragment data show an increase in combined treatment 
samples compared to single treatments, consistent with an additive effect.

Figure 7c shows that exposure to 0.25 μg/ml MNU increased somewhat the micronuclei levels and in com-
bination with X-rays induced a significant increase in micronuclei compared with X-rays alone (for all data 
set see Supplementary Table S2; p < 0.001). Individual counts for each treatment group were pooled because 
micronuclei formation did not change over the 5 months duration of exposure. 49 micronuclei were observed 
in 1220 binucleated untreated cells; 141 in 1250 X-irradiated cells; 118 in 1250 MNU-treated cells and 167 in 
1120 combined-treated cells.

Our in vitro studies using human EBV-transformed lymphoblastoid cells have aimed to simulate exposure 
situations in which an individual is exposed chronically to a chemical genotoxicant and is then exposed to ionis-
ing radiation in a medical or accidental context.

In conclusion no significant acute effects on cell proliferation from any of the three agents was observed at the 
concentrations selected for chronic exposures, however, there was induction of various types of chromosomal 
damage such as micronuclei, dicentrics, and fragments—manifestations of chromosome injury which also are 
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exposure to 1 Gy X-rays (b); 0.25 μg/ml MNU or sham-exposure and/or acute exposure to 1 Gy X-rays (c). 
Error bars are Poisson errors.
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Figure 7.  Micronuclei (MN) per binucleated cell after 1–6 months of chronic exposure to 20 ng/ml 4NQO or sham-exposure 
and/or acute exposure to 1 Gy X-rays (a), 10 μM  H2O2 or sham-exposure and/or acute exposure to 1 Gy X-rays (b), 0.25 μg/
ml MNU or sham-exposure and/or acute exposure to 1 Gy X-rays (c). Between 115 and 275 binucleated cells were scored per 
data point for (a), between 200 and 270 cells for (b) and between 200 and 250 cells for (c). Error bars are Poisson errors.
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typical for radiation exposure. The crucial question is whether chronic exposure to these chemicals sensitises 
cells to subsequent radiation exposure or whether effects from either are just additive.

A similar study has been performed on sodium arsenite, which is a well-established carcinogen and geno-
toxicant using the same experimental protocol and the same  model25. Here other genotoxic agents have been 
investigated, results of these studies are as summarised above.

The consistent finding of additive effects for the studied combined exposures suggests that, typically, radia-
tion responses assessed with cytogenetic end points do not seem to be altered by long-term low level chemical 
exposure of GM1899A cells. Specifically, no significant adaptive responses or sensitising effects were observed in 
this cell line. Instead, the cellular response mechanisms for radiation damage, DNA repair, cell cycle checkpoint 
control and cellular survival/death pathways, seem to operate without any modulatory effects from chronic low-
level chemical exposure in the systems analysed here. The obvious limitation of this study is the in vitro nature of 
the work which involved the use of an established human EBV-transformed lymphoblastoid cell line rather than 
primary human tissues. Therefore, this study is in itself insufficient to provide conclusive evidence on human 
health implications from combined exposures. The above conclusions are only valid for ionising radiation as 
a challenging agent and may depend on the use of this particular cell line. In vivo, supracellular and systemic 
aspects like inflammatory and immune responses need to be taken into account in future work. Although, the 
cytogenetic endpoints used here are currently the most suitable biomarkers for cancer risk, they are probably not 
informative for non-cancer effects like cardiovascular diseases which have more recently emerged as important 
medical conditions associated with exposure to low or moderate levels of a range of environmental hazards, 
including chemicals and ionising  radiation54. Integration of sublethal concentrations and endpoints into risk 
assessment frameworks is important. This study does not deal with chronic toxicity effects arising at individual or 
population levels following long-term continuous or fluctuating exposure to chemicals at sublethal concentrations 
(not high enough to cause mortality or directly observable impairment following acute short-term exposure).

There are many examples of studies on combined exposures to ionising radiation and genotoxic agents includ-
ing the improvement of tumour therapy by concurrent treatment with a chemical. However, the high doses and 
deterministic effects involved in these combined therapies cannot be simply related to low level combined effects.

We conclude, in agreement with the UNSCEAR 2000  Report2 that exposures of GM1899A cells to radiation 
and low level chemicals yield additive effects.

Materials and methods
Most of the procedures described here were the same as in Nuta et al.25.

Cells. GM 1899A, a normal human lymphoblastoid line (received from Dr M O’Donovan, Astra Charnwood, 
Loughborough, UK) was used for all experiments. Many studies on chemical exposures are performed using 
lymphoblastoid cells lines such as TK6, AHH-18,39,40. Usage of lymphoblastoid cell lines established by in vitro 
infection with Epstein Barr Virus (EBV) as a reliable model system for carcinogen sensitivity, DNA damage/
repair and other analyses has been consistent throughout the last decade. Since this is a study in which acute and 
long term (6 months) toxicity of the genotoxins were tested there was a reason to believe that the GM1899A cell 
line that was readily available in our lab is in close resemblance with the parent lymphocytes. Cells were grown 
in suspension at 37 °C in a humidified atmosphere of 95% air: 5%  CO2 in Dutch Modified RPMI 1640 medium 
supplemented with 20% heat-inactivated fetal bovine serum, 2 mM sodium pyruvate, 2 mM l-glutamine and 
antibiotic/antimycotic (penicilin streptomycin solution)(Gibco Life Technologies, UK). For all experiments, 
asynchronous suspension cultures in the exponential phase of growth were seeded from the same batch and 
grown in T75 flasks.

Treatment with chemicals. N-nitroso-N-methylurea (MNU) and 4-nitroquinoline-1-oxide (4NQO) 
were initially dissolved in DMSO and then further diluted in water. Hydrogen peroxide  (H2O2) was diluted in 
water. Chemicals were supplied by Sigma-Aldrich, UK. DMSO concentrations were never higher than 0.1% for 
acute exposures and below 0.01% for chronic exposures. For acute exposures, cells seeded at 0.6 ×  105 cells/ml 
were treated with different concentrations of chemicals for 24 h. For long-term exposures, cells were cultured in 
the presence of 0 or 20 ng/ml 4NQO, 0 or 0.25 μg/ml MNU, and 0 or 10 μM  H2O2. Cells were counted, split and 
medium and chemical renewed every 3.5 days.

Irradiation. Every four weeks, aliquots of long-term chemical-treated cells were exposed at room tempera-
ture to 0 or 1 Gy of 250 kVp X-rays, with 11 mA and Al/Cu filtration, at a dose rate of approximately 1 Gy/min. 
The non-chemical exposed parallel controls were also X-rayed and sham X-rayed. Physical dosimetry was car-
ried out with a calibrated Farmer dosemeter in the same geometry as the specimens.

Cytokinesis-blocked micronucleus assay. Treated and sham-treated cells were cultured for 24 h in the 
presence of 3 μg/ml cytochalasin B (added 30 min post irradiation) and washed with medium. For the acute and 
the long-term exposures, cells were resuspended in 5 ml cold hypotonic solution (KCl 5.6 g/l), spun down again 
and fixed in 5 ml fixative (acetic-acid: methanol, 1:10 v/v) (Fisher Scientific, UK). Three drops of formaldehyde 
37% (Polysciences, UK) were added and the fixative was changed twice after centrifugation at 600 rpm for 8 min. 
Fixed cell suspensions were dropped onto pre-cleaned microscope slides with a drawn-out Pasteur pipette and 
all slides were stained for 3.5–5 min in a 2% aqueous Giemsa solution (BDH Laboratory Supplies, UK), air-dried 
at room temperature and mounted in DPX mounting medium (Thermo Scientific, UK). Micronuclei in binucle-
ated cells were scored by eye at 1000 × magnification with an Axioskop (ZEISS, Germany) microscope under oil 
immersion.
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Chromosomal aberration analyses. Colcemid at a concentration of 25 μg/ml was added to each cell 
culture 22 h after irradiation or mock-irradiation which was then returned to the incubator for 2 h. After this 
time cells were spun down, treated with prewarmed hypotonic KCl solution (5.6 g/l) and incubated for 15 min 
in a water bath at 37 °C, spun down and fixed three times in methanol: acetic acid (3:1 v/v). The slides were 
prepared and stained with Giemsa solution as described above. Scoring of dicentrics, acentric fragments and 
all other aberrations was carried out at 1,000 × magnification under oil immersion using the Metafer metaphase 
finding system (MetaSystems). All dicentrics were scored, noting whether or not they were accompanied by an 
acentric fragment. In addition, excess acentric fragments were scored, i.e. those not accompanied by a dicentric.

Flow cytometric cell cycle analyses. Cells were harvested by centrifugation at 1200  rpm at 4  °C for 
5 min and resuspended in PBS.  106 cells were prepared per tube, fixed in cold ethanol (70%) and stained with 
1 μg/ml propidium iodide solution. Cells were analysed in a FACSCalibur flow cytometer (BD Biosciences) with 
excitation at 488 nm.

MTT assay. The CellTiter-Blue cell viability assay (Promega) was used. Triplicate wells containing cells 
treated with MNU at different concentrations were set in parallel with no-cell control wells which served as 
negative control to determine background fluorescence and with untreated cells control wells. Briefly, 96-well 
plates containing cells in culture medium were prepared and the test compound and vehicle controls were set up 
according to the protocol. Cells were cultured for the desired test exposure period, removed from the incuba-
tor and 20 µl/well of CellTiter-Blue reagent was added to each plate. After an incubation step, fluorescence at 
560/590 nm was recorded using a plate-reading fluorometer. Calculation of results was executed according to 
the suppliers’ protocol.

Data analyses. The “Dose Estimate” software was used to calculate Poisson  errors55.
A subset of the control and treated data for each analysis and endpoint were tested for normality using the 

Anderson Darling normality testing. General linear model analysis of variance (ANOVA) was then carried out 
to investigate the effects of the experimental factors on the outcomes. For the pilot studies, for acute genotoxic 
effects of chemicals, the ANOVA model factor was chemical concentration and the response was percentage of 
binucleated cells or yield of micronuclei. For the medium term exposures to chemicals, the model factors were 
culture time and chemical for the response relative cell number, and concentration and time for the response 
percentage viability. For the main study, ANOVA was used to assess the impact of factors days in culture (0–160) 
with or without the chemicals on cell count. To investigate the role of radiation with or without chemicals on the 
observed number of dicentrics per metaphase, fragments per metaphase and total micronuclei per binucleated 
cell, the ANOVA factors were exposure month (1–6), radiation dose (0 or 1 Gy), and chemical (0 or concentra-
tions as detailed in the main text). In each case, the effect of the irradiation and chemicals was also tested for 
evidence of interaction between these factors.

Data availability
All data generated and analysed during this study are included in this published article (and its Supplementary 
Information files).

Received: 28 January 2021; Accepted: 27 May 2021

References
 1. Bouffler, S. et al. Strategic Research Agenda of the Multidisciplinary European Low Dose Initiative (MELODI). http:// www. melodi- 

online. eu/m_ docs_ sra. html (2019).
 2. UNSCEAR. The United Nations Scientific Committee on the Effects of Atomic Radiation Report Vol. II: Sources and effects of ionizing 

radiation. (Annex H: Combined effects of radiation and other agents, UNSCEAR, Vienna, 2000).
 3. Lee, T. C., Tzeng, S. F., Chang, W. J., Lin, Y. C. & Jan, K. Y. Post-treatments with sodium arsenite during G2 enhance the frequency 

of chromosomal aberrations induced by S-dependent clastogens. Mutat. Res. 163, 263–269 (1986).
 4. Jha, A. N., Noditi, M., Nilsson, R. & Natarajan, A. T. Genotoxic effects of sodium arsenite on human cells. Mutat. Res. 284, 215–221 

(1992).
 5. Yager, J. W. & Wiencke, J. K. Enhancement of chromosomal damage by arsenic: Implications for mechanism. Environ. Health 

Perspect. 101(Suppl 3), 79–82 (1993).
 6. Lerda, D. Sister-chromatid exchange (SCE) among individuals chronically exposed to arsenic in drinking water. Mutat. Res. 312, 

111–120 (1994).
 7. Yih, L. H., Ho, I. C. & Lee, T. C. Sodium arsenite disturbs mitosis and induces chromosome loss in human fibroblasts. Cancer Res. 

57, 5051–5059 (1997).
 8. Brüsehafer, K. et al. The clastogenicity of 4NQO is cell-type dependent and linked to cytotoxicity, length of exposure and p53 

proficiency. Mutagenesis 31, 171–180 (2016).
 9. Dong, J. T. & Luo, X. M. Effects of arsenic on DNA damage and repair in human fetal lung fibroblasts. Mutat. Res. 315, 11–15 

(1994).
 10. Lynn, S., Shiung, J. N., Gurr, J. R. & Jan, K. Y. Arsenite stimulates poly(ADP-ribosylation) by generation of nitric oxide. Free Radic. 

Biol. Med. 24, 442–449 (1998).
 11. Lu, K. et al. Structural characterization of formaldehyde-induced cross-links between amino acids and deoxynucleosides and their 

oligomers. J. Am. Chem. Soc. 132, 3388–3399 (2010).
 12. Michaelson-Richie, E. D. et al. DNA–protein cross-linking by 1,2,3,4-diepoxybutane. J. Proteome Res. 9, 4356–4367 (2010).
 13. Gherezghiher, T. B., Ming, X., Villalta, P. W., Campbell, C. & Tretyakova, N. Y. 1,2,3,4-Diepoxybutane-induced DNA–protein 

cross-linking in human fibrosarcoma (HT1080) cells. J. Proteome Res. 12, 2151–2164 (2013).
 14. Proctor, D. M., Suh, M., Campleman, S. L. & Thompson, C. M. Assessment of the mode of action for hexavalent chromium-induced 

lung cancer following inhalation exposures. Toxicology 325, 160–179 (2014).

http://www.melodi-online.eu/m_docs_sra.html
http://www.melodi-online.eu/m_docs_sra.html


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:12616  | https://doi.org/10.1038/s41598-021-91957-y

www.nature.com/scientificreports/

 15. Tretyakova, N. Y., Groehler, A. & Ji, S. DNA-protein cross-links: Formation, structural identities, and biological outcomes. Acc. 
Chem. Res. 48, 1631–1644 (2015).

 16. Park, H. S., Ha, E. H., Lee, K. H. & Hong, Y. C. Benzo[a]pyrene-induced DNA-protein crosslinks in cultured human lymphocytes 
and the role of the GSTM1 and GSTT1 genotypes. J. Korean Med. Sci. 17, 316–321 (2002).

 17. Bau, D. T. et al. Oxidative DNA adducts and DNA-protein cross-links are the major DNA lesions induced by arsenite. Environ. 
Health Perspec. 110, 753–756 (2002).

 18. Chen, W. C. & McKone, T. E. Chronic health risks from aggregate exposures to ionising radiation and chemicals: Scientific basis 
for an assessment framework. Risk Anal. 21, 25–42 (2001).

 19. Zembutsu, H. et al. Genome-wide cDNA microarray screening to correlate gene expression profiles with sensitivity of 85 human 
cancer xenographs to anti-cancer drugs. Cancer Res. 62, 518–527 (2002).

 20. Worrillow, L. J. & Allan, J. M. Deregulation of homologous recombination DNA repair in alkylating agent treated stem cell clones: 
A possible role in the aetiology of chemotherapy-induced leukaemia. Oncogene 25, 1709–1720 (2005).

 21. Andrew, A. S. et al. Genomic and proteomic profiling of responses to toxic metals in human lung cells. Environ. Health Perspect. 
111, 825–835 (2003).

 22. Fratelli, M. et al. Gene expression profiling reveals a signaling role of glutathione in redox regulation. Proc. Natl. Acad. Sci. USA 
102, 13998–14003 (2005).

 23. Kyng, K. J. et al. Gene expression responses to DNA damage are altered in human ageing and in Werner Syndrome. Oncogene 24, 
5026–5042 (2005).

 24. Danaee, H., Nelson, H. H., Liber, H., Little, J. B. & Kelsey, K. T. Low dose exposure to sodium arsenite synergistically interacts 
with UV radiation to induce mutations and alter DNA repair in human cells. Mutagenesis 19, 143–148 (2004).

 25. Nuta, O. et al. Impact of long-term exposure to sodium arsenite on cytogenetic radiation damage. Mutagenesis 29, 123–129 (2014).
 26. Nakahara, W., Fukuoka, F. & Sugimura, T. Carcinogenic action of 4-nitroquinoline-N-oxide. Gann 48, 129–137 (1957).
 27. Kamahora, J. & Kakunaga, T. In vitro carcinogenesis of 4-nitro-quinoline 1-oxide with hamster embryonic cells. Proc. Jpn. Acad. 

42, 1079–1081 (1966).
 28. Namba, M., Masuji, H. and Sato, J. Malignant transformation of cultured rat cells treated with 4-nitroquinoline l-oxide (in Japa-

nese). Proc. Jap. Cancer Ass. 27th gen. Mtg. 92 (1968).
 29. Sato, H. & Kuroki, T. Malignization in vitro of hamster embryonic cells by chemical carcinogens. Proc Jpn Acad. 42, 1211–1216 

(1966).
 30. Bailleul, B., Daubersies, P., Galiegue-Zouitina, S. & Loucheux-Lefebvre, M. H. Molecular basis of 4-nitroquinoline 1-oxide car-

cinogenesis. Jpn. J. Cancer Res. 80, 691–697 (1989).
 31. Gebhart, E. et al. Spontaneous and induced chromosomal instability in Werner syndrome. Hum. Genet. 80, 135–139 (1988).
 32. Baohong, W. et al. Studying the synergistic damage effects induced by 1.8 GHz radiofrequency field radiation (RFR) with four 

chemical mutagens on human lymphocyte DNA using comet assay in vitro. Mutat. Res. 578, 149–157 (2005).
 33. Nunoshiba, T. & Demple, B. Potent intracellular oxidative stress exerted by the carcinogen 4-nitroquinoline-N-oxide. Cancer Res. 

53, 3250–3252 (1993).
 34. Kanojia, D. & Vaidya, M. M. 4-Nitroquinoline-1-oxide induced experimental oral carcinogenesis. Oral Oncol. 42, 655–667 (2006).
 35. Hiragun, A. & Nishim, Y. Induction of chromosome aberrations in cultured human lymphocytes by 4-nitroquinoline 1-oxide. 

Gann 64, 183–187 (1973).
 36. Preston, R. J. & Gooch, P. C. The induction of chromosome-type aberrations in  G1 by methyl methanesulfonate and 4-nitroquin-

oline-N, -oxide, and the non-requirement of an S-phase for their production. Mutat. Res. 83, 395–402 (1981).
 37. Müller, W. & Streffer, C. Micronucleus assays. In Advances in Mutagenesis Research Vol. 5 (ed. Obe, G.) 4–134 (Springer, 1994).
 38. Heddle, J. A., Kreijnsky, A. B. & Marshall, R. R. Cellular sensitivity to mutagens and carcinogens in the chromosome-breakage 

and other cancer-prone syndromes. In Chromosome Mutation and Neoplasia (ed. German, J.) 203–234 (A.R. Liss, 1983).
 39. Valentin-Severin, I., Le Hegarat, L., Lhuguenot, J. C., Le Bon, A. M. & Chagnon, M. C. Use of HepG2 cell line for direct or indirect 

mutagens screening: Comparative investigation between comet and micronucleus assays. Mutat. Res. 536, 79–90 (2003).
 40. Penman, B. W., Crespi, C. L., Komives, E. A., Liber, H. L. & Thilly, W. G. Mutation of human lymphoblasts exposed to low con-

centrations of chemical mutagens for long periods of time. Mutat. Res. 108(1–3), 417–436 (1983).
 41. Imaoka, T. et al. Molecular characterization of cancer reveals interactions between ionizing radiation and chemicals on rat mam-

mary carcinogenesis. Int. J. Cancer 134, 1529–1538 (2014).
 42. Olive, P. L. & Johnston, P. J. DNA damage from oxidants: Influence of lesion complexity and chromatin organization. Oncol Res. 

9, 287–294 (1997).
 43. Cimino, M. C. Comparative overview of current international strategies and guidelines for genetic toxicology testing for regulatory 

purposes. Environ. Mol. Mutagen. 47, 362–390 (2006).
 44. Zhou, C. et al. Assessment of 5-fluorouracil and 4-nitroquinoline-1-oxide in vivo genotoxicity with Pig-a mutation and micronu-

cleus endpoints. Environ. Mol. Mutagen. 55, 735–740 (2014).
 45. Horibata, K. et al. Evaluation of in vivo genotoxicity induced by N-ethyl-N-nitrosourea, benzo[a]pyrene, and 4-nitroquinoline-

1-oxide in the Pig-a and gpt assays. Environ. Mol. Mutagen. 54, 747–754 (2013).
 46. Okada, E., Fujiishi, Y., Yasutake, N. & Ohyama, W. Detection of micronucleated cells and gene expression changes in glandular 

stomach of mice treated with stomach-targeted carcinogens. Mutat. Res. 657, 39–42 (2008).
 47. Hasgekar, N. N., Pendse, A. M. & Lalitha, V. S. Effect of irradiation on ethyl nitrosourea induced neural tumors in Wistar rat. 

Cancer Lett. 30, 85–90 (1986).
 48. Hoshino, H. & Tanooka, H. Interval effect of -irradiation and subsequent 4-nitroquinoline 1-oxide painting on skin tumor induc-

tion in mice. Cancer Res. 35, 3663–3666 (1975).
 49. Stammberger, I., Schmahl, W. & Nice, L. The effects of x-irradiation, N-ethyl-N-nitrosourea or combined treatment on O6-alkyl-

guanine-DNA alkyltransferase activity in fetal rat brain and liver and the induction of CNS tumours. Carcinogenesis 11, 219–222 
(1990).

 50. Seidel, H. J. & Bischof, S. Effects of radiation on murine T-cell leukemogenesis induced by butylnitrosourea. J. Cancer Res. Clin. 
Oncol. 105, 243–249 (1983).

 51. Seyama, T. et al. Synergistic effect of radiation and N-nitrosoethylurea in the induction of lymphoma in mice: Cellular kinetics 
and carcinogenesis. Jpn. J. Cancer Res. 76, 20–27 (1985).

 52. Seidel, H. J. Effects of radiation and other influences on chemical lymphomagenesis. Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. 
Med. 51, 1041–1048 (1987).

 53. Rajewsky, M. F., Engelbergs, J., Thomale, J. & Schweer, T. DNA repair: Counteragent in mutagenesis and carcinogenesis: Accomplice 
in cancer therapy resistance. Mutat. Res. 462, 101–105 (2000).

 54. Azizova, T. V., Grigorieva, E. S., Hunter, N., Pikulina, M. V. & Moseeva, M. B. Risk of mortality from circulatory diseases in Mayak 
workers cohort following occupational radiation exposure. J. Radiol. Prot. 35, 517–538 (2015).

 55. Ainsbury, E. A. & Lloyd, D. C. Dose estimation software for radiation biodosimetry. Health Phys. 98, 290–295 (2010).



13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12616  | https://doi.org/10.1038/s41598-021-91957-y

www.nature.com/scientificreports/

Acknowledgements
Experiments were entirely performed at the Public Health England. This work was supported by the Department 
of Health Radiation Protection Research Programme (RRX114) and the National Institute for Health Research 
Centre for Research in Health Protection at the Public Health England. The views expressed in this publication 
are those of the author(s) and not necessarily those of the National Health Service, the National Institute for 
Health Research or the Department of Health.

Author contributions
S.B., D.L., O.S. contributed to the conception of the work. O.N. performed the experiments, collected the data 
and took the lead in writing the manuscript under the supervision of K.R. O.N. and K.R. prepared the figures and 
processed the experimental data. E.A. performed the data analyses. O.N., S.B., D.L., K.R., E.A., O.S. contributed 
to the critical revision of the article. All authors approved the version to be published.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 91957-y.

Correspondence and requests for materials should be addressed to O.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-91957-y
https://doi.org/10.1038/s41598-021-91957-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigating the impact of long term exposure to chemical agents on the chromosomal radiosensitivity using human lymphoblastoid GM1899A cells
	Results and discussion
	Initial statistical analyses. 
	Pilot studies. 
	Acute genotoxic effects of chemicals. 
	Medium term (2 weeks) exposures to chemicals. 

	Main study: long-term exposures to chemicals. 

	Materials and methods
	Cells. 
	Treatment with chemicals. 
	Irradiation. 
	Cytokinesis-blocked micronucleus assay. 
	Chromosomal aberration analyses. 
	Flow cytometric cell cycle analyses. 
	MTT assay. 
	Data analyses. 

	References
	Acknowledgements


