
Aim of the study was to compare 
radiobiological effects of multiple vs. 
single low-dose pre-irradiation on the 
HT29 cell line. This regime is designed 
to be as similar as possible to fraction-
ated tumour radiotherapy treatment, 
and to provide data on radiobiological 
effects on human tumour cells.
Material and methods: The cell line 
used in the study was HT29 (human 
colorectal adenocarcinoma, American 
Type Culture Collection HTB-38™). 
Also, for comparison, the MRC5 cell line 
(human foetal lung fibroblasts, Amer-
ican Type Culture Collection CCL 171) 
was used.
Four-day treatment in a 4 × 2 Gy re-
gime was performed. Cell viability was 
evaluated by tetrazolium colorimetric 
MTT assay.
Results: Multiple low-dose pre-irradia-
tion induced a stronger radioadaptive 
response compared to single low-dose 
application in the HT29 cell line. Mul-
tiple pre-irradiation with 0.03 Gy and 
0.05 Gy caused radioadaptive effects, 
while in both single and multiple low-
dose pre-irradiation regimes 0.07 Gy 
led to radiosensitivity. Radiobiological 
effects induced in the HT29 cell line by 
low-dose pre-irradiation were evident-
ly weak during the treatment time, 
because a single low-dose applied only 
on the first day gave no radioadaptive 
effects. In the MRC5 cell line different 
effects were registered, since radioad-
aptive response has not been observed 
after multiple or single pre-irradiation.
Conclusions: The obtained data are 
interesting, especially for the possible 
application of low-dose pre-irradia-
tion in radiotherapy.
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Introduction

Radiobiology studies the effects of electromagnetic radiation on biological 
systems. These effects may include DNA damage, point mutations, chromo-
some aberrations, cell killing, disturbances in cell cycle and cell proliferation 
etc. [1]. Radiobiological effects depend on irradiation dose [2]. Very low-dose 
irradiation has different effects on cells in vitro, compared with high doses. 
Cell and tissue exposure to low doses followed by higher irradiation doses is 
known as radioadaptive irradiation. An adaptive dose is a low dose that can 
be applied before one or multifraction challenging doses. Adaptive response 
can lead to hypersensitivity or radioresistance [3]. It is known that low-dose 
irradiation can lead to two phenomena: to the bystander effect and to radio-
resistance or radiosensitivity [2].

Previous in vitro and in vivo experiments using low-dose irradiation fol-
lowed by high doses showed a reduction in the level of apoptosis associat-
ed with radioadaptive response [4, 5]. Radioadaptive response is registered 
using an ionising radiation dose below 0.1 Gy. Radioadaptive response can 
be examined by cell viability tests, chromosome aberration detection and 
tracking DNA breaks and repair systems [6]. Based on functional and single 
gene investigations, it has been suggested that the adaptive response phe-
notype is associated with DNA damage repair and stress response functions 
[7]. Changes of these functions may lead to the reduction of cytogenetic 
damages, and thus enhance the survival rate in mammalian cells [8–10].

The adaptive response could be used in particular radiotherapy indications. 
Several studies reported on the effects of pre-irradiation doses and variable 
challenging doses, but the exact mechanism of the effects is still unknown [7, 
11, 12]. Cell viability is a widely used parameter for cell line or model organism 
survival evaluation [13]. Previous studies [14, 15] on low-dose irradiation effects 
on cell viability were performed using low doses followed by single high-dose ir-
radiation. Schwarz et al. [13] showed an adaptive effect in HT29 and GM637 cell 
lines suggesting that 0.05 Gy might be the dose level that increases radiosen-
sitivity of tumour cells whilst sparing the effect on the viability of normal cells.

Our aim was to compare radiobiological effects of multiple vs. single low 
doses pre-irradiation on the HT29 cell line in four-day treatment in a 4 × 2 Gy 
regime. This regime is designed in order to mimic tumour radiotherapy treat-
ment, which could be useful in providing data on radiobiological effects on hu-
man tumour cells.

Material and methods

Cell line

The cell line used in the study was HT29 (human colorectal adenocarci-
noma, American Type Culture Collection HTB-38™). Also, for the compar-
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ison and evaluation of the data, MRC5 cell line (human 
foetal lung fibroblasts, American Type Culture Collection 
CCL 171) was used. The cells were grown in Dulbecco’s 
modified Eagle’s medium (DMEM) with 4.5% of glucose, 
supplemented with 10% of foetal calf serum (FCS, NIVNS) 
and antibiotics: 100 IU/cm3 of penicillin and 100 µg/cm3 of 
streptomycin (ICN Galenika). The cells were sub-cultured 
twice a week and a single cell suspension was obtained 
using 0.25% trypsin in EDTA (Serva). All cell lines were cul-
tured in flasks (Costar, 25 cm2) at 37°C in a 100%-humidity 
atmosphere and 5% CO

2
. Exponentially growing cells were 

used throughout the assays. The cell density (number of 
cells per unit volume) and percentage of viable cells were 
performed as previously described [16]. The viability of the 
cells used in the assay was over 90%.

Irradiation

Cell line was irradiated using a phantom constructed 
for our experimental requirements following these prin-
ciples: to minimise the presence of air between the flask 
and the hole where the flask is inserted, and therefore im-
prove scatter conditions in the medium and allow isodose 
coverage of 95–107%. The phantom was made of Plexiglas 
plates, due to its tissue equivalent characteristics. There 
were four holes to insert the flasks (Sarstedt, 25 cm2). The 
size of the phantom (30 cm × 30 cm × 5 cm) allowed suf-
ficient scatter material around the radiation field to cover 
the flasks in all three directions. Flasks with cell lines were 
placed into phantom holes and were CT scanned. The CT 
data were imported into a treatment planning system, 
contoured and planned with the commercial treatment 
planning system, Elekta XiO, version 4.62. The cell sam-
ples were pre-irradiated with 0.03 Gy, 0.05 Gy and 0.07 
Gy. There were two types of control samples: non-irradi-
ated cells (I) and non-pre-irradiated cells (II). Control II and 
pre-irradiated cells were further irradiated two hours after 
pre-irradiation, when the regime of 2 Gy daily, during four 
days, was applied. The first group of samples was pre-ir-
radiated only once (single low dose), on the first day of 
treatment, and the second group was pre-irradiated every 
day (multiple low doses) during the four-day treatment. 
The described regimes of irradiation were repeated twice. 
The cell lines were irradiated using Varian 600DBX; 6 × MV 
photon energy was used. For low dose pre-irradiation of 
0.03, 0.05 and 0.07 Gy, an 80-MU/min dose rate was ap-
plied and for the 2 Gy pre-irradiation, a 400-MU/min dose 
rate was used.

Colorimetric MTT (tetrazolium) assay

Cell viability was evaluated by tetrazolium colori-
metric MTT assay (SIGMA). The assay is based on the 
cleavage of the tetrazolium salt MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide), into for-
mazan by mitochondrial dehydrogenases in viable cells 
[17]. MTT (5 mg/ml) was dissolved in phosphate buffered 
saline (PBS) and filtered to sterilise and remove the small 
amount of insoluble residue present in some batches of 
MTT. Stock MTT solution (10 µl per 100 µl medium) was 
added to all wells, and plates were incubated at 37°C for  

4 hours. Acid isopropanol (100 µl of 0.04 N HCl in isopro-
panol) was added to all wells and mixed thoroughly to dis-
solve the dark blue crystals. After a few minutes at room 
temperature to ensure that all crystals were dissolved, 
the plates were read on a spectrophotometer microplate 
reader (Multiscan MCC340, LabSystems) at 540/690 nm. 
Plates were normally read within 1 hour of adding the iso-
propanol. The wells without cells containing complete me-
dium and MTT only acted as blanks.

Data analysis

All continuous variables are expressed as means ± stan-
dard deviation (SD). One-way variance analysis (ANOVA) 
was applied to test the differences in cell survival among 
controls and the different pre-irradiation doses applied, 
and Duncan and Tuckey post-hoc tests were performed af-
ter detecting the significance [18]. A probability value less 
than 0.05 was regarded as statistically significant.

Results

Radiobiological effects of multiple vs. single low-dose 
pre-irradiation were presented as absorbance values ob-
tained spectrophotometrically, which correlates to the num-
ber of viable and metabolically active cells (Figs. 1 and 2).  
It is clear that radiobiological effects differ depending on 
the applied irradiation regime.

Compared to non-irradiated control (I), a significant 
decrease of cell viability in the HT29 cell line was found 
after each, single pre-irradiation dose applied (p < 0.05, 
Duncan test). A single pre-irradiation dose of 0.03 Gy gave 
a non-significant increase, while 0.05 Gy and 0.07 Gy led 
to non-significant decreases in cell viability compared to 
the control (II) without pre-irradiation (Fig. 1).

A statistically significant difference in cell survival was 
found between 0.03 Gy and 0.05 Gy pre-irradiation, and 
between 0.03 Gy and 0.07 Gy, respectively, only for the 
single, low-dose pre-irradiation regime (p < 0.05, Duncan 
test) (Fig. 1).

A statistically significant decrease of cell viability in the 
HT29 cell line was registered after multiple pre-irradiation 
with a 0.07-Gy dose compared to a control (II) without 
pre-irradiation, while low-doses of 0.03 Gy and 0.05 Gy in 
the same regime induced significant increase of cell viabil-
ity (p < 0.05, Duncan and Tuckey test) (Fig. 1).

Single low-doses pre-irradiation on the MRC5 cell line 
induced no statistically significant decrease of the cell vi-
ability. Multiple low-dose pre-irradiation led to statistical-
ly significant decrease of cell viability after 0.03 Gy, while 
0.05 Gy induced statistically significant radioadaptive re-
sponse (Fig. 2).

Discussion

Radiobiological effects on the HT29 and MRC5 cell lines 
induced by multiple vs. single low-dose pre-irradiation were 
compared after a designed irradiation regime of 4 × 2 Gy  
during four days.

Human colorectal carcinoma cells and normal lung fi-
broblast cells expressed similar radiobiological responses 
after 0.05 Gy applied as multiple pre-irradiation doses. 
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A low dose of 0.05 Gy applied on the first day induced 
a non-significant decrease of cell viability in the HT29 cell 
line, contrary to multiple pre-irradiation, which significant-
ly increased cell viability. In the MRC5 cell line multiple low-
dose pre-irradiation with 0.05 Gy led also to a statistically 
significant increase in cell viability. It can be concluded 
that the 0.05 Gy low dose caused strong radioadaptive re-
sponses in both cell lines.

After a single pre-irradiation dose of 0.03 Gy, a non-sig-
nificant increase of cell viability was detected by MTT as-
say in HT29, while multiple pre-irradiation during the same 
overall treatment time led to an approximately two-fold 
increase in cell viability. The same low dose in the MRC5 
cell line, delivered as single dose, gave a non-significant 
decrease in cell viability, while in multiple pre-irradiation 
it led to a statistically significant decrease in cell viability. 
Multiple 0.03 Gy pre-irradiation dose led to the opposite 
effect in two cell lines.

A low dose of 0.07 Gy appears to have no effect in a sin-
gle pre-irradiation regime in both cell lines, while in multi-
ple low-dose pre-irradiation the opposite effect (although 
non significant) was detected: a decrease in cell viability 
in the HT29 cell line and an increase in cell viability in the 
MRC5 cell line.

These facts might indicate that an increase in pre-irra-
diation dose induces radioadaptive response in the MRC5 
cell line and reduces radioadaptive effects in HT29 cells, 
which could be a subject for further evaluation and possi-
ble application in radiotherapy treatment.

In a study designed as a single low-dose pre-irradiation 
followed by a single challenging dose with 4-hour intervals 
between doses, a decrease in cell viability was reported 
for the HT29 cell line [13]. Similar studies gave the same 
radiobiological response in the human bladder carcinoma 
cell line after a 0.05 Gy pre-irradiation dose [13, 14]. In our 
study, we detected the same response pattern for single 
application of low dose, while the opposite response was 

registered after multiple application of low-dose pre-irra-
diation. A cell viability increase was previously detected 
after 0.1 Gy pre-irradiation dose three hours before the 
challenging dose [19]. Our results indicate a possible in-
crease in cell viability, even though we applied a different 
regime. We applied the same multiple low-dose pre-irra-
diation, two hours before daily challenging dose of 2 Gy 
during four days, which is a regime more similar to a ther-
apeutic regime in clinical practice. Several authors stated 
that radioadaptive effects depend on de novo synthesis 
of proteins occurring after a priming dose, but in a period 
of 3–24 hours, depending on the cell line, cells return to 
their basic level of radiosensitivity [3, 19]. In our study we 
showed that radioadaptive effects can be observed two 
hours after priming and challenging doses.

However, it seems that level of the pre-irradiation dose 
plays an important role in induction of different radiobio-
logical effects, since, e.g. in the HT29 cell line 0.03 Gy and 
0.07 Gy, whether applied as a single or multiple dose, led 
to different cell survival. A low dose of 0.03 Gy in both re-
gimes caused an increase in cell viability, while 0.07 Gy 
led to a decrease in cell viability in HT29 cells. There is no 
clear explanation of these phenomena. It is known that 
p53 responds differently to various priming doses [20]. Ac-
tivation of p53 may lead to cell cycle arrest or to apoptosis, 
depending on dose intensity [21]. Colorectal cancer cells 
may activate protective mechanisms, most probably an-
ti-apoptotic after lower pre-irradiation dose, while a high-
er pre-irradiation dose could be too challenging for the cell 
survival mechanisms, and so a cell decrease was detected. 
In order to prove these speculations, further studies of 
molecular mechanisms should be done. Differences in ra-
diobiological responses after different priming doses were 
also detected by others [13], but the exact mechanism is 
still unknown.

The obtained data prove that the MTT assay represents 
an adequate approach in evaluating radioadaptive re-
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Fig. 1. MTT assay results of multiple vs. single low-dose pre-irradia-
tion on the HT29 cell line. C-non-irradiated cells; cells in both groups 
received 2 Gy daily during four-day treatment. Cells in group I addi-
tionally received a single pre-irradiation dose (0.00–0.07 Gy) 4 hours 
before irradiation by 2 Gy, while cells in group II received multiple 
pre-irradiation doses (0.00–0.07 Gy), during four-day treatment, be-
fore irradiation by 2 Gy. Solid lines connecting the columns represent 
statistically significant differences (p < 0.05)
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Fig. 2. MTT assay results of multiple vs. single low-dose pre-irra-
diation on the MRC5 cell line. C-non-irradiated cells; cells in both 
groups received 2 Gy daily during four-day treatment. Cells in group I  
additionally received single pre-irradiation dose (0.00–0.07 Gy) 
4 hours before irradiation by 2 Gy, while cells in group II received 
multiple pre-irradiation doses (0.00–0.07 Gy), during four-day treat-
ment, before irradiation by 2 Gy. Solid lines connecting the columns 
represent statistically significant differences (p < 0.05)
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sponses. Besides the MTT assay, different tests using 
tetrazolium salts have been used for the estimation of the 
cell metabolism, based on mitochondrial function [22–24]. 
Tetrazolium salts are used in cytotoxicity tests and cell  
proliferation tests since they accept electrons from oxi-
dised substrates or corresponding cofactors, which turns  
them into 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide. Formazan is a product of the reaction, a dark-
blue pigment. The reaction can take place only once in met-
abolically active cells, so formazan production correlates 
with the number of viable and metabolically active cells.

In conclusion, multiple low-dose pre-irradiation induced 
stronger radioadaptive response compared to single low-
dose application. Our study design gave several main con-
clusions: 1) multiple pre-irradiation causes radioadaptive ef- 
fects in the human colorectal carcinoma cell line for 0.03 Gy 
and 0.05 Gy, which is also proven for 0.05 Gy in normal 
foetal lung fibroblasts cells; 2) in both single and multiple 
pre-irradiation regimes 0.07 Gy led to a decrease in cell vi-
ability in HT29 and radiosensitivity, while radioresistance 
was registered in the MRC5 cell line; and 3) radiobiological 
effects induced by low-dose pre-irradiation were evidently 
weak during the treatment time, since a single low-dose 
applied only on the first day expressed no radioadaptive 
effect. Human colorectal carcinoma cells and normal lung 
fibroblast cells expressed similar radiobiological responses 
after 0.05 Gy was applied as multiple pre-irradiation dos-
es. However, the exact mechanisms that underlie the ob-
served effects are still unknown and further effort should 
be directed towards studies of the molecular mechanisms 
involved. Nevertheless, the obtained data are promising, 
especially in the possible application of low-dose pre-irra-
diation in radiotherapy.
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