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Abstract Double-strand breaks (DSB) are considered to
be the most relevant X-ray-induced DNA damages. y-
H2AX immunofluorescence microscopy is a sensitive and
reliable method for the quantification of distinct DSB. The
detectable amount of these DNA damages correlates well
with the dose received. A protective effect of different
antioxidants has been postulated. This review explains the
principle of the y-H2AX technique, describes important
results concerning DSB in radiologic examinations, and
provides an overview on studies evaluating the effect of
antioxidants on radiation-induced DNA damages with a
special focus on recent studies using the y-H2AX method.
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Introduction

Shortly after the discovery of X-rays, their damaging effect
on biological tissues was observed. The increasing number
of X-ray examinations during the recent decades led to the
focus on radiation protection and dosimetry. The determi-
nation of radiation exposure in diagnostic and interven-
tional radiology is usually based on physical measurements
or mathematical algorithms with standardized dose simu-
lations. However, these dose estimations can assess the
X-ray exposure but not the biological interaction of the
X-rays within the body of the patients. Nowadays, it is well
known that the biological radiation damage depends not
only on dose but also on other individual factors which
cannot be adequately ascertained by established techniques
for dose measurement. Several biological dosimetry
approaches failed due to the low sensitivity of the methods
[1].

Double-strand breaks (DSB) are considered to be the
most significant DNA lesions induced by ionizing radiation
[2]. These DNA lesions are usually efficiently repaired,
however DSB misrepair can lead to chromosomal trans-
locations and therefore initiate carcinogenesis [3, 4].

A novel immunofluorescence microscopy approach, that
is more sensitive than previous biological methods, allows
the determination of distinct cytological foci representing
DSB in peripheral blood lymphocytes and thus allows an
accurate monitoring of radiation effects on DNA and an
estimation of the biological radiation dose in diagnostic
and interventional radiology, and cardiology procedures [1,
5, 6¢, 7¢]. Various studies evaluating radiation-induced
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DNA DSB after radiological examinations and interven-
tions have been published during the last 10 years [3, 8-
12].

A protective effect of several antioxidants against bio-
logical radiation damage has been previously reported.
This review provides an overview on y-H2AX immuno-
fluorescence microscopy method and the recently pub-
lished data about the effect of antioxidants on X-ray-
induced DNA DSB.

v-H2AX Immunofluorescence Microscopy

After the induction of DNA DSB, the phosphorylation of
the histone variant H2AX is one of the earliest cellular
responses. This phosphorylated histone (termed y-H2AX)
can be visualized by fluorescence microscopy as distinct
fluorescent foci using specific primary and fluorescent
secondary antibodies [2, 6¢]. With this approach, lym-
phocytes, which are the most common white cells studied
with radiation models, are isolated from blood samples
using gradient centrifugation, and isolated cells are
washed and resuspended in phosphate buffered saline,
followed by fixation in 100 % methanol and permeabili-
zation in 100 % acetone. After a repeat washing, staining
is performed using specific y-H2AX primary and Alexa
Fluor 488-conjugated goat anti-mouse secondary anti-
bodies. Finally, cells are mounted with Vectashield®
mounting medium containing 4',6-diamidino-2-pheny-
lindole. Quantification of y-H2AX foci is performed using
a fluorescence microscope equipped with a 63x or a
100x magnification objective. The ratio of foci is related
to the total number of enumerated cells. The numbers of
excess foci representing distinct X-ray-induced DSB can
be calculated by subtraction of corresponding non-irradi-
ated (baseline levels) from irradiated samples. Addition-
ally, lymphocytes can also be stained against 53BPI,
which is another very sensitive marker for DNA DSB [13,
14]. This method of y-H2AX and also 53BP1 immuno-
fluorescence microscopy has been previously described in
detail [2, 6°, 15¢°].

After X-ray exposure, DSB induction leads to a quick
increase of foci and a peak value can be obtained within a
few minutes after irradiation. It has been demonstrated in
prior research studies that these yields of X-ray-induced
DSB correlate linearly with the deposited radiation dose
[6°]. In comparison to previous biological dosimetry
approaches (e.g., pulsed gel electrophoresis or detection of
chromosomal damages), this method is much more sensi-
tive and enables detection of biological doses as low as
1 mGy in vitro and in vivo. Therefore, this method is
applicable in dose ranges used in diagnostic and interven-
tional radiological procedures.
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DNA Double-Strand Breaks After X-ray Exposure
in Radiology

The initial experience studying y-H2AX foci in lympho-
cytes of patients undergoing CT scans was published in
2005 [2]. In all of the patients, a significant increase of y-
H2AX foci was observed 30 min after CT, and subse-
quently the DSB values dropped rapidly due to repairing
processes and at 24 h near-baseline values were reached.
The number of CT-induced DSB correlated well with the
dose length product, which is an established exposure
parameter in CT. An interesting observation in that study
was that at a comparable dose length product, an excessive
increase of CT-induced y-H2AX foci was present in one
patient with a DNA repair defect, compared to the
remaining subjects, that was considered to reflect that the
individual radiation damage depended not only on dose but
also on individual factors such as the repair capacity [2].

Several studies evaluated the effect of the scan protocols
on CT-induced y-H2AX foci in cardiac CT. A significant
correlation between radiation induced y-H2AX foci and the
dose length product was observed. Prospectively, ECG-
triggered sequential and high-pitch helical scans led to a
significant reduction of y-H2AX foci levels compared to
low-pitch helical scans [11, 12, 16]. A reduction of the tube
voltage to 100 kV led to significantly lower excess foci
levels compared to 120 kV protocols [16]. Interestingly, in
one report, excess foci, normalized to the dose length
product, showed a significant correlation to the attenuation
of the blood in the heart and in the great thoracic vessels,
indicating that iodinated contrast media may increase
radiation-induced damage levels [12].

The effect of contrast media on radiation-induced DSB
was evaluated in detail in a study published in Radiology in
the year 2009. Both in vitro experiments and in vivo
studies with patients undergoing chest CT have shown that
at the same radiation dose, significantly more DNA DSB
were measured when iodinated contrast media were
administered. The cause for the increased induction of DSB
in the presence of contrast medium can be explained with a
greater photoelectric absorption in the iodine atoms of the
contrast agent and the consequent greater exposure of
neighboring lymphocytes [17].

Various authors described y-H2AX foci after angio-
graphic examinations. In patients undergoing percutaneous
transluminal angioplasty of lower extremity arteries, a
correlation between DSB induction and the dose area
product, an established exposure parameter for fluoroscopy
and angiography, was found [9]. In another study, an
increase of DSB was observed in children following car-
diac catheterization, but the in vivo biological dose was not
linear in this low dose range [18]. An explanation or con-
firmation of this finding has not as yet been established.
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Two other studies have shown that the radiation-induced
DSB did not reveal good correlation with the dose area
product in patients undergoing angiography, but the sepa-
rate analysis of the various body regions showed good
correlation coefficients (e.g., r = 0.71 for pelvis-leg angi-
ography and r = 0.96 for abdominal angiography). These
differences can be explained by the different blood vol-
umes of the various body regions and the associated vari-
able number of exposed lymphocytes [10, 19].

Most recently, a study has described a slight but sig-
nificant increase of y-H2AX foci after full-field digital
mammography. In this study, a biological phantom model
was created that allowed generation of an estimation of the
DNA damage level in the exposed organ [20].

Effect of Antioxidants on X-ray-Induced DNA
Damages

DNA damage induction is based on the formation of free
radicals. A free radical is an atom or molecule that contains
one or more unpaired electrons in an outer orbital. Free rad-
icals are extremely reactive and induce oxidative stress in
tissues. Therefore, theoretically an antioxidant should protect
the body from free radicals and oxidative stress by donating
electrons. The protective effect of antioxidants against radi-
ation damages has been previously postulated [1, 21-23].
Some of these substances have been reported to be able
to reduce X-ray-induced DSBs in vitro or in animal studies.
Reliene et al. have described that N-acetylcysteine protects
against radiation-induced DNA damages in cell cultures
with human lymphoblastoid cells and in blood lympho-
cytes in a mouse model. This effect was dependent on the
concentrations of N-acetyl cysteine and the radiation dose,
and achieved a reduction of up to 80 % of DNA damage
[24]. Mansour et al. determined DNA damages in rats by
agarose gel electrophoresis after daily intraperitoneal
injection of N-acetylcysteine (1 g/kg) for 7 consecutive
days and gamma irradiation with 6 Gy. Pre-treatment led to
a significant decrease of DNA damage compared to con-
trols [25]. Tiwari et al. observed a concentration-dependent
protective effect of N-acetylcysteine, glutathione, and thi-
oproline against DNA damage in irradiated human lym-
phocytes (24 Gy) determined by micronucleus assay
(MN) [26]. Other antioxidants, vitamin E and selenium,
have demonstrated protective effects against radiation
damage in animal experiments [21]. Another study repor-
ted protection against radiation-induced oxidative stress by
various substances including vitamin C, N-acetyl cysteine,
sodium ascorbate, alpha-lipoic acid, L-selenomethionine,
and vitamin E in cell cultures of human breast epithelial
cells. In this report, the protection after X-ray exposure
reached up to 87 % using individual substances, and 94 %

using a combination of five compounds [27]. None of the
above-mentioned studies evaluated the effect after admin-
istration of these substances to humans.

In a study published in Radiology, a proprietary com-
position of antioxidants and glutathione-elevating agents
containing calcium ascorbate (vitamin C), d-alpha toc-
opheryl succinate (vitamin E), natural mixed carotenoids
(primarily beta-carotene), N-acetylcysteine, alpha-lipoic
acid, and L-selenomethionine was tested in in vitro and
combined in vivo/in vitro experiments (15). In this study,
blood samples were obtained from 25 healthy volunteers
(age 23-55 years; 12 female and 13 male). Exclusion cri-
teria were chemotherapy or radiation therapy within the
last 6 months, X-ray exposure within the last 3 days, and
history of leukemia or lymphoma.

Non-irradiated samples were used for the determination
of baseline levels in all experiments and ranged from 0.050
to 0.101/cell.

For in vitro experiments, samples were pre-incubated for
15 and 60 min with the antioxidant agent in solution (final
concentrations: 33 pg/ml calcium ascorbate, 0.027 IU/ml
d-alpha tocopheryl succinate, 1 pg/ml carotenoids, 16.7 pg/
ml N-acetylcysteine, 2 pg/ml R-Alpha-lipoic acid, and
6.7 ng/ml L-selenomethionine) and irradiated with a dose of
10 mGy at room temperature. Blood samples irradiated
with 10 mGy without antioxidants served as controls. Cells
were cultivated for 5-15 min at standard conditions before
staining against y-H2AX. Five minutes after irradiation,
mean X-ray-induced foci (excess foci) were 0.145 £ 0.021/
cell without and 0.112 £ 0.019/cell after a 15-min pre-
incubation with radioprotective agents (p < 0.0001).
15 min after irradiation, excess foci levels were lower
due to DSB repair and the mean was 0.116+4/0.016/cell in
non-treated and 0.088 & 0.018/cell in treated cells
(p < 0.0001). Pre-incubation of in vitro samples for 60 min
led to a further reduction of y-H2AX foci levels.

Additional samples were administered radioprotectants
immediately after irradiation, incubated for 5-15 min and
examined again for y-H2AX foci. This did not lead to a
reduction of X-ray-induced y-H2AX excess foci 5
(0.149 £ 0.007/cell without vs. 0.147 £ 0.010/cell with,
p = 0.6905) and 15 min after irradiation (0.096 £ 0.015/
cell without vs. 0.094 % 0.017/cell with, p = 0.8413). This
provides evidence that the observed effect of antioxidants
on radiation-induced DNA damages is caused by a reduc-
tion of DSB induction and not by accelerated DSB repair.

In order to exclude that the radioprotective substances
had a direct effect on foci levels, non-irradiated samples
were incubated with antioxidants. There was no significant
difference between non-treated and pre-treated control
samples.

In a further step, correlation of the findings was made
with 53BP1, another independent marker of DSB (n = 10).
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This approach showed comparable results to the y-H2AX
experiments.

Since in the in vivo setting the oral bioavailability and
catabolism of the radioprotectants plays an important role,
in vitro tests may reflect only partially in vivo situations.
There this study also examined a combination of in vivo
treatment of volunteers with in vitro irradiations of blood
samples obtained at different time points before and after
administration of radioprotectants. Blood samples were
obtained from 17 healthy volunteers before, 15, 30, and
60 min and 2, 3, and 5 h after oral ingestion of one dosage
of the radioprotective agent (resulting in a total of 500 mg
calcium ascorbate, 400 IU d-alpha tocopheryl succinate,
15 mg natural mixed carotenoids, 250 mg N-acetylcyste-
ine, 30 mg alpha-lipoic acid, and 100 pg L-selenomethio-
nine). Each sample was also irradiated in vitro with a dose
of 10 mGy and incubated for 5 min before staining against
v-H2AX. In these in vivo/in vitro experiments, mean
excess foci levels, measured 5 min after 10 mGy X-ray
exposure, were 0.140 £ 0.012/cell prior to radioprotec-
tants, 0.102 £ 0.013/cell 15 min, 0.078 % 0.015/cell
30 min, 0.058 £ 0.012/cell 60 min, 0.055 %+ 0.010/cell
120 min, 0.061 % 0.018/cell 180 min, and 0.060 £ 0.018/
cell 300 min after oral pre-treatment with of antioxidant
pills. Statistic analyses revealed significantly lower foci
levels after all of the time points between 15 min and 5 h
after pre-treatment compared to the control values obtained
before treatment with antioxidants (p < 0.01 each).
Between 2 and 5 h after treatment, foci levels were at
similar low levels compared to the values obtained 60 min
after pre-treatment. Therefore, a pre-treatment time of
60 min was considered ideal [15¢].

A follow-up study evaluated the in vitro effect of dis-
tinct antioxidants and described the greatest effect on y-
H2AX foci reduction for N-acetylcysteine, comparable to
the effect of the combination tested in the study published
in Radiology. Other tested substances (calcium ascorbate,
d-alpha tocopheryl succinate, beta-carotene, and L-seleno-
methionine) also led to a reduction of X-ray-induced
v-H2AX foci formation with a lower effect compared to
N-acetylcysteine, whereas no significant y-H2AX foci
decrease was found with zinc and lipoic acid regardless of
the concentration and the pre-incubation time [28].

Two more current in vivo studies evaluating the pro-
tective effect of antioxidants merit description. A pilot
clinical study examined the ability of N-acetylcysteine to
confer protection against radiation-induced chromosomal
DNA damage during cardiac catheterization procedures
using MN in peripheral human lymphocytes as a biomarker
of chromosomal damage and intermediate endpoint of
carcinogenesis [29]. In this study, MN in peripheral
human lymphocytes was performed before and after radi-
ation exposure in patients receiving clinically driven
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N-acetylcysteine to prevent contrast-induced nephropathy
compared to patients receiving standard hydration therapy
without N-acetylcysteine. Eligible patients were classified
into two groups: 35 patients (26 males, age 63.4 + 11.1
years) receiving the standard hydration protocol consisting
of intravenous isotonic saline for 12 h after catheterization
and 30 patients (26 males, age 65.5 £ 12.9 years) at risk
for radiocontrast nephropathy with preexisting renal
insufficiency receiving a double intravenous dose of N-
acetylcysteine (6 mg/kg/h diluted in 250 ml of NaCl
0.9 %) for 1 h before and a standard dose (6 mg/kg/h
diluted in 500 ml of NaCl 0.9 %) for 12 h following
catheterization. MN frequency was 13.7 + 4.7 % at base-
line and showed a significant rise at 2 h (18.0 £ 6.8,
p =0.01) and 24 h (17.6 £ 5.9, p = 0.03) in the group
without treatment. Importantly, there was no significant
increase of MN in the treatment group (13.7 & 7.0,
155 £ 6.0 and 149 £ 6.3 for baseline, 2 and 24 h,
respectively, p = 0.4), showing that N-acetylcysteine
treatment reduced radiation-induced chromosomal DNA
damage in human lymphocytes after interventional cathe-
terization procedures [29].

In a recently published single-center, double-blinded,
placebo-controlled study, the in vivo effect of N-acetyl-
cysteine and vitamin C was tested [30]. In this study, 30
patients undergoing low-dose coronary CT angiography
(<3 mSv) and 29 patients undergoing catheter-based car-
diac interventions (>9 mSv) were enrolled. They were
compared to 29 controls who did not undergo any X-ray
examination. Exclusion criteria were smoking, leukemia,
lymphoma, radio- or chemotherapy, and X-ray-based
examinations within the last three days. Blood collections
were performed before intravenous infusion of 1.2 g N-
acetylcysteine, 3 g vitamin C or saline and within minutes
after X-ray exposure. DSB were quantified using y-H2AX
immunofluorescence microscopy. As expected, substan-
tially higher DSB induction was found after high-dose
exposure compared to low-dose exposure. In the control
group, the antioxidants did not show any effect on DSB
values. In the low exposure group, coronary CT angiog-
raphy led to 0.15 excess foci/cell after placebo and to 0.07
excess foci/cell after antioxidant treatment (not signifi-
cant). In the high exposure group, excess foci were sig-
nificantly lower in the antioxidant group (0.1 excess foci/
cell) compared to the placebo group (0.3 excess foci/cell).
Subgroup analysis showed that the effect of vitamin C
(—87 %) was significantly higher than that of N-acetyl-
cysteine (—43 %, p = 0.005). Additionally performed flow
cytometry showed also a significant effect of the antioxi-
dants (403 FACS units) compared to placebo (1091 FACS
units) in the high-radiation exposure group [30].

Despite the promising results of these studies, some
limitations must be mentioned. Only a few studies with
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small subject numbers have been published to date. How-
ever, despite the limited number of studies, the observed
effects were sufficiently large that they achieved statistical
significance. Only limited data exist about the effect of
individual substances, and it remains unclear if there is an
additive effect of several antioxidants. Little is known
about the biodistribution of the radioprotectants, and the
concentration in tissue cells was not evaluated. Further-
more, it was not tested whether the antioxidants interfere
with the phosphorylation or dephosphorylation of the his-
tone variant H2AX, which could affect the number of
detectable y-H2AX foci. Therefore, further experiments
using other methods like chromosomal analyses are
mandatory.

Conclusion

v-H2AX immunofluorescence microscopy is a sensitive
method for measurement of radiation-induced DNA DSB.
With this technique, it is possible to reliably estimate
radiation-induced DNA DSB in the dose range of diag-
nostic and interventional radiology procedures. The DSB
induction correlates well with the dose delivered, but also
reflects the influence of patients’ individual factors (e.g.,
repair capacity and application of iodinated contrast agent
etc.).

Using this technique, a significant reduction of radia-
tion-induced DNA DSB by antioxidants was observed in
lymphocytes, both after in vitro and in vivo radiation
exposure. In these studies, lymphocytes were chosen
because they are the conventional cell to be used in this
type of model, they can be easily obtained from venous
blood samples, and y-H2AX immunofluorescence micros-
copy is well established in lymphocytes. It is important to
note that damages to lymphocytes assessed by using the
laboratory approach empolyed in the referenced studies is
neither the same as cancer induction, nor cancer induction
in a variety of other cell types. It should therefore be sur-
mised that despite the clear reduction of X-ray-induced y-
H2AX foci by these radioprotective agents, the effect on
prevention of cancer induction risk remains unclear and
further studies are required in the future [15¢].
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