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Background: The purpose of this paper is to
establish an easy and reliable biodosimeter protocol
to evaluate the biological effects of proton beams.
Materials and Methods: Human peripheral blood
lymphocytes were irradiated using proton beams (LET:
34.6 keV uym-1), and the chromosome aberrations
induced were analyzed using cytokinesis-blocked (CB)
micronucleus (MN) assay. To determine the efficiency
of MN assay in estimating the doses received by
50MeV proton beams and to monitor predicted dose
of victims in accidental exposure, here we have
evaluated the performance of MN analysis in a
simulated situation after exposure with proton
beams. Peripheral lymphocytes were irradiated by
50MeV proton beams up to 6Gy and analyzed by
Giemsa staining of CB MN assay. Results: The
detected MN was found to be a significant dose-effect
curve in the manner of dose-dependent increase
after exposure with proton beams in vitro. When
plotting on a linear scale against radiation dose, the
line of best fit was Y=0.004+(1.882x102+9.701x10
5)D+(1.43x103+1.571x10%)D2. OQur results show a
trend towards increase of the number of MN with
increasing dose. It was linear-quadratic and has a
significant relationship between the frequencies of
MN and dose (R2= 0.9996). The number of MN in
lymphocyte that was observed in control group is
5.202+0.04/cell. Conclusion: Hence, this simple
protocol will be particularly useful for helping physi-
cians to decide medical therapy for the initial treat-
ment of victims with rapid and precise dose estima-
tion after accidental radiation exposure. Also it has
potential for use as a valuable biomarker to evaluate
the biological effectiveness for cancer therapy with
proton beams. Iran. J. Radiat. Res., 2011; 8(4): 231-
236
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INTRODUCTION

We have studied to develop the useful
biodosimetry through the most radiosensi-
tive biomarkers for two decades. These
studies have been tried to elucidate more
chromosome aberrations with respect to its
biological effects on human lymphocytes
that are highly susceptible to ionizing
radiation. Especially, there are problems
involving the exposure with proton beams.
Although the biological effects of proton
beams are of considerable concern in the
National Aeronautics and Space Admini-
stration because proton beams in deep-space
radiation is more than 80% of all ionizing
radiation, dose estimation of individuals to
predict their cytogenetic damage of radio-
sensitive organs has been studying due to
the lack of sufficient data .2,

Characteristics of proton beams are
generally high-LET with an energy
deposition peak (Bragg peak) at the end of
their tracks and a higher relative biological
effectiveness (RBE) within the peak region.
These aspects make proton attractive in
various scientific disciplines, especially in
nuclear industries and radiotherapy.
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Numerous researchers have reported severe
depression of immune system to capable to
injury host defense mechanism after
radiotherapy with conventional radiation
protocols including gamma rays, neutron
and electron beams. The physical character-
istics of proton beams give it an advantage
over X-rays and electron beams therapy of
cancer patients because the maximum dose
can be delivered to the tumor by Bragg
peak, while the absorbed dose in normal
tissues around the target tumors 1is
minimized. Since it is possible to safely
deliver a higher dose to the desired target
tissues, the possibility for cancer treatment
with proton beams is increased &4,
However, although many publications
of the biological effects of X-rays and gamma
rays have been reported, very few have been
documented the biological effects of proton
beams delivered to normal tissues in case of
radiotherapy until now 6.6, A better under-
standing of biological interactions that occur
after the exposure with proton beams is
needed in order to optimize therapeutic
regimens and facilitate development of
strategies that decrease radiation-induced
cytogenetic damages and its side effects.
Furthermore, the biological properties of
proton beams have been reported identical
or very similar to those of gamma rays,
especially RBE . MNs are regarded as
being the most sensitive biomarker of radia-
tion-induced genetic damages ® 9. Scoring of
MNs in human lymphocytes is often used to
determine cytogenetic damages to radiation
exposures, because the CB-MN protocol is
simple and well-established (1012, Therefore,
the differential process of damaged cells
with the overexposure to high-LET radia-
tion may lead to an underestimation of the
absorbed dose of patients by dilution of the
cytogenetic damage in assessing the dose
estimation and the understanding of
biological effects in the radiosensitive target
organ through peripheral lymphocytes,
which is conventionally confined to
first-division metaphase lymphocytes
collected at 72h post-irradiation (3,14,
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The present study quantified human periph-
eral lymphocytes after the exposure with
proton beams at varying doses in vitro1?,
We used 137Cs gamma rays as a reference
radiation, which provide more relevance to
clinical practice. Dose-response relation-
ships of proton beams were established by
analyzing MN frequencies in human periph-
eral lymphocytes in vitro using Giemsa
staining of CB MN assay (1618,

MATERIALS AND METHODS

Cell culture

Human peripheral blood from 20
healthy volunteers aged between 21 years
and 50 years with no history of exposure to
mutagenic agents including radiotherapy
were obtained by the venipuncture. In all
cases, peripheral blood lymphocytes were
separated from whole blood cells on
Ficoll-Hypaque gradients, washed twice in
Hank’s balanced salt solution and resus-
pended in RPMI 1640 (GIBCO, Grand
Island, NY) containing Hepes buffer, 15 %
heat inactivated fetal calf serum, L-
glutamine and antibiotics. Lymphocytes
were cultured in 15ml Falcon test tubes
(Corning, No. 25820, NY) at a concentration
of 5xX105 cells/ml. An optimum concentration
of phytohemagglutinin (PHA, 5mg/ml,
Sigma, St. Louis, Mo) was used to stimulate
the lymphocytes to transform and divide in
culture. The cells were cultured at 37°C in a

humidified atmosphere containing 5% CO2
(19)

Irradiation condition

Control group of the non-irradiated
samples served as a reference for determin-
ing the spontaneous MN frequencies. For
the equation of the dose-effect relationship,
all whole blood samples were irradiated
with 1, 2, 4 and 6Gy of proton beams, re-
spectively. The dose rate was 211cGy/min.
The doses were measured with a Capintec
PR-06C farmer type chamber and a Capin-

tec 192 electrometer (Capintec, U.S.A.) (19,21,
22)
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Cytokinesis-block methods

Cyt-B (Aldrich Chemical Co., West
Saint Paul) was made up as a stock solution
in dimethyl sulfoxide at a concentration of 2
mg/ml, divided into small portions and
stored at -70°C. The stocked solution of Cyt-
B was thawed, diluted in medium and
added 44 h after commencement of the
culture at a concentration of 3.0pg/ml. After
an incubation period of 72 h, the cells were
collected by centrifugation and resuspended
in a mixture of methanol: glacial acetic acid
(3:1). The fixed cells were transferred to a
slide, air-dried and stained with 10%
Giemsa for 10 min (19,

Scoring of micronuclei and data analysis

The MNs were scored in 1000 binucle-
ated CB cells using a 400x magnification.
All analyses were performed using a Graph
PAD in Plot computer program (GPIP,
Graph PAD Software Inc., San Diego) and
Excel program (9,

RESULTS

Induction kinetics of MN in human
peripheral lymphocyte after the exposure
with proton beams

A preliminary investigation was done to
determine the optimal concentration of Cyt-
B for accumulating CB cells. The optimal
Cyt-B concentration appeared to be 3.0 mg/
ml and was used throughout the experi-
ments in this study.

To evaluate the dose-response equation

Biodosimetry in human lymphocytes exposed to proton

after the exposure with proton beams, the
frequencies of the induced MN was obtained
by subtraction of the number of MN scored
in the non-irradiated control group from the
total numbers of those cells in the irradiated
groups. The frequencies of MNs on periph-
eral lymphocytes depending on age and sex
in Korean population were observed in table
1. The morphological findings of the induced
MN were typical in lymphocytes, as shown
in figure 1.

The average numbers of MNs induced
by proton beams, obtained by pooling the
LM data of 20 subjects, are presented as a
function of radiation dose and the error bars
represent standard deviations within the
studied population. The frequencies of MNs
increased with the dose. The spontaneous
MN frequencies in lymphocytes of the
non-irradiated control groups showed no
significant difference between individuals.
The baseline number of MN per cell in
non-irradiated control group was low, being
5.202+0.04.

Figure 1. Finding of the induced MN stained H&E after the
exposure with proton beams.
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Table 1. Frequencies of micronuclei on peripheral lymphocytes were observed depending on age and sex in Korean population.

Age groups Average number of micronuleus
Female (n) Male (n)

20-29 4.05+0.07 (200) 2.0+0.5 (160)
30-39 6.12+2.02 (90) 4.19+1.09 (80)
40-49 13.42+1.3 (60) 7.19+1.02 (65)
50-59 16.21+1.7 (67) 13.45+1.08 (70)

60- 20.52+2.6 (55) 16.6+2.05 (65)
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Dose-response relationship

To evaluate the equation of dose-
response curves, the number of MN per cell
was examined at the different doses, and
dose-response curve of the induced MN was
obtained by fitting the linear-quadratic
model y=a+bD+cD2, where y is the yield of
MN/cell, a is the spontaneous yield, b is the
coefficient of the one-track component, c is
the coefficient of the two-track component,
and D is the dose in Gy. When plotting on a
linear scale against radiation dose, the line
of the best fit was Y=0.004+(1.882x102
+9.701x10°5)D+(1.43%x103+1.571x105)D?2
(R?=0.9996) after the exposure with proton
beams (figure 2). There was a significant
relationship between the frequency of MN
and dose. The dose-response curves were
linear-quadratic. These data show trends
towards increasing MN numbers with
increasing dose.
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Figure 2. Dose-response curves of the induced MN in human
peripheral lymphocytes up to 6Gy after the exposure with
proton beams.

DISCUSSION

At present, there are few biological indi-
cators that can be used for monitoring dose
limits of medical and occupational radiation
exposure 49, The complexity of dose esti-
mation and their association with radiation
exposure is various in the biological moni-
toring of cytogenetic damages. Until now,
this places chromosomal aberrations assay a
reliable biomarkers 7-®. Cytogenetic indica-
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tors as whole can be helpful in evaluating
cellular damages in in vivo and in vitro
mechanisms underlying DNA damage
induced by 1ionizing radiation. Generally,
radiobiological monitoring of humans has
relied heavily on cytogenetic indicators such
as unstable chromosomal aberrations. Also
other cytogenetic indicators such as MN in
human lymphocytes have been used in the
field of biological dosimetry as well as in
predicting cancer risk 11,1517 Qur use of
MN for evaluating the biological effects of
cancer patients after the radiotherapy with
our developed proton beams, mentioned
above, has been helpful in confirming dose
estimation and in predicting the extent of
DNA damages in different scenarios, namely
after an environmental, occupational,
accidental or medical exposure although
average frequencies of MNs 1is different
depending on life-style, sex, age and species
just like my own date shown in table 1. Our
particular interest is the follow-up study of
cancer patients treated with our developed
proton beams.

Recently, we have studied to find novel
cytogenetic indicators to evaluate the
absorbed dose of victims and radiotherapeu-
tic patients after accidental, occupational,
environmental or therapeutic exposure with
ionizing radiation for 20 years. Of our
results lymphocytes from all subjects
revealed an increase of the frequencies of
cytogenetic parameters such chromosome
aberrations, MN, comet assay, DNA strand
breaks and apoptosis induction assay @122,
Dose-response relationships of MN in our
studies are similar, although lower than
those for chromosome aberrations, since not
all acentric fragments give rise to MNs. The
dose-response curves presented in Figure 2
indicate that MN was significantly sensitive
than that of expected process in our
developed proton radiation. In human
lymphocytes, the persistence of cytogenetic
damages over time depends on various
factors, including the type of biomarkers
and the severity of the outcome to the cell,
which can induce mitosis-linked cell death
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and apoptosis, or renewal of the lymphocyte
population @3,

Mechanistic knowledge of DNA and cell
damage by high LET radiation, such as
heavy ions, is less extensive compared to
that of low LET radiation. Since proton
beams are capable of traversing a fraction of
the limited cell volume through break
peaks, they are very effective in producing a
high density of localized lesions. So DNA
lesions produced by proton beams are char-
acterized by clustering, inducing DSBs,
which are difficult to repair. Complex
chromosome rearrangements leading to the
enhanced cell death lead to a greater
biological effectiveness per unit dose for
high LET radiation. One instance of high
LET radiation for applying in the treatment
of malignant tumors is the radiotherapy of
our developed proton beams that depend on
the induced length of break peaks. These
malignant cells reveal a characteristic
pattern with the presence of multi-
micronucleated cells. These results are
consistent with the formation of multiple
damaged sites on the DNA molecule 2426),
Therefore, the pattern of cytogenetic dam-
age may be used to evaluate biological
effectiveness of cancer cells after the radio-
therapy with our developed proton beams. It
1s important to develop simple and reliable
techniques for evaluating radiation-induced
genetic alteration of malignant cells after
the radiotherapy with our developed proton
beams (1,8, 11-15)

Our results showed more reproducible,
dose-related and quantifiable up to 6Gy in
our developed proton beams. With this
approach it would be possible to detect
easily biological effects of doses in case of
the radiotherapy with proton beams and the
screening of cancer patients as one of the
most sensitive radiobiological endpoints.
Here, since our data present that MN
frequencies increased with increasing
radiation doses in statistical distribution, it
may be a simple and reliable biological
dosimeter for the evaluation of radiobiologi-
cal effectiveness of cancer patients after the

Biodosimetry in human lymphocytes exposed to proton

radiotherapy with proton beams.
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