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We herein examined the biological effects of cells treated with 18F labeled drugs for positron emission
tomography (PET). The relationship between the intracellular distribution of 18F and levels of damaged
DNA has yet to be clarified in detail. We used culture cells (Chinese Hamster Ovary cells) treated with
two types of 18F labeled drugs, fluorodeoxyglucose (FDG) and fluorine ion (HF). FDG efficiently accumu-
lated in cells, whereas HF did not. To examine the induction of DNA double strand breaks (DSB), we mea-
sured the number of foci for 53BP1 that formed at the site of DNA DSB. The results revealed that although
radioactivity levels were the same, the induction of 53BP1 foci was stronger in cells treated with 18F-FDG
than in those treated with 18F-HF. The clonogenic survival of cells was significantly lower with 18F-FDG
than with 18F-HF. We concluded that the efficient accumulation of 18F in cells led to stronger biological
effects due to more severe cellular lethality via the induction of DNA DSB.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Fluorine 18 (18F) is a positron emitted radioisotope that is used
for diagnoses with positron emission tomography (PET) [1–5].
Fluorodeoxyglucose (FDG), which is labeled with 18F, is widely
used in PET [5]. Not only FDG, but also other PET drugs labeled
with 18F are useful for estimating metabolic functions such as
tumorigenesis [6,7], receptor occupancy [8–12], and the accumula-
tion of beta amyloid [13–15]. Absorbed dose levels by positron and
c-rays in organs from the positron emission of 18F must be consid-
ered in order to determine the risks associated with using 18F in
combination with PET drugs in terms of radiation exposure in
the human body [16,17]. The half-life time of 18F (= 110 min) and
the pharmaceutical compartment model for each characteristic of
a PET drug in each organ are the main factors that are used to esti-
mate exposure levels in organs [18]. However, the main target of
radiation from 18F is thought to be the nucleus (DNA); therefore,
it is important to estimate exposure levels in DNA using individual
cell models. A clearer understanding of the intracellular distribu-
tion of 18F is also needed because the induction of DNA damage,
which is the main target of biological effects, is dependent on the
number of radiation tracks emitted from 18F. However, the rela-
tionship between the intracellular distribution of and level of
DNA damage induced by 18F remains unknown.
The extent of DNA double strand breaks (DSB), which is a useful
indicator of irradiation levels, can be detected by the focus forma-
tion of phosphorylated H2AX (c-H2AX) using an immunofluores-
cent assay [19–21]. The focus formation of c-H2AX with other
proteins has been attributed to the assembly of factors such as
phosphorylated ATM (Ataxia telangiectasia mutated), MDC1
(Mediator of DNA damage checkpoint protein 1), and 53BP1
(Tumor suppressor p53-binding protein 1) [22,23]. These proteins
are known to be mobilized by chromatin remodeling following
DNA DSB [20,24]. Therefore, the formation of these foci is used
as markers to estimate DNA DSB.

18F-Fluorodeoxyglucose (FDG) is an analog of glucose. In culture
cell lines such as the Chinese hamster ovary (CHO) cell line, cells
exponentially grow in the culture dish; therefore, FDG and glucose
are effectively incorporated into these cells. The phosphorylation
of FDG by hexokinase then occurs in the glycolysis pathway. How-
ever, the phosphorylated form of FDG does not proceed in glycoly-
sis, which leads to its accumulation in cells. On the other hand, the
ion form of 18F is composed of 18O–H2O from a nuclear reaction
with a proton from a cyclotron accelerator. This ion form of 18F is
thought to be accessible to the inside of cells, but cannot accumu-
late there. Therefore, two different cellular distribution types exist
for 18F from FDG and fluorine ions.

We herein determined the induction of DNA DSB by two PET
drugs carrying 18F at individual cell levels, and found that the lethal
effects induced by FDG were higher than those by fluoric ions in
spite of the same levels of radioactivity. These results suggest that
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the intracellular distribution of 18F should be considered in order to
estimate exposure at the cellular level.

2. Material and methods

2.1. Cell culture

Wild type CHO cells and the Ku80-deficient X-ray sensitive CHO
cell line, xrs5, were kindly supplied by Dr. Tom K. Hei (Columbia
University). Cells were cultured in MEM alpha medium (Invitrogen
Ltd) supplemented with 10% FBS (HyClone Laboratories). Cells
were maintained at 37 �C in a humidified atmosphere with 5% CO2.

2.2. PET drugs

Fluorine 18 (18F) was produced by a nuclear reaction between
18O (p, n) and 18F using a cyclotron system (Cypris HM-20s, Sumi-
tomo Heavy Industries, Ltd., Tokyo, Japan). The fluorine 18 ion in
H2O (18F-HF solution) was directly obtained from the cyclotron
and diluted to approximately 400 MBq/ml. The 18F-FDG solution
was synthesized and purified using an automatic radiochemical
synthesizer (F-300, Sumitomo Heavy Industries, Ltd.), and the
radioactivity of 18F was diluted by water to approximately
400 MBq/ml. Radioactivity was adjusted to appropriate levels with
culture medium, and the cells were treated with these solutions
immediately after the measurement of radioactivity.

2.3. Colony formation assay

To investigate the survival of cells following treatment, cells
were harvested and suspended in medium, and diluted cells were
inoculated into 6-well plates to examine the formation of colonies.
Ten days later, colonies were fixed with ethanol and stained with
3% Giemsa solution. When cells were treated with PET drugs, each
drug was administered for 6 h before the formation of colonies.

2.4. Micronucleus assay

To investigate the induction of micronuclei by irradiation with
18F, exponentially growing cells in 6-well plates were treated with
each PET drug. Samples were prepared as described previously
[25]. After cells had been treated for 6 h, 2 lg/ml cytochalasin B
was added for 24 h. They were then harvested and treated with
3 ml hypotonic (0.1 M) KCl for 20 min, and fixed with 3 ml metha-
nol–acetic acid (5:1). The cell suspensions were centrifuged at
1200 rpm for 5 min, the supernatant was removed, and cells were
then resuspended in 4 ml methanol–acetic acid solution and incu-
bated on ice for 5 min. After further centrifugation, the supernatant
was removed and 0.5–1 ml methanol–acetic acid solution was
added. Cells were resuspended and a sample was placed onto
slides and stained with 7.5% Giemsa for 20 min. The number of
micronuclei per 1000 binucleated cells was counted.

2.5. Immunofluorescent staining of 53BP1

To estimate the induction of DNA DSB after the treatment with
each PET drug, cells on 22 � 22 mm cover slips in 35-mm dishes
were treated with 24 MBq/ml 18F carried by each PET drug. At each
time point, the cells were fixed with 4% formaldehyde in PBS, per-
meabilized for 10 min on ice in 0.5% Triton X-100 in PBS, and
washed thoroughly with PBS. The cover slips were then incubated
with an anti-53BP1 antibody (Bethyl Laboratories, TX, USA) in
TBS-DT (20 mM Tris–HCl, 137 mM NaCl, pH 7.6, containing
50 mg/ml skim milk and 0.1% Tween-20) for 2 h at 37 �C. The
primary antibodies were washed with PBS, and Alexa Fluor
594-labeled anti-rabbit IgG secondary antibodies (Invitrogen) were
added. The cover slips were incubated for 1 h at 37 �C, washed with
PBS, and sealed onto glass slides with 0.03 ml PBS containing 10%
glycerol (Wako, Osaka, Japan) and 2 lg/ml DAPI (40,6-diamidino-
2-phenylindole; Invitrogen, CA, USA). The cells were examined
using an Olympus fluorescence microscope (Olympus, Tokyo,
Japan). The number of red foci for 53BP1 was counted on digitized
images of Image J. The average number of foci in cells was deter-
mined in 600 cells from the three independent studies.

2.6. Statistical analysis

Statistical analysis was performed using the Student’s t test.
3. Results

3.1. Analysis of the volume effects of 18F in the medium

The biological effects of 18F-FDG and 18F-HF are caused not only
by intracellular 18F but also by irradiation from the outside of cells.
The energy of c-rays from 18F is 511 keV; therefore, the existing
radioactivity of 18F in the medium is thought to contribute to cel-
lular effects. In order to clarify the extent of the contribution of 18F
in the medium to cellular lethality, we used different volumes of
media that contained the same concentrations (24 MBq/ml) of
radioactivity originating from 18F (Fig. 1A), and we compared the
proportions of surviving cells among the different volumes. The
number of radiation tracks may increase with the amount of med-
ium. As shown in Fig. 1B, the proportion of surviving cells treated
with 24 MBq/ml of 18F-FDG was approximately 30% in every
volume of medium, which was lower than for cells treated with
18F-HF (approximately 50% survival) in all medium volumes. How-
ever, no significant differences in the proportions of surviving cells
were observed among the different volumes of medium (Fig. 1B).
This result suggested that the survival of 18F-treated cells was
influenced by 18F that entered or adhered to, or was present in
the vicinity of, the cells, but not by 18F not in the vicinity of the
cells.

3.2. Intracellular levels of 18F-FDG and 18F-HF

Intracellular levels of 18F-FDG or 18F-HF were examined by mea-
suring the radioactivity of cells treated with each drug. The radio-
activity of the medium in the cell culture dish was adjusted to
24 MBq/ml, and the intracellular incorporation of 18F-drugs was
examined at the time points indicated in Fig. 1C. The results
obtained showed that 18F-FDG was incorporated into cells in a
time-dependent manner until 120 min after the start of treatment,
and a decrease in radioactivity was observed after 120 min because
of the decay of 18F. When measured values in cells treated with 18F-
FDG were modified by decay compensation, the values showed a
linear increase (Fig. 1C). This linearity indicated that 18F-FDG accu-
mulated in cells during the 6-h treatment period in our experimen-
tal conditions. However, in the case of 18F-HF treatment,
radioactivity was not detected in the cells at every time point.
Therefore, we concluded that 18F-HF did not accumulate in cells.

3.3. Different effects of lethality between 18F-FDG and 18F-HF

As shown in Fig. 1B, we demonstrated the different lethal
effects between 18F-FDG and 18F-HF. To ensure that different bio-
logical effects were caused by different levels of 18F accumulating
in the cells, we performed a colony formation assay and micronu-
cleus assay after treatment with 18F-FDG or 18F-HF for 6 h. As
shown in Fig. 2A, the survival curve indicated that susceptibility



Fig. 1. (A) Illustration of treatment with 18F-FDG or 18F-HF in different volumes of medium. Cells were cultured at the bottom of each dish and were exposed to different
volumes of 18F in the medium, in addition to intracellular 18F. The distance between the cells and medium surface increases two and three fold as the medium volume
increased by 2 and 3 mL, resulting in two and three fold increased amounts of radiation tracks emitted from 18F in the medium around the cells adhered to the bottom of the
dish. (B) Proportion of surviving cells after treatment with 24 MBq/ml of 18F-FDG or 18F-HF for 6 h. Average values (±SEM) were obtained from three independent studies.
Significant differences were observed between 18F-FDG and 18F-HF-treatment for each medium volume (⁄p < 0.05 by the Student t test). (C) Intracellular 18F radioactivity in
cells treated with 1 ml of 24 MBq/ml 18F-FDG or 18F-HF at each time point after treatment (open and filled circles, respectively). The values after decay compensation of 18F in
18F-FDG-treated cells are indicated (the equation of the line is y = 0.0051x + 0.0441 (R2 = 0.9906)).

Fig. 2. (A) Fraction of cells surviving after treatment with 18F-FDG or 18F-HF for 6 h. Average values were obtained from three independent studies. (B) Micronucleus
induction by treatment with 18F-FDG or 18F-HF for 6 h. Each plot presents data from three independent analyses. The equations for micronucleus induction after treatment
with 18F-FDG or 18F-FDG are y = 3.3023x + 67.329 (R2 = 0.9591) and y = 2.336x + 44.518 (R2 = 0.9782), respectively.
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to radiation was markedly higher in cells treated with 18F-FDG
than in cells treated with 18F-HF (Fig. 2A). Because the lethal effects
from ionizing radiation were caused by chromosome breakage,
which results in micronucleus formation after cell division, we per-
formed micronucleus assays after treatment with 18F-FDG and 18F-
HF. As shown in Fig. 2B, micronucleus induction increased linearly



Fig. 3. (A) Fluorescence images of 53BP1 (red) on DAPI-stained nuclei (blue) in cells treated with 24 MBq/ml 18F-FDG or 18F-HF. In addition to non-treated (control) cells, cells
1, 2, 4 and 6 h after the treatment with 18F-FDG or 18F-HF are shown. (B) Cells 24 h after treatment with 18F-FDG or 18F-HF. (C) Average number of 53BP1 foci in cells treated
with 18F-FDG (open symbols) or 18F-HF (closed symbols). The average number of 53BP1 foci induced by 18F-FDG or 18F-HF after the indicated times is shown in both CHO cells
(circles) and repair-deficient xrs5 cells (triangles). Data obtained from three independent analyses. Significant differences were observed between 18F-FDG and 18F-HF
treatment after 2, 4, 6, and 24 h in both cell lines (⁄p < 0.05 by Student’s t test). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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with the increase in radioactivity, and inductions by 18F-FDG
caused a greater level of micronucleus induction than 18F-HF.
3.4. Estimation of DNA double-strand breaks after treatment with 18F-
FDG or 18F-HF

Because DNA double-strand breaks (DSBs) are the main cause of
the lethal effects of radiation, we next quantified the level of DNA
DSBs using the formation of 53BP1 foci. As shown in Fig. 3A and B,
clear 53BP1 foci were observed in the nuclei of cells treated with
18F-FDG and 18F-HF. The number of foci at each time point is
summarized in Fig. 3C in Chinese hamster ovary (CHO) and
Ku80-deficient xrs5 cells after treatment with 18F-FDG or 18F-HF.
The number of foci in CHOs at 1, 2, 4, 6, and 24 h after treatment
with 18F-FDG was significantly larger than after treatment with
18F-HF (Fig. 3C). In the case of xrs5 cells, the number of foci follow-
ing treatment with both 18F-FDG and 18F-HF increased until 6 h
after treatment, whereas no increases were observed after 2 h in
CHO cells. Furthermore, the induction of foci after treatments with
18F-FDG and 18F-HF was significantly higher in xrs5 cells than in
CHO cells because of repair deficits in DNA DSBs. Significantly lar-
ger numbers of foci were observed after treatment with 18F-FDG
for 4, 6, and 24 h than with 18F-HF. These results suggested that
the lethal effects observed in cells treated with 18F-FDG or 18F-HF
could be attributed to the induction of DNA DSBs, and the induc-
tion of DSBs was greater with 18F-FDG than with 18F-HF.
4. Discussion

Estimating the levels of exposure using PET drugs labeled with
18F has typically been conducted by following the Medical Internal
Radiation Dose Committee (MIRD) method. In this model, the half-
life time of 18F (= 110 min) and the pharmaceutical compartment
model for each characteristic of a PET drug in each organ were
the main factors that are used to estimate exposure levels in organs
[18]. This model is useful for the estimation of effective doses of
18F-labeled drugs for patients [2,3]. On the other hand, each 18F-
labeled PET drug is fundamentally designed based on the ‘‘cellular
accumulation theory’’ to expose specific areas such as the cyto-
plasm, membrane receptors, DNA and mitochondria; therefore,
the distribution of 18F, accumulation levels in cell populations, or
effectiveness of uptake into cells should differ between carrier
drugs when observed microscopically. In spite of the short half-life
of 18F, these differences in accumulation in cells lead to variations
in dose exposure in a cell population. According to this view, the
effective dose, which is the sum of the exposed dose in each cell,
remains unclear until the accumulated level in individual cells is
estimated. In the present study, we analyzed the induced levels
of DNA DSBs, which are the main outcome of irradiation, in indi-
vidual cells treated with two types of 18F-labeled PET drugs, FDG
and HF, with the same level of radioactivity. The results shown
in Fig. 3C demonstrated that the induction of DNA DSBs by 18F in
cells treated with 18F-FDG, which accumulated inside cells, was
markedly higher than that by 18F-HF, which can access but does
not accumulate in cells because of the form of the fluorine ion. In
addition, we showed that higher numbers of DNA DSBs induced
by 18F-FDG with higher radioactivity led to elevated levels of chro-
mosomal damage and higher rates of cell death compared with
18F-HF, as shown Fig. 2A and B. These results clearly showed that
different accumulation levels at the microscopic cellular level led
to differential biological effects.

With regard to 18F, the atom firstly emits positrons, which then
emit pair annihilation c-rays; the positron is immediately con-
verted to c-rays during annihilation with an electron, releasing
two c-rays in opposite directions with an energy of 511 keV.
Although it is clear that the energies of the positron from 18F and
secondary c-rays are 0.64 MeV and 511 keV, respectively, the bio-
logical effect of these radiation types has not yet been reported.
Therefore, our observation in the present study is useful for
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understanding the contribution of the positron and secondary
c-rays from 18F in cells. We demonstrated that cell survival was
barely influenced by c-rays emitted from different amounts of
18F (18F-FDG and -HF) in the medium (outside of the cell)
(Fig. 1B). Because the concentrations (Bq/ml) of 18F were the same
even in different volumes (illustrated in Fig. 1A), the same amounts
of 18F could enter the cells and markedly contributed to cell sur-
vival rates of 50% and 30% for 18F-HF and 18F-FDG, respectively,
as shown in Fig. 1B. 18F that enters the cells can generate positron
tracks that may affect DNA, markedly contributing to DNA DSBs
and cell death commonly observed at these concentrations. These
results clearly suggested that the intracellular levels of 18F that
accumulated in each cell may be indispensable factors for estimat-
ing the level of biological exposure.

The accumulation of these drugs was found to be affected by
the type of cell and factors such as the functions and differentiation
levels of cells. Although we showed data from CHO and xrs5 cell
lines, the induced levels of DNA DSBs by 18F-labeled PET drugs
may differ between cell types. In order to determine the absorbed
dose from each 18F-labeled PET drug more accurately, it would be
valuable to estimate the exposure levels by 53BP1 foci analysis, as
shown in Fig. 3A and B, in other human cell lines and in 3D tissue
models. In addition, we used only 18F-FDG and 18F-HF in the pres-
ent study. It is important to estimate the relative exposure levels
from 18F-labeled PET drug that distribute to specific areas, such
as DNA and mitochondria, in cells. These analyses are useful to
not only understanding the safety of PET drugs but also the biolog-
ical effect of positrons and secondary gamma rays from 18F.
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