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ABSTRACT

The purpose of this study was to assess the potential therapeutic effect of
positrons emitted by ®F-2-Deoxy-2-Fluoro-D-Glucose (*F-FDG) on pancreatic cancer
cells and elucidate its underlying mechanisms. Pancreatic cancer cells were incubated
with different radioactive concentrations of 8F-FDG and evaluated for anti-cancer
properties and underlining mechanisms. In addition, three groups of tumor-bearing
mice were treated with different doses of 8F-FDG weekly, the tumor growth rate
was calculated, and the mice were imaged by positron emission tomography (PET)
with ¥ F-FDG before and after treatment. The presence of apoptosis was detected
by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain and
immunohistochemistry analysis. All treated groups exhibited positron-inhibited
proliferation and positron-induced apoptosis compared with the control group in vitro.
Further, we noted that higher treatment dose correlated with a better treatment
response. In vivo, the high dose administration of 3F-FDG reduced tumor growth
and prolonged the survival of treated mice compared with the control group with no
change in the behavior or normal tissues of the mice. Immunohistochemical analysis
and TUNEL stain showed more apoptotic cells than that in control group. The results
demonstrated that positron radiation inhibited the proliferation and induced apoptosis
of pancreatic cancer cells in vitro and in vivo, via an endogenous mitochondria-
mediated signaling pathway.

taken up by the cells and phosphorylated by hexokinase
into"*F-FDG-6-phosphate. '"*F-FDG-6-phosphate cannot
be readily dephosphorylated, so it remains trapped in
cells [6,7]. "¥F emits positrons with an average energy
of 0.250MeV and an abundance of 96%. Theoretically, a
positron loses its kinetic energy and damages the tissue
surrounded in the same manner as an electron [8]. Further,
some research have confirmed that positron radiation
has anti-proliferative efficacy [9,10]. In recent years, a
number of studies [11-15] have shown the feasibility of

INTRODUCTION

Pancreatic cancer is the tenth most common
malignant tumor worldwide with its incidence rising
dramatically in recent years. It is highly lethal, and the
prognosis remains poor. The most aggressive treatment
regimen of surgical resection, chemotherapy and radiation
are not effective [1-3], as shown by the dismal 5 years’
survival rate of 6% [4].As a result, novel treatment
modalities urgently need to be developed to combat this

deadly cancer.
BF-FDG is widely used to evaluate malignant tumors
in PET imaging [5]. It is an analogue of glucose that is

using positron emitted by *F-FDG to treat high glycolytic
tumors, such as lung, breast, and colon cancer, by inducing
apoptosis or necrosis and inhibiting tumor growth rate,
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definitively. Caridad et al [13] also found that positrons
could inhibit the growth of lung metastases with no
change in mice behavior or their normal tissues. The high
glycolytic rate of pancreatic cancer cells reflects in the
increased uptake and accumulation of " F-FDG, making
BE-FDG a candidate agent for positron therapy against
pancreatic cancers.

Herein, we identified the potential of "®F-FDG as
a positron-emitting agent for the radiomolecular therapy
of human pancreatic cancer in vitro and in vivo for the
first time, and proposed a mechanistic rationale for the
observed results. These findings may provide insight and
serve as a foundation for the future application of ideal
positron radionuclide as a novel treatment option for
primary pancreatic cancer and its metastatic cancer.

RESULTS

Positron inhibits the proliferation of pancreatic
cancer cells in a dose- and time- dependent
manner

To investigate the effect of positron on the
proliferation of pancreatic cancer cells in vitro, we
measured the growth of 3 pancreatic cancer cells
(SW1990, PANC-1, BxPC-3) in different radioactive
concentrations of F-FDG, using the MTT and *H-TdR
DNA synthesis assay. The MTT assay results showed
that positron inhibited the proliferation in a time- and
dose-dependent manner (Figure 1A—1C). The *H-TdR
DNA synthesis results showed that with the increase of
BF-FDG radioactive concentration, the counts per minute
(CPM) of cells and incorporation rate of *H-TdR gradually
decreased compared with the control group (Figure 1D),
which indicated that positron radiation could inhibit the
DNA synthesis of pancreatic cancer cells.

Positron induces apoptosis in pancreatic cancer
cells

Pancreatic cancer cells (SW1990, PANC-1, BxPC-
3) incubated with *F-FDG for 24h displayed much higher
rates of apoptosis than the control group (Figure 2A-2D).
Most cells were in the late stages of apoptosis. With the
increase of '*F-FDG radioactive concentration, the number
of apoptotic cells accumulated, indicating that positrons
may induce apoptosis in pancreatic cancer cells in a dose-
dependent manner.

Underlying mechanisms of apoptosis induced by
positron in pancreatic cancer cells

We quantified the generation of reactive oxygen
species (ROS) and the wvariation of mitochondrial
membrane potential (A¥Ym) in SW1990 pancreatic cancer
cells via flow cytometry, as shown in Figure 3A-3C. The

results indicate that positron could induce the generation
of intracellular ROS in the early period and decrease
the A¥m in SW1990 pancreatic cancer cells in a dose-
dependent manner.

qRT-PCR analysis showed that mRNA expression
level of Bcl-2 decreased and Bax, Caspase-3, and
Caspase-9 increased in a dose-dependent manner after
SW1990 pancreatic cancer cells were incubated with
BE-FDG for 24h (Figure 4A). These findings suggested
positron-induced SW1990 cell apoptosis via regulating the
expression of apoptosis-related genes.

To further confirm whether positron regulated
the expression of apoptosis-related proteins in SW1990
pancreatic cancer cells, we performed western blot analysis
after incubation with "“F-FDG for 24h. The proteins
expression level of cleaved Caspase-3, Cytochrome C, and
cleaved Caspase-9 increased in a dose-dependent manner
(Figure 4B, 4C). This implicates the involvement of the
mitochondrial pathways in positron-induced apoptosis.

Positron inhibits tumor growth in tumor-bearing
mice

The tumor volume increased significantly over
time, especially in the control group. 15 days into the
experiment, three mice died in the control group, while
the other three mice were noticeably thin, cachexic,
and hypoergic. Transplanted tumors showed evidence
of necrosis due to the significant enlargement of tumor
size. In treatment groups, only one mouse in the lower
dose ®F-FDG therapy group died. The growth rate of
the subcutaneously transplanted tumors were drastically
slowed compared with control group (Figure 5A), and
the tumors grew more slowly in the treatment groups
compared with the control group (Figure 5B).

MicroPET imaging

Subcutaneously transplanted tumors of all groups
could be detected by microPET imaging. The SUV__ of
tumors before treatment (week 0) was 3.09+0.14 (dose per
gram of tumor, meantstandard deviation). The baseline
and follow-up microPET images and quantitative analysis
of tumors in all groups are shown in Figure 6A, 6B. In
week 1, the tumor sizes in the control group increased
significantly and were highly visible with increased
BF-FDG accumulation. In contrast, the tumor sizes in
treatment groups increased at a moderate rate. The SUV__
of tumor in treatment groups were lower than control
group in week 1, suggesting that positrons inhibited the
growth of tumor to some extent. In week 2, the SUV__ of
treatment groups was lower than that of week 1. However,
because of significant enlargement of the tumor size in
control group, the central necrosis was found, this may
explain the lower radioactive nuclide concentration and
lower SUV__ in control group. Thus, there were no
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significant differences in SUV__in tumors between the
treatment groups and control group.

Apoptosis of vital organs and tumors

The excretion of '®F-FDG is via the urinary system.
There were nonspecific ®F-FDG accumulation in the
urine and bladder and moderate *F-FDG accumulation
in the heart and brain tissues that may be subject to
potential toxicity of positron therapy. The analysis
of TUNEL staining showed no obviously apoptosis
in these vital tissues in 185MBq '®F-FDG treatment
groups (Figure 7A), indicating that a therapeutic dose
of ®F-FDG had no conspicuous impairment on these
organs. In contrast, apoptotic cells were observed in
subcutaneously transplanted tumors in the treatment
groups (Figure 7B). The higher the dose of '¥F-FDG, the
more positively-stained the cells were compared with
control group.
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Immunohistochemical analysis of Bcl-2, Bax,
Survivin and Caspase-3 expression

Immunohistochemical staining of Bcl-2, Bax,
Survivin and Caspase-3 of tumor tissues in all groups
are presented in Figure 7C. With the increase of 'SF-FDG
radioactive concentration, the expression level of Bcl-2
and Survivin decreased and Bax and Caspase-3 increased
significantly compared with control group, indicating that
therapeutic doses of positron could induce tumor cells
apoptosis in a dose-dependent manner.

DISCUSSION

The accumulation of ®F-FDG within the cells
is in proportion to the cell’s glycolytic rate [6,7]. The
pancreatic cancer cells usually have high glycolytic rates,
BF_-FDG accumulation within them is substantial, and
thus the ‘metabolically trapped’ of "*F-FDG can deliver

50
6h *
H 12h 3
~OF mom
R * *
N
o 30 | * 1.
8 L
o : ’
2 20
%g *
T
L (0
0 1 1 1
control 18. 5MBq/ml 37MBg/ml 74MBq/ml
18F-FDG radioactive concentration
, A = DSW1990
*
& * W PANC-1
9 80 M BxPC-3
@ T
i o,
o0t :
S
i
«
£ a0t
g
5]
g
B 20
o
=
e
o U : - .
0 18. 5MBq/ml 37MBq/ml 74MBq/ml

18F-FDG radioactive concentration

Figure 1: Positron inhibits the proliferation of pancreatic cancer cells in a time- and dose- dependent manner.
3 pancreatic cancer cells were incubated with different concentrations of ®F-FDG for various time, the OD values was obtained through
reading plate at 570nm with 96-well micro test spectrophotometer by MTT assay. The inhibition rate was expressed as the percentage of cell
inhibition rate compared with the control group. The data were expressed as mean+SEM obtained from three samples. (A) The inhibition
of F-FDG on SW1990 cell by MTT assay. (B) The inhibition of ¥*F-FDG on PANC-1 cell by MTT assay. (C) The inhibition of ¥F-FDG
on BxPC-3 cell by MTT assay. (D) SW1990, PANC-1, BxPC-3 cells were incubated with different concentrations of '*F-FDG for 24h, the
CPM count of cell was obtained by the liquid scintillation counting method. The data were expressed as mean+SEM obtained from three

samples. *p<0.01 versus control group.
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site-specific radioactivity to the tumors, and damage the
tumor cells [8]. "¥F emits positrons with a physical half-
life of 109 minutes and an average energy of 0.250MeV
and an abundance of 96%, which may be regarded to have
limited tumoricidal effect. But in our study, we found its
anti-cancer effect on pancreatic cancer cells in vitro and in
vivo. Our data showed that positrons emitted by *F-FDG
inhibited proliferation and induced apoptosis in a dose-
dependent and time-dependent manner.

The results of 3 pancreatic cancer cells treated
with ®F-FDG demonstrated similar efficacy in inhibiting
proliferation and inducing apoptosis, so we further
investigated the underlying mechanisms of apoptosis
induced by positron. ROS played an important role in
apoptosis induced by positrons, we confirmed that the level
of intracellular ROS rose significantly after the pancreatic
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cancer cells were incubated with ¥F-FDG for 6 hours.
The ionizing radiation of positron induced a variety
of free radicals including ROS by the water radiolysis
reaction, destroyed the molecular structure and promoted
mitochondrial dysfunction. In theory, the abundant
production of ROS can promote the excess accumulation
of Ca?*, which may further damage mitochondria directly
or indirectly by interrupting the function of the respiratory
chain, subsequently leading to the loss of mitochondrial
membrane potential, and eventually releasing cytochrome
C. Cytochrome C binding with pro-Caspase-9 triggers
the activation of the Caspase cascade and induces cell
apoptosis [16-20]. In our present study, we confirmed the
mitochondrial membrane potential decreased significantly
and the protein expression levels of cytochrome C, cleaved
Caspase-3, and cleaved Caspase-9 increased significantly
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Figure 2: Positron induces apoptosis of pancreatic cancer cells in a dose-dependent manner. 3 pancreatic cancer cells
were incubated with different concentrations of *F-FDG for 24h. (A) AnnexinV-FITC/PI staining of SW1990 cells treated by positron.
(B) AnnexinV-FITC/PI staining of PANC-1 cells treated by positron. (C) AnnexinV-FITC/PI staining of BXPC-3 cells treated by positron.
(a) control group; (b) 18.5MBq/ml ¥F-FDG; (¢) 37MBg/ml ®F-FDG; (d) 74MBq/ml ¥F-FDG. (D) Statistical histogram. The data were
expressed as mean+=SEM obtained from three samples. *p<0.01 versus control group.
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in pancreatic cancer cells incubated with '®F-FDG for
24 hours.

In addition, apoptosis in pancreatic cancer cells
induced by positrons was associated with the regulation
of multiple genes. The intrinsic apoptosis pathway
involves the Bcl-2 family [21-23], the members of
which play an important role in apoptosis. Bcl-2 serves
as the mitochondrial gate-keeper, which is usually over-
expressed in tumors. At the same time, Bcl-2 promotes cell
survival by limiting the pro-apoptotic effects of Bax and
blocking the release of cytochrome C from mitochondria.
The ratio of Bax to Bcl-2 is important for maintaining
mitochondrial membrane integrity and influencing the
initialization of apoptosis [24—26]. In our study, the qRT-
PCR results showed that the expression level of Bel-2
mRNA decreased and Bax mRNA increased significantly

with higher incubated dose of '®F-FDG for 24 hours. The
decrease of the Bcl-2/Bax ratio is associated with the
initiation of cell apoptosis. Meanwhile, the release of
cytochrome C from mitochondria further enhanced the
activation of the Caspase cascade. We also found that
the expression level of Caspase-3 and Caspase-9 mRNA
increased at the same time, all of which indicated that the
endogenous mitochondria- mediated signaling pathway
plays an important role in positron-induced apoptosis of
pancreatic cancer cells.

We further found that high doses of "F-FDG
significantly stagnated tumor growth in tumor-bearing
mice. The tumor-bearing mice underwent the microPET
scan weekly. The F-FDG uptake in treatment groups
was lower than that of control group on week 1(P<0.05),
which may demonstrate that positrons could inhibit the
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Figure 3: Quantified positron-induced the ROS generation and AWm variation by flow cytometry in SW1990 pancreatic
cancer cells. Four groups cells were incubated with different concentrations '*F-FDG (a) control group; (b) 18.5MBq/ml; (¢) 37MBq/ml;
(d) 74MBg/ml. (A) Positron induced ROS generate in SW1990 pancreatic cancer cells in a dose-dependent manner. When incubated for
6h and harvested for FACS analysis. (B) statistical histogram of ROS. (C) Positron induced the A¥m of SW1990 cell decrease in a dose-
dependent manner. When incubated for 6h and harvested for FACS analysis. The data were expressed as mean+=SEM obtained from three
independent samples. *p<0.01 versus control group.
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Figure 4: Underlying mechanisms of apoptosis induced by positron in SW1990 pancreatic cancer cells. Four groups
cells were incubated with different concentrations 'F-FDG (a) control group; (b)18.5MBg/ml; (¢)37MBg/ml; (d)74MBg/ml. (A) Real-
time RT-PCR analysis for the mRNA expression of apotosis-related genes. Positron decreased Bcl-2 mRNA expression and increased
Bax, Caspase-3, Caspase-9 and P53 mRNA expression in SW1990 cells in a dose-dependent manner. (B) Western blotting analysis for the
Cleaved Caspase-3, Cytochrome C and Cleaved Caspase-9 protein treated with different concentrations '*F-FDG for 24h. (C) statistical
histogram of western blotting. The data were expressed as mean+SEM obtained from three independent samples. *p<0.01 versus control
group.
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growth of tumors and dampen tumor cellular activity. Some normal organs such as the brain and heart

Meanwhile, the SUV__ of treatment groups were notably tissue showed higher F-FDG uptake. In addition,
lower on week 2 than on week 1, which indicated that BE-FDG is excreted via the kidney and bladder, all
repeated positron therapy may be useful. of which may be subjected to potential toxicity from
Semi-quantitative analysis of TUNEL-positive positron therapy. Maybe they are relatively radioresistant,
cells demonstrated that there were more apoptotic in our study we did not find conspicuous impairment in
cells in the tumors of the treatment groups than control these organs. Moreover, Moadel RM et al [15] proposed
group. Immuno histochemical analysis confirmed that some methods to minimize the damage to the kidney and
the expression level of Bcl-2 and Survivin decreased bladder through diuretic administration and intermittent
significantly and the expression level of of Bax and catheterization. Via phenobarbital or benzodiazepine
Caspase-3 increased compared with the control group, therapy, we could reduce the uptake of the brain tissue. In
which is similar to our findings in vitro, indicating that addition, the cardiac uptake could be reduced by adhering
positrons could induce tumor cells apoptosis in vivo. to a low carbohydrate diet. Moreover, positron therapy
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Figure 5: Positron inhibits the growth of tumor-burdened mice. Eighteen tumor-burdened mice were randomly divided into
3 groups: control, 92.5MBq "F-FDG and 185MBq "*F-FDG treatment groups. (A) Tumors were measured with the vernier caliper every
3 days, tumor average growth rates were monitored for 15 days after the experiment and compared with control group, the data were
expressed as mean+=SEM ( n=6). It showed that the growth rate of the subcutaneously transplanted tumor slowed down gradually compared
with control group (*p<0.05), especially in 185MBq "*F-FDG treatment group. (B) After experiment, all mice were killed, the tumor-
burdened mice before and after the treatment, the tumor grew more slowly in treatment group compared with control group.
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Figure 6: The baseline and follow-up microPET image of the tumor-burden mice in all groups. Eighteen tumor-burdened
mice were randomly divided into 3 groups: control, 92.5MBq "*F-FDG and 185MBq "F-FDG treatment groups. (A) The baseline and
follow-up microPET image of all groups. Animals were injected with 7.4MBq of "F-FDG in caudal vein,anesthetized with isoflurane
(0.3L/min, 1% in oxygen), and data were acquired for 50min. (B) Monitoring of tumor 'F-FDG uptakes before and after the treatment. The
SUV, . were monitored for 2 weeks after treatment and compared with control group.
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doses could also be fractionated to avoid the damage to
vital tissues. Jaini S et al [27] proposed that the use of
various hormones such as estrogen, progesterone and
oncogens to increase the expression of glucose transporters
in cancer cells so as to potentiate the radiotoxicity of
positron in tumor cells.

There are several possibilities of clinical application
of targeted positron therapy in anti-tumor strategy. First

A ‘brain

-
e

’4
w.'&

of all, many positron emitters are halogens like 'F-. It is
possible to incorporate them into small molecules which
could deliver radioactivity deeply into the tumors in a
homogeneous manner unlike radiolabeled antibodies which
are traditionally used for the delivery of beta-emitters, as
pancreatic tumors are very difficult to penetrate even with
relatively small molecules. The high glycolytic rate of
pancreatic cancer cells and some other cancer cells reflect
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Figure 7: Tumor-burdened mice after treatment. (A) TUNEL staining of main tissues after 185MBq "*F-FDG treatment. (Original
magnification, 400x) . (B) TUNEL staining of subcutaneous transplantation tumors after experiment, the tumors were obtained at 15 days
after ®F-FDG treatment and compared with control group ( *»<0.05 ). (Original magnification: 400%). (C) Immunohistochemical staining
of bel-2, bax, Caspase-3, Survivin of the subcutaneous transplantation tumors. The tumors were obtained and stained at 2 weeks after the
experiment. The administered doses of *F-FDG were 0, 92.5MBq and 185MBgq, respectively. It showed that with the increase radioactive
dose of *F-FDG, expression level of Bcl-2 and Survivin reduced gradually, the expression level of Bax and Caspase-3 increased gradually
compared with the control group ( *p<0.05 ). (Original magnification, 400x).
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in an increased uptake and accumulation of 'F-FDG.
Secondly, the primary pancreatic cancer and its metastatic
cancers have similar glycolytic rate or other metabolic
characteristics, so it may treat the primary tumors and its
metastases at the same time. Third, in our study, we did not
find conspicuous impairment in the behavior of the mice and
their normal organs, findings similar to many former studies,
though these need to be further investigated. Furthermore,
I8F possesses a shorter half-life and lower-energy positron
compared to other positron-emitters. All of the studies about
positron therapy showed the efficacy of "®F-FDG in tumors.
We can use more ideal position radionuclide such as *Br
(half-life 16.2hours, 3.44MeV), ' (4.2days, 2.13MeV)
, and *Cu (12.7hours, 0.657MeV) [11], and develop
targeted PET therapy based on metabolism, angiogenesis,
receptor- mediated antibodies, or use other techniques to
improve the efficacy of cancer positron- radiation. Paik JY
et al [28] evaluated the combined treatment of nitric oxide
stimulation with high dose "“F-FDG, which promoted
apoptosis and enhanced positron radiation therapy to the
actively proliferating angiogenic endothelial cells, which
is mainly referred to tumor neovascularization. All of
these could increase the potential usefulness of positron
pharmaceuticals and make it a promising treatment option
in the future.

In conclusion, this study demonstrates that positrons
emitted by high dose "F-FDG could inhibit proliferation
and induce apoptosis in pancreatic cancer cells in vitro
and in vivo. It appears that positrons induce apoptosis in
pancreatic cancer cells by creating an ROS-rich milieu and
activating endogenous mitochondria-mediated signaling
pathway. This is seen in the decreased Bcl-2/Bax ratio
and the elevated expression of cytochrome C, cleaved
Caspase-3 and cleaved Caspase-9. The potential of other
more ideal positron radionuclide in pancreatic cancer and
its metastatic cancers therapeutics should be further studied.

MATERIALS AND METHODS

Cell lines, reagent and mice

The SW1990, PANC-1, BxPC-3 human pancreatic
cancer cell lines were cultured in RPMI-1640 (Hyclone,
Shanghai, China) supplemented with 10% fetal bovine
serum (Hyclone, Shanghai, China) and 1% penicillin-
streptomycin. The rabbit polyclonal antibodies specific
for Bcl-2, Bax, Survivin, Caspase-3, Caspase-9 and
Cytochome C were purchased from Boster (Wuhan,
China). The MTT, ROS, Rhdominl23 reagent was
purchased from Sigma, AnnexinV-FITC reagent was
purchased from Biosea Biotechnology co, LTD (Beijing,
China). The RNAiso Reagent kit for total RNA extraction
and RT Reagent Kit for reverse transcription were obtained
from Takara (Dalian, China). TUNEL apoptosis detection
kit was purchased from keygen technology development
co, LTD (Nanjing, China). Female BALB/c-nu mice were

purchased from HFK Bio-Technology. co. LTD (Beijing,
China) and maintained in the animal facility at China
Medical University.

Control groups and experimental groups in vitro

Brifely, pancreatic cancer cells were incubated with
different radioactive concentrations of "¥F-FDG ( 0, 18.5
MBgq/ml, 37 MBg/ml, 74MBq/ml).

Cell proliferation by MTT assay

The cell viability was determined by MTT assay.
Briefly, the SW1990, PANC-1, BxPC-3 cells were
dispensed in a 96-well culture plate at a density of 5x10?
cells per well and incubated at 37°C. After 24 hours of
incubation, they were treated with different radioactive
concentrations of '*F-FDG (0, 18.5MBgq/ml, 37MBq /ml,
74MBgq/ml) for 6h, 12h and 24h. Following treatment, the
cells were further incubated with 20ul. of MTT reagents
(5mg/mL) for 4 hours at 37°C before DMSO was added,
to dissolve the formazan crystals. The absorbance was
measured at 570 nm in the ultraviolet spectrophotometry
(MULTISKAN GO, Thermo).

DNA synthesis analysis

The SW1990, PANC-1, BxPC-3 cells were
incubated with different radioactive concentration'$F-
FDG ( 0, 18.5MBg/ml, 37MBq/ml, 74MBq/ml) for
24 hours, incubated cells (1x10°) of each group with 1.5ul
SH-TdR each wells for another 24h, then put them into the
scintillation liquids and incubated for 24 hours at 37°C,
using the liquid scintillation counting method to detect the
CPM of the cell and analysed DNA synthesis in the cell.

Annexin V/PI staining assay for apoptosis

The SW1990, PANC-1, BXxPC-3 cells (1x10°) from
each group at 24h were collected and washed with cold
PBS (PH 7.4). According to the reagent, add the buffer,
Annexin V and PI, the apoptotic peak in each group was
detected by flow cytometry. The assay was repeated three
times.

Measurement of reactive oxygen species (ROS)

The intracellular changes in ROS generation were
detected by staining the cells with 2,7- dichlorodihyd
rofluoresceindiacetate (DCFH-DA). Briefly, SW1990
cells (1x10°) were incubated with different radioactive
concentrations of *F-FDG ( 0, 18.5 MBg/ml, 37 MBg/
ml, 74MBg/ml) for 6h. After that the cells were incubated
with 20um DCFH-DA for 20min and washed with cold
PBS (PH 7.4). Subsequently cells of different groups were
harvested and resuspended in PBS before the fluorescence
was analysed by flow cytometry.
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Measurement of mitochondrial membrane
potential (A¥Wm)

Fluorochrome dye Rhdominl23 was used to
evaluate the changes in AWm. Brifely, SW1990 cells
(1x10%) were incubated with different radioactive
concentrations of '"*F-FDG ( 0, 18.5 MBg/ml, 37MBg/ml,
74MBg/ml) for 24h. After that the cells were incubated
with Rhdomin123 for 30min and washed with cold PBS
(PH 7.4). Subsequently cells of different groups were
harvested and resuspended in PBS before the fluorescence
was analysed by flow cytometry and observed by the
fluorescence microscope the change of mitochondria
membrane potential.

Real-time quantitative reverse transcription
(qRT)-PCR and western blot analysis

Incubated SW1990 pancreatic cancer cell (2x10°)
with different radioactive concentrations of '*F-FDG (0, 18.5
MBg/ml, 37 MBq /ml, 74MBg/ml) for 24h. Briefly, the total
cellular RNA of each group were extracted with Trizol. After
that using the reagent to reversely transcribed the first-strand
cDNA. PCR was carried out using cDNA as the template and
the following primers:F:TGTGGCATTGAGACAGAC,R:
CATGGCACAAAGCGACTG for Caspase-3. F: TCCT
GGCAAAAGGTCAGAGT, R: GTTGTGTGTTCGCC
TCTTGA for Cytochrome c. F: GCGAACTAACAGGCA
AGCAGCAA, R: CTCAAGAGCACCGACATCACCAAA
for Caspase-9. F: CAATGACCCCTTCATTGACC, R:
GATCTCGCTCCT GGAAGATG for human GAPDH. The
analyses of PCR result was performed on AACt method [29].
For western blot analysis, cells from different experimental
groups were collected, washed with cold PBS and lysed.
Total cellular lysates were then resolved by 12% sulfate-
polyacrylamide gel electrophoresis and subsequently
transferred onto polyvinylid- enedifluoride membranes. The
membrane was then blocked with 5% non-fatdry milk in
Tris-buffered saline containing 0.05% Tween-20, incubated
with rabbit polyclonal antibodies specific for Caspase-3,
Caspase-9, Cytochome C and B-actin (an internal control)
in the blocking solutionfor one night and then incubated
with peroxidase (HRP)-conjugated secondary antibody for
additional 2h. Subsequently, the membrane was washed and
developed using the Super-Enhanced chemiluminescence
detection kit according to the manufacturer’s instructions.
The protein bands were visualized after exposure of the
membranes to X-ray film.

Animal model

All procedures involving mice were conducted
according to the guidelines of the Institutional Animal
Care and Use Committee of China Medical University.
Four- to five-week old female nude mice were injected
subcutaneously on the armpit area of their right anterior

limbs with 100ul cell suspension containing 2x10°
SW1990 cells. The ninth day after implantation the tumor
reached 0.7 cm in diameter and the imaging and therapy
with 8F-FDG was initiated.

PET/CT image of tumor-bearing mice with
BF-FDG

Tumor-bearing pancreatic cancer mice models
were fasted for at least 8 hours before injecting 7.4MBq
BF-FDG in caudal vein. The mice rested about 50
minutes for the uptake of ¥F-FDG under anesthesia.
The PET scan was done on a microPET scanner (Metis
Small Animal PET, Shandong Madic Technology Co,
Ltd), after 20 minutes emission scan the "F-FDG
microPET image of the tumor-bearing mice was
obtained. The SUV _  of the tumor was calculated in
the PET image.

Treatment of tumor-bearing mice with *F-FDG

Eighteen tumor-bearing mice with tumor sizes of
0.70-0.90cm in diameter were randomly divided into
3 groups (control group and two treatment groups). The
two treatment groups were separately injected with a dose
of 92.5MBq and 185MBq "®F-FDG in the caudal vein
on a weekly basis. The therapeutic doses were based on
previously published research (12,14-16). The control
group was injected with saline, after having fasted for
at least 8 hours. All mice rested for the uptake period of
50 minutes under anesthesia. Mice were monitored until
half of the control group were dead. We acquired the
microPET image and measured the SUV _ of the tumor
before and after treatment. Animals were anesthetized
with isoflurane (0.3L/min, 1% in oxygen), then injected
with 7.4MBq of '®F-FDG in the caudal vein and allowed
to circulate for 50 minutes prior to image acquisition.
Tumors were measured with the vernier caliper every 3
days, the volume of the tumors was calculated according
to the following formula: V = ab*x0.52 (a is the larger and
b is the smaller of the two dimensions). The tumor growth
rate (cm3/day) was calculated according to the following
formula: growth rate = (tumor volume, . - tumor volume,
)/ N x100%.

day after treatment

Immunohistochemical analysis of Bcl-2, Bax,
Survivin and Caspase-3 expression

After experiment, all mice were sacrificed. The
tumor tissues were paraformaldehyde- fixed, paraffin-
embedded, cut into serial sections (Sum) and then
mounted on glass slides and dried at 60°C for 2 h,
tumor sections were consecutively incubated: 15
minutes in PBST (phosphate-buffered saline with 0.3%
TritonX-100), 30 minutes in blocking buffer (PBST, 5%
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normal goat serum, 0.2% bovine serum albumin) , in
Rabbit polyclonal Bcl-2, Bax, Survivin and Caspase-3
isoform-specific antibodier in blocking buffer for an
hour, 15 minutes in PBST, an hour in rabbit anti-goat
IgG (conjugated with fluorescein) in blocking buffer and
30minutes in PBST.

Apoptosis detection

TUNEL assay was used to detect apoptosis of the
resected tumors and normal organs. The apoptosis of
positive cells in five random viewpoints (x400) were
counted, and then the mean and standard deviation were
calculated for statistical analysis.

Statistical analysis

Results were expressed as the means + SEM. The
statistical significance of differences in groups were
evaluated by chi-square test and analysis of variance
(ANOVA). All statistical analysis were performed
using the SPSS 17.0 software. A value of p < 0.05 was
considered statistical significance.
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BF-FDG: '8F-2-Deoxy-2-Fluoro-D-Glucose; PET:
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z-yl]-,5-DIPhengltetrazoliumbromide; DMSO: dimethyl
sulfoxide; CPM: counts per minute; qRT-PCR: quantitative
reverse transcription polymerase chain reaction; Caspase:
cysteine proteinases with specificity; TUNEL: terminal
deoxynucleotidyl transferase dUTP nick end labeling.

Author contributions

Ying Wang and Yaming Li designed the experiments
and wrote the manuscript. Ying Wang conducted the
experiments and analyzed the data. Ming Li helped
conduct the cell experiments and edit the manuscript. Rao
Diao helped design and conduct the animal experiments
and immunohistochemical analysis. Brian Tung helped
write and edit the manuscript. Dalong Zhang helped
produce the radionuclide and conduct the animal
experiments. All authors contributed comments and
critically read the manuscript.

ACKNOWLEDGMENTS

We thank Dr. Yaming Li for experiment designing
and guidance, Dr. Ming Li, Rao Diao, Dalong Zhang
for helping conduct the experiments, Dr. Brian Tung
for helping edit the manuscript, Dr. Yi Yang for helping
conduct the animal model.

CONFLICTS OF INTEREST

Authors declare no conflicts of interest.

FUNDING

This study is supported by Doctoral Funds of China
Medical University, and Fund for Scientific Research
of The First Hospital of China Medical University
(FSFH201715).

REFERENCES

1. Yang SH, Kuo YH, Tien YW, Hsu C, Hsu CH, Kuo SH, Cheng
AL. Inferior survival of advanced pancreatic cancer patients
who received gemcitabine-based chemotherapy but did not
participate in clinical trials. Oncology. 2011; 81: 143-150.

2. Barkin JS, Goldstein JA. Diagnostic and therapeutic approach
to pancreatic cancer. Biomed Pharmacother. 2000; 54: 400-409.

3. Cooperman AM. Pancreatic cancer: the bigger picture. Surg
Clin North Am. 2001; 81: 557-574.

4. Epelbaum R, Frenkel A, Haddad R, Sikorski N, Strauss LG,
Israel O, Dimitrakopoulou-Strauss A. Tumor aggressiveness
and patient outcome in cancer of the pancreas assessed by
dynamic "¥F-FDG PET/CT. J Nucl Med. 2013; 54: 12-18.

5. Hustinx R, Benard F, Alavi A. Whole-body FDG-PET
imaging in the management of patients with cancer. Semin
Nucl Med. 2002; 32: 35-46.

6. Gallagher BM, Fowler JS, Gutterson NI, MacGregor RR,
Wan CN, Wolf AP. Metabolic trapping as a principal of
radiopharmaceutical design: some factors responsible for
biodistribution of '¥F-2-deoxy- 2-fluoro-D-glucose. J Nucl
Med. 1978;19: 1154-61.

7. Warburg O. The Metabolism of Tumors. London: Arnold
Constable; 1930.

8. Chiesa C, De Sanctis V, Crippa F, Schiavini M, Fraigola
CE, Bogni A, Pascali C, Decise D, Marchesini R,
Bombardieri E. Radiation dose to technicians per nuclear
medicine procedure: comparision between technetium-99m,
gallium-67, and iodine-131 radiotracers and flouorine-18
fluorodeoxyglucose. Eur J Nucl Med. 1997; 24: 1380-1389.

9. Ugur O, Kothari PJ, Finn RD, Zanzonico P, Ruan S,
Guenther I, Maecke HR, Larson SM. Ga-66 labeled
somatostatin analogue DOTA-DPhel- Tyr3-octreotide as a
potential agent for positron emission tomography imaging
and receptor mediated internal radiotherapy of somatostatin
receptor positive tumors. Nucl Med Biol. 2002; 29:
147-157.

10. Stoll HP, Hutchins GD, Winkle WL, Nguyen AT, Appledorn
CR, Janzen I, Seifert H, Riibe C, Schieffer H, March KL.
Advantages of short-lived positron-emitting radioisotopes for
intracoronary radiation therapy with liquid-filled balloons to
prevent restenosis. J Nucl Med. 2001; 42: 1375-1383.

www.impactjournals.com/oncotarget

Oncotarget



I1.

12.

13.

15.

16.

18.

19.

Moadel RM, Nguyen AV, Lin EY, Lu P, Mani J, Blaufox
MD, Pollard JW, Dadachova E. Positron emission
tomography agent 2-deoxy-2- [**F] fluoro-D-glucose has a
therapeutic potential in breast cancer. Breast Cancer Res.
2003; 5: 199-205.

Meyer MA. Radiotherapeutic use of 2-deoxy-2-['"*F] fluoro-
D-glucose-a comment. Breast Cancer Res. 2004; 6: E2.
Caridad V, Arsenak M, Abad MJ, Martin R, Guillén N,
Colmenter LF, Taylor P. Effective radiotherapy of primary
tumors and metastasis with 18F-2-deoxy-2-fluoro-D-
glucose in C57BL/6 Mice. Cancer Biother Radiopharm.
2008; 23: 371-375.

Fang S, Wang J, Jiang H, Zhang Y, Xi W, Zhao C, Tian M,
Zhang H. Experimental study on the therapeutic effect of
positron emission tomography agent ['*F]-labeled 2-deoxy-
2- fluoro-d-glucose in a colon cancer mouse model. Cancer
Biother Radiopharm. 2010; 25: 733-740.

Moadel RM, Weldon RH, Katz EB, Lu P, Mani J, Stahl
M, Blaufox MD, Pestell RG, Charron MJ, Dadachova E.
Positherapy: targeted nuclear therapy of breast cancer with
18F-2-deoxy-2-fluoro-D-glucose. Cancer Res. 2005; 65:
698-702.

Zhang R, Humphreys I, Sahu RP, Shi Y, Srivastava SK.
In vitro and in vivo induction of apoptosis by capsaicin in
pancreatic cancer cells is mediated through ROS generation
and mitochondrial death pathway. Apoptosis. 2008; 13:
1465-1478.

. Zheng LC, Yang MD, Kuo CL, Lin CH, Fan MJ, Chou YC,

Lu HF, Huang WW, Peng SF, Chung JG. Norcantharidin-
induced apoptosis of AGS human gastric cancer cells
through reactive oxygen species production, and caspase-
and  mitochondria-dependent  signaling  pathways.

Anticancer Res. 2016; 36: 6031-6042.

Chang Z, Xing J, Yu X. Curcumin induces osteosarcoma
MG63 cells apoptosis via ROS/Cyto-C/Caspase-3 pathway.
Tumour Biol. 2014; 35: 753-758.

Liu JF, Chen CY, Chen HT, Chang CS, Tang CH. BL-038,
a benzofuran derivative, induces cell apoptosis in human

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

chondrosarcoma cells through reactive oxygen species/
mitochondrial dysfunction and the caspases dependent
pathway. Int ] Mol Sci. 2016; 17: 1491.

Xie L, Xiang GH, Tang T, Tang Y, Zhao LY, Liu D,
Zhang YR, Tang JT, Zhou S, Wu DH. Capsaicin and
dihydrocapsaicin induce apoptosis in human glioma cells
via ROS and Ca*" mediated mitochondrial pathway. Mol
Med Rep. 2016; 14: 4198-4208.

Liang CZ, Zhang JK, Shi Z, Liu B, Shen CQ, Tao HM.
Matrine induces caspase- dependent apoptosis in human
osteosarcoma cells in vitro and in vivo through the
upregulation of Bax and Fas/FasL and downregulation of
Bcl-2. Cancer Chemother Pharmacol. 2012; 69: 317-331.
Cory S, Adams JM. The Bcl2 family: regulators of the
cellular life-or-death switch. Nat Rev Cancer. 2002; 2:
647-656.

Adams JM, Cory S. The Bcl-2 apoptotic switch in cancer
development and therapy. Oncogene. 2007; 26: 1324-1337.

Czabotar PE, Lessene G, Strasser A, Adams JM. Control
of apoptosis by the Bcl-2 protein family: implications for
physiology and therapy. Nat Rev Mol Cell Biol. 2014; 15:
49-63.

Ola MS, Nawaz M, Ahsan H. Role of Bcl-2 family proteins
and caspases in the regulation of apoptosis. Mol Cell
Biochem. 2011; 351: 41-58.

Siddiqui WA, Ahad A, Ahsan H. The mystery of Bcl-2
family: Bcl-2 proteins and apoptosis: an update. Arch
Toxicol. 2015; 89: 289-317.

Jaini S, Dadachova E. FDG for therapy of metabolically
active tumors. Semin Nucl Med. 2012; 42: 185-189.

Paik JY, Park JW, Jung KH, Lee EJ, Lee KH. Combination
of nitric oxide stimulation with high-dose 'SF-FDG
promotes apoptosis and enhances radiation therapy of
endothelial cells. Nucl Med Biol. 2012; 39: 423-428.
Livak KJ, Schmittgen TD. Analysis of relative gene
expression data using real-time quantitative PCR and the
224 method. Methods. 2001; 25: 402-408.

www.impactjournals.com/oncotarget

51662

Oncotarget



