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Combined *F-FDG PET/CT imaging and
a gastric orthotopic xenograft model in nude
mice are used to evaluate the efficacy
of glycolysis-targeted therapy
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Abstract. As discovered by Warburg 80 years ago most
malignant cells rely more on glycolysis than normal cells.
The high rate of glycolysis provides faster ATP production
and greater lactic acid for tumor proliferation and invasion,
thus indicating a potential target in anticancer therapy.
Our previous studies demonstrated that 3-bromopyruvate
(3-BrPA) and sodium citrate (SCT) inhibited tumor cell
proliferation in vitro. However, the underlying mechanisms
still warrant further investigation. In the present study, we
employed the human SGC-7901 gastric cancer cell line, built
an orthotopic xenograft model in nude mice, examined the
treatment response by 'F-FDG PET/CT and investigated
the mechanisms of 3-BrPA and SCT in vivo. Our results
demonstrated that glycolysis and tumor growth were
inhibited by intraperitoneal injection of 3-BrPA and SCT,
which were imaged using an "F-FDG PET/CT scanner.
In addition, apoptosis induced by 3-BrPA and SCT was
initiated by the upregulation of Bax and downregulation
of Bcl-2, which promote cytochrome ¢ release and subse-
quently activate caspase-9 and -3, and ultimately execute
mitochondria-mediated apoptosis. Furthermore, apoptosis
was also modulated by the generation of ROS and inhibi-
tion of survivin. Accordingly, 3-BrPA and SCT can inhibit
glycolysis and induce gastric cancer apoptosis through the
mitochondrial caspase-dependent pathway.
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Introduction

Despite advances in surgical techniques, adjuvant chemo-
therapy, radiotherapy and immune therapy in the past decades,
cancer is still the second leading cause of death worldwide
alongside heart diseases (1). In particular, gastric cancer (GC),
with the highest prevalence in Eastern Asia (including Japan,
Korea and China) worldwide, has a 5-year survival rate of less
than 30% (1,2). Therefore, the discovery of novel and more
effective therapeutic targets against cancer appears to be of
central importance.

In 1956, Otto Warburg observed that malignant cells
undergo a higher rate of glycolysis for energy in contrast to
healthy cells (3). Based on this characteristic of cancer cells,
2'-["®F]-fluoro-2'-deoxy-D-glucose positron emission tomog-
raphy ("®F-FDG PET) has been extensively used to diagnose
and assess various cancers including GC, and the changes in
BE-FDG uptake can also reflect early treatment response (4,5).
In addition, this glycolytic metabolic characteristic of cancer
cells also suggests that targeting glycometabolism may be an
effective way to selectively inhibit cancer cells (6). Moreover,
this dysregulated metabolism has been revealed to promote
drug resistance in malignant cells (7).

Recently, a number of molecules have been discovered
to suppress glycolysis in cancer cells. Various representative
drugs are iodoacetic acid (IAA), dichloroacetate (DCA),
2-deoxyglucose and 3-bromopyruvate (3-BrPA). Previous
studies from Pedersen and our team revealed that 3-BrPA
decreased glycolysis by suppressing mitochondrial hexoki-
nase activity (8,9). Similarily, sodium citrate (SCT), a member
of the mitochondrial tricarboxylic acid cycle, has also been
revealed to inhibit medullary thyroid cancer, leucocythemia,
malignant pleural mesothelioma and ovarian carcinoma
growth (10-13).

It is generally known that the potential anticancer ability
of a new therapeutic approach is often evaluated by activation
of tumor cell apoptosis. There are 2 major signaling pathways
that induce apoptosis: the extrinsic (death receptor) pathway
mediated by procaspase-8, and the intrinsic (mitochondrial)
pathway which is triggered by the disruption of the mito-
chondrial transmembrane potential, release of apoptogenic
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proteins such as cytochrome ¢ (Cyt-C) into the cytoplasm and
subsequent activation of caspase-9 (14-16). The 2 signaling
pathways converge at the activation of caspase-3, a key
mediator in the execution apoptosis (17). Furthermore, the
proteins in the Bcl-2 family such as pro-apoptotic Bax and
anti-apoptotic Bcl-2, modulate the mitochondrial membrane
potential thus regulating apoptotic signaling (18). In addi-
tion, as a member of the IAP family, survivin is abundantly
expressed in the majority of human cancers, and is associ-
ated with tumor proliferation and treatment resistance (19).
Survivin inhibits the activation of caspases and is a target of
anticancer drugs (20,21). Moreover, reactive oxygen species
(ROS) generated in and around mitochondria, has been indi-
cated to induce uncontrolled oxidative stress and subsequent
cell apoptosis (22).

The application of tumor animal models is extremely
important in pre-clinical studies of oncology (23), and
traditional ectopic models were restricted in their poor repre-
sentation of the pathophysiological milieu around tumors (24).
Thus, it is necessary to create practicable orthotopic xenograft
tumor models that mimic the biological characteristics of
human tumors in order to discover successful therapeutic
strategies (25).

The results from our previous studies indicated that the
antitumor mechanisms of 3-BrPA and SCT warrant further
investigation (9,13). In the present study, we created a GC
orthotopic xenograft model in nude mice and intraperitoneally
injected 3-BrPA and SCT. The antitumor efficacy of 3-BrPA
and SCT was detected using a micro-PET/CT scanner. We
also explored the underlying mechanisms in the inhibition of
tumors induced by 3-BrPA and SCT. In the present study the
results demonstrated that the antitumor effect was associated
with the generation of ROS, upregulation of Bax, downregula-
tion of Bcl-2 and survivin, release of Cyt-C and activation of
caspase-3 and -9 cascades.

Materials and methods

Cell line and reagents. Gastric carcinoma cell line SGC-7901
was purchased from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). The cell line was maintained
in RPMI-1640 medium supplemented with 10% fetal calf
serum (Gibco, Carlsbad, CA, USA), 100 U/ml penicillin and
100 pg/ml streptomycin, in a humidified atmosphere with 5%
CO, at 37°C.

3-BrPA, SCT and 5-fluorouracil (5-FU) were purchased
from Sigma-Aldrich (St. Louis, MO, USA), dissolved in
medium and phosphate-buffered saline (PBS) to create
working solutions and filtered and sterilized prior to treatment.

Cell proliferation assay. In order to determine the sensitivity of
the SGC-7901 cell line to 3-BrPA, SCT or 5-FU, ~2,000 cells
were seeded into 96-well plates and exposed to varying
concentrations of the drugs for 24 and 48 h. Then, the cells
were incubated with 10 ul of 5 mg/ml 3-(4,5-demethylthiazol-
2-yl)-2,5-diphenyltetrazonium bromide (MTT) for a further
4-h incubation at 37°C. Dimethyl sulfoxide (DMSO) was
added to each well, and was shaken for 30 sec. The absorbance
at 490 nm was quantified using a microplate reader (Bio-Rad,
Hercules, CA, USA).
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Hochest 33258 staining. To detect apoptosis in vitro,
SGC-7901 cancer cells were grown in 6-well plates and
treated with 3-BrPA, SCT and 5-FU for 24 h, then stained with
Hochest 33258 (Beyotime Biotechnology, Jiangsu, China), and
visualized under a fluorescence microscope (Olympus, Tokyo,
Japan) at an excitation wavelength of 350 nm and an emission
wavelength of 460 nm.

Detection of intracellular ROS level. The production of perox-
ides was assessed using the ROS assay kit (Beyotime, Haimen,
China). Briefly, SGC-7901 cancer cells were treated with
3-BrPA,SCT and 5-FU for4 h,incubated with 10 xM DCFH-DA
in serum-free medium at 37°C for 20 min. Subsequently, the
cells were imaged with a laser scanning confocal microscope
(Nikon A1; Nikon Corporation, Tokyo, Japan) at excitation and
emission wavelengths of 488 and 525 nm, respectively. The
fluorescence intensity was regarded as the generation of ROS.

Establishment of a gastric carcinoma orthotopic xenograft
model. Four-week-old female BALB/c athymic nude mice,
weighing 20+2 g, were obtained from the Animal Experimental
Center of Guangxi Medical University (Guangxi, China) and
fed under specific pathogen-free conditions. All experimental
procedures were conducted in accordance with the interna-
tionally recognized guidelines for conduct and animal welfare.

Mice were subcutaneously injected with 200 pl of suspen-
sion (2x10° cells/ml) of the SGC-7901 cell line in the back of
axillary regions and sacrificed by cervical dislocation after
14 days when the palpable tumor diameter reached 1.0 cm.
Tumor tissues were stripped and minced to 1-2 mm?, and then
transplanted into the next new group of mice for 6 sequential
generations. The sixth subcutaneously transplanted tumor was
used as the source of orthotopic transplantation.

Nude mice were anesthetized with sodium pentobarbital
(45 mg/kg of body weight) by intraperitoneal injection, and an
incision was made to carefully expose the stomach. The sero-
muscular layer of greater curvature was punctured with a needle
to form a local concave niche where a tumor mass of ~1.0 mm?
with good conditioning was imbedded and then the surface and
greater omentum was covered with medical OB glue.

After transplantion for 2 weeks, 96 mice were randomly
divided into the following 8 groups (n=12): control group
(PBS, 10 ml/kg), 5-FU group (5-FU, 10 mg/kg), 3-BrPA
low-dose group (3-BrPA-L, 1.85 mg/kg), 3-BrPA medium-dose
group (3-BrPA-M, 2.23 mg/kg), 3-BrPA high-dose group
(3-BrPA-H,2.67mg/kg),SCTlow-dose group (SCT-L,7.5mg/kg),
SCT medium-dose group (SCT-M, 15 mg/kg),and SCT high-dose
group (SCT-H, 30 mg/kg). Nude mice were daily intraperito-
neally injected with corresponding drugs or PBS (10 ml/kg),
respectively. For 4 weeks the physical, stool and abdominal
conditions of nude mice were observed throughout this experi-
ment. After a 4-week treatment, half of the nude mice in each
group were imaged with a micro-PET/CT scanner and then
sacrificed by cervical dislocation. The tumor tissues and organs
were stripped for subsequent studies. The remaining mice were
continually treated until their death in order to evaluate the life
prolonging rate.

Small-animal ®F-FDG PET/CT scanning. A small-animal
PET/CT scanner (Inveon; Siemens Medical Solutions,
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Knoxville, TN, USA) was used for in vivo imaging. The
SGC-7901 tumor-bearing mice were anesthetized with isoflu-
rane (2% in 98% oxygen), kept at 38°C and the caudal vein was
injected with ®F-FDG (5.55 MBp, 150 pCi) 40 min prior to
imaging. A PET scan for 15 min was conducted on the mice
followed by a 5 min CT scan. Three-dimensional regions of
interest (ROI) were drawn around the gastric tumors and the
standardized uptake value was measured as the percentage of
injected radioactivity dose/gram (% ID/g).

Hematoxylin and eosin and immunohistochemistry (IHC)
staining. The harvested tumor tissues, livers and kidneys were
embedded in paraffin, sectioned at 5-ym thickness and stained
with hematoxylin and eosin (H&E) for examination by light
microscopy.

In addition, immunohistochemical (IHC) staining was
performed using antibodies for cleaved caspase-9 (1:100 dilu-
tion) and cleaved caspase-3 (1:400 dilution) (both from Cell
Signaling Technology, Danvers, MA, USA). The expression
of cleaved caspase-9 and cleaved caspase-3 were determined
based on the cytoplasmic and nuclear staining. The results
were scored according to the mean density (MD) by Image-Pro
Plus 6.0 and evaluated by 2 pathologists.

Lactate, ATP and glycolytic enzyme assay. To detect the
inhibitory effect on glycolysis of 3-BrPA and SCT in vivo, the
lactate production, ATP content and the glycolytic enzyme
activity (HK, PFK-1 and PK) were assessed using assay Kkits
(Jiancheng, Nanjing, China). According to the manufacturer's
instructions, the absorbance at 340 nm was assessed spectro-
photometrically (UV-2450; Shimadzu, Kyoto, Japan) and the
results were calibrated with cellular protein concentration.

Western blot analysis. Total proteins were extracted from
orthotopic tumors, electrophoresed in sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE),
and then transferred onto a nitrocellulose filter membrane
(Millipore, Billerica, MA, USA). Non-specific binding was
blocked with 5% skimmed milk for 2 h at room temperature
and incubation followed with specific primary antibodies
at 4°C overnight. The primary antibodies used were rabbit
antibodies against Bax, Bcl-2, Cyt-C, survivin and GAPDH
(1:1,000 dilution; Cell Signaling Technology). The anti-rabbit
IgG DyLight 800-conjugated antibody was incubated at room
temperature for 90 min (1:1,000 dilution; Cell Signaling
Technology). The protein bands were visualized and quanti-
fied using the Odyssey system (LI-COR Biosciences, Lincoln,
NE, USA).

Results

Drug sensitivity of cell lines. As shown in Table I, the ICs, values
of 3-BrPA, SCT or 5-FU in the SGC-7901 GC cell line were
10.23+2.37 yg/ml and 7.19+1.05 mg/ml at 24 h, 6.15+1.24 pug/ml
and 4.12+0.87 mg/ml at 48 h, 0.38+0.05 and 0.25+0.03 mmol/l
at 48 h respectively.

Apoptosis is assessed by Hochest 33258 staining. The apop-
totic cells, characterized by chromatin condensation and
fragmentation, were observed after exposure to 3-BrPA and

273

Table I. IC,, values of 3-BrPA, SCT and 5-FU in the SGC-
7901 cancer cell line in vitro.

Groups  3-BrPA (ug/ml) SCT (mg/ml) 5-FU (mmol/l)
24 h 10.23+2.37 7.19+1.05 0.38+0.05
48 h 6.15+1.24 4.12+0.87 0.25+0.03

The results are expressed as the mean + SD. 3-BrPA, 3-bromopyru-
vate; SCT, sodium citrate, 5-FU, 5-fluorouracil.

SCT for 24 h (Fig. 1A and C). The percentage of apoptotic
cells increased along with the concentrations of 3-BrPA and
SCT. The results strongly indicated that 3-BrPA and SCT
induced SGC-7901 cell apoptosis in vitro.

ROS is generated after 3-BrPA and SCT treatment.
Intracellular ROS generation was evaluated using intracellular
peroxide-dependent oxidation of DCFH-DA to form fluorescent
DCF and detected with laser scanning confocal microscope
after treatment with 3-BrPA and SCT for 4 h (Fig. 1B). ROS
production was significantly increased upon treatment with
3-BrPA, SCT and 5-FU compared with the control (Fig. 1D;
p<0.05). Furthermore, the fluorescence intensity increased
along with the dose of 3-BrPA and SCT.

Effect of 3-BrPA and SCT on gastric orthotopic xenograft
tumors. Gastric orthotopic xenograft models were success-
fully built (Fig. 2A and B), and the effect of 3-BrPA and SCT
on tumor growth and survival time in mice were investigated.
The orthotopic xenograft tumors were identified by touch
through the abdominal wall 10 days after transplantation and
the tumor formation rate was ~95% and the mortality rate was
4%. The mice administered by intraperitoneal injection with
3-BrPA and SCT exhibited tumor growth inhibition compared
with the control group (Table II) (p<0.05). Moreover, as
shown in Fig. 2D, the survival time of mice increased in the
3-BrPA and SCT groups (p<0.05). The results demonstrated
that 3-BrPA and SCT suppressed tumor growth and prolonged
tumor-bearing mice survival time.

Histology assessment. In order to determine whether 3-BrPA
and SCT had a toxic effect on mice, the histopathological
changes in the liver and kidneys were observed by H&E
staining. As shown in Fig. 2C, histological examination did
not reveal any apparent abnormalities, indicating the safety of
the 3-BrPA and SCT doses used in the present study. However,
slight vacuolar changes and spotty necrosis in hepatocytes,
hydropic changes and leukocyte infiltration in kidney cells
were observed in the 5-FU-treated mice.

3-BrPA and SCT suppresses glycolytic activity in tumors as
determined by micro-PET/CT imaging. PET/CT with ®F-FDG
is a non-invasive approach to detect the glycolytic activity,
and the radiotracer accumulation (% ID/g) in tumor areas,
reflecting the intensity of tumor glucose metabolism. In the
present study, we observed a significantly decreased radioac-
tivity uptake in the mice treated with 3-BrPA and SCT (Fig. 3)
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Figure 1. Effect of 3-BrPA and SCT on SGC-7901 cancer cells in vitro. (A and C) 3-BrPA and SCT induced SGC-7901 cell apoptosis in vitro. Under a
fluorescence microscope, apoptotic cells stained with Hochest 33258 exhibited nucleic fragmentation and chromatin condensation. (B and D) 3-BrPA and SCT
induced ROS generation in SGC-7901 cells. An increase in intracellular fluorescence intensity was detected in SGC-7901 cells by DCHF-DA assay using a
laser scanning confocal microscope. The results are expressed as the mean + standard deviation (n=3); *p<0.05 vs. the control; ®p<0.05 vs. the 5-FU group.

3-BrPA, 3-bromopyruvate; SCT, sodium citrate; ROS, reactive oxygen species.

Table II. Results of nude mice weights, tumor volumes, tumor weights, and the inhibitory rate of tumors (%).

Nude mice Tumor volume Tumor weight Inhibitory rate Inhibitory rate
Group (n) (mm?>) (2) of volume (%) of weight (%)
3-BrPA-L 12 810.41+£72.51 0.80+0.05 29.70+6.29** 30.23+3.43%0
3-BrPA-M 12 730.08+60.10 0.70+0.04 36.67+£5.21%° 39.43+5.09*°
3-BrPA-H 12 643.03+77.76 0.62+0.05 44.22+6.75* 46.86+5.96*
SCT-L 12 799.78+64.79 0.79+0.06 30.62+5.622° 29.18+3.1420
SCT-M 12 708.60+86.93 0.69+0.07 38.53+7.542° 38.02+4.65*°
SCT-H 12 615.72+57.00 0.60+0.03 46.59+4 .94* 45.62+4.82*
5-FU 12 605.48+61.53 0.60+0.05 47 48+5.34* 47.04£5.07*
Control 12 1152.77+88.99 1.13+0.08 0.00°0.00°

The growth of orthotopic xenograft tumors in nude mice was markedly inhibited with 3-BrPA and SCT treatment (“P<0.05). Results are
presented as the mean + standard deviation (n=12). ®p<0.05 vs. control; °p<0.05 vs. 5-FU group. 3-BrPA, 3-bromopyruvate; SCT, sodium

citrate, 5-FU, 5-fluorouracil.

(p<0.05), which may have resulted from the inhibition of
PFK-1 and HK activities. Notably, a decrease of radiotracer
accumulation was also observed in the 5-FU-treated group,
which may be associated with the decrease of HK activity.

3-BrPA and SCT activate caspase cascades. Activation of
caspase-3 and -9 is a key downstream event involved in the
initiation and execution of apoptosis. From the IHC anal-
ysis (Fig. 4), the tumors from mice treated with 3-BrPA and

SCT exhibited increased levels of cleaved caspase-3 and -9 in
a dose-dependent manner, suggesting that the mechanism of
apoptosis induced by 3-BrPA and SCT is related to caspase
activation (p<0.05). Similarly, a significant increase in the
expression of cleaved caspase-3 and -9 was also found in
tumors with the 5-FU treatment.

Effects of 3-BrPA and SCT on Bcl-2, Cyt-C, Bax and survivin
expression. To further investigate the possible underlying
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Figure 2. GC orthotopic xenograft tumors in nude mice are markedly inhibited by intraperitoneal injection of 3-BrPA and SCT. (A and B) We successfully built
a GC orthotopic transplantation tumor model in nude mice. The weight and volume of the tumors in 3-BrPA, SCT and 5-FU-treated mice were significantly
decreased (*p<0.05). (C) Microstructures of the liver and kidneys were observed by H&E staining. No significant pathological alterations were observed in the
3-BrPA and SCT-treated mice. (D) Intraperitoneal injection of 3-BrPA and SCT extended the survival time of tumor-bearing mice. Data are expressed as the
mean £ SD (n=6); “p<0.05 vs. the control; °p<0.05 vs. the 5-FU group. GC, gastric cancer; 3-BrPA, 3-bromopyruvate; SCT, sodium citrate; 5-FU, 5-fluorouracil.

mechanism responsible for executing 3-BrPA and SCT induced
apoptosis, we analyzed the expression of Bcl-2, Bax, Cyt-C
and survivin using western blot analysis (Fig. 5A). The 3-BrPA
and SCT-treated groups exhibited an increased expression
of pro-apoptotic factors, Bax and Cyt-C, and a decreased
expression of anti-apoptotic factors, Bcl-2 and survivin, in a
concentration-dependent manner (p<0.05). However, with
5-FU treatment, Bax and Cyt-C were also upregulated while
Bcl-2 and survivin were downregulated (p<0.05). These

results from western blot and IHC analyses indicated that
the mechanism of induced apoptosis by 3-BrPA and SCT
may be mediated by suppressing survivin and activating the
mitochondria-dependent pathway.

3-BrPA and SCT inhibit the activities of glycolytic enzymes
to decrease lactate and ATP production. To further explore
the potential mechanisms involved in the regulation of glucose
metabolism of 3-BrPA and SCT in vivo, the activities of
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Figure 3. Micro-PET/CT scanning. (A) The coronal planes of nude mice with gastric orthotopic transplanted tumors were scanned by *F-FDG PET/CT (from
top to bottom: CT, PET and PET/CT images). (B) Mice with a marked decrease in the uptake of "SF-FDG were observed in the 3-BrPA and SCT-treated groups,
which revealed the glycolytic activity and progression of tumors. The results are presented as the mean + standard deviation from 5 independent mice; “p<0.05
vs. the control; °p<0.05 vs. the 5-FU group. 5-FU, 5-fluorouracil.
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Figure 4. 3-BrPA and SCT significantly increase the protein expression of cleaved caspase-3 and -9 in tumor tissues. (A and B) IHC staining assay revealed that
the expression of cleaved caspase-3 was increased in a dose-dependent manner after 3-BrPA and SCT treatment (*p<0.05). (C and D) The expression of cleaved
caspase-9 was also upregulated in the 3-BrPA, SCT and 5-FU groups (*p<0.05). The results are presented as the mean + standard deviation (n=6); *p<0.05 vs.
the control; ®p<0.05 vs. the 5-FU group. 3-BrPA, 3-bromopyruvate; SCT, sodium citrate; 5-FU, 5-fluorouracil.

glycolytic enzymes (PK, HK and PFK-1), lactate and ATP  in the 3-BrPA-treated group by suppression of HK activity, and
production in tumor tissues was assessed (Fig. 5B and C). The it was also decreased in the SCT-treated group by inhibition of
data revealed that lactate and ATP production was decreased = PFK-1 activity. Lactate and ATP production in the 5-FU-treated
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Figure 5. Analysis of the efficacy of 3-BrPA and SCT on apoptosis and glycolysis. (A) Results from western blot analysis revealed that the expression of Bax
and Cyt-C were upregulated, and the expression of Bcl-2 and survivin were downregulated in the 3-BrPA and SCT-treated mice. (B) The production of lactate
and ATP in the 3-BrPA and SCT-treated mice were significantly lower than in the PBS groups (*p<0.05). (C) 3-BrPA and SCT can inhibit the activity of HK
and PFK-1, respectively. However, the activity of PK exhibited no significant differences in all the groups (p>0.05). Data are expressed as the mean + SD (n=6);
2p<0.05 vs. the control; °p<0.05 vs. the 5-FU group. 3-BrPA, 3-bromopyruvate; SCT, sodium citrate; 5-FU, 5-fluorouracil, Cyt-C, cytochrome c.

group was significantly lower in contrast to the PBS group
(p<0.05). Moreover, the activity of HK and PFK-1 was
suppressed by 3-BrPA and SCT in a concentration-dependent
manner, respectively.

Discussion

As discovered by Warburg 80 years ago, most malignant
cells preferentially utilize glycolysis rather than oxidative
phosphorylation for energy production even in the presence of
oxygen (3) although the energy generation of glycolysis is far

less efficient than oxidative phosphorylation (2 ATPs/glucose
in glycolysis, but 36 ATPs from oxidative phosphorylation).
However, increased glycolysis not only provides faster
ATP production, but also greater lactic acid for tumor cell
proliferation and invasion and may promote their resistance
to chemoradiotherapy (3,7,26). Due to the altered metabolism
in malignant cells, targeting glycolysis may provide a novel
approach in the treatment of cancer.

A variety of agents have been explored to selectively
suppress glycolysis. Some representative examples are DCA,
2-deoxyglucose, IAA and 3-BrPA. DCA activates the pyruvate
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dehydrogenase complex by targeting pyruvate dehydrogenase
kinase (27). 2-Deoxyglucose can non-competitively inhibit
hexokinase II to block glycolysis (28). IAA is reported to
inhibit glyceraldehyde-3-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase (29). However, the
exact underlying molecular mechanisms of these drugs
are still under further investigation. Previous studies from
Pedersen and our team had revealed that 3-BrPA decreased
the glycolysis rate by suppressing mitochondrial hexokinase
activity (9,10). Similarly, SCT has also been revealed to inhibit
medullary thyroid cancer, leucocythemia, malignant pleural
mesothelioma and ovarian carcinoma growth (10-13). On
account of their potential ability in the treatment of malignant
tumors, we employed 3-BrPA and SCT in the present study and
attempted to reveal their underlying antitumor mechanisms.
As shown in Fig. 5B and C, 3-BrPA and SCT decreased lactate
and ATP production by targeting HK and PFK-1, respectively.
The decrease of ATP and lactate may contribute to decrease
the energy supply and disrupt the acidic microenvironment,
resulting in tumor growth inhibition and apoptosis induc-
tion (Figs. 2 and 4).

In addition, based on the high glycolytic rates in malig-
nant cancer, PET imaging with ®F-FDG has been extensively
used for clinical detection of tumors (30). Moreover, small
animal PET/CT imaging has been frequently utilized to
detect, monitor metastasis and evaluate therapeutic response
in animal experiments (31,32). Due to the aforementioned
rationale, in the present study, micro-PET/CT was employed
to detect the accumulation of ®F-FDG in gastric orthotopic
xenografts to reflect their metabolic activity and viability. As
shown in Fig. 3, the ®F-FDG uptake decreased in the 3-BrPA,
SCT and 5-FU-treated groups. The changes in radioactivity
uptake were significantly correlated with the inhibition of HK
and PFK-1 activities (Fig. 5C). In view of these results we
suggest that a decrease in the uptake of ®F-FDG reflects the
glycolysis inhibition of tumors.

Apoptosis, known as a programmed cell death, is frequently
utilized to evaluate the potential anticancer ability of a new
therapeutic approach (33). To understand the effect on the apop-
tosis of 3-BrPA and SCT, we employed Hoechst 33258 staining.
From the results of the Hoechst 33258 staining, we found that
apoptosis was induced by 3-BrPA and SCT in a time- and
concentration-dependent manner in vitro (Fig. 1A and C). In
addition, the results of a TUNEL staining experiment in our
previous study also indicated that 3-BrPA and SCT promote
tumor cell apoptosis in a dose-dependent manner in vivo (9).
Moreover, the typical morphological features of cell apoptosis
were observed by TEM (9), and further demonstrated that
3-BrPA and SCT could induce apoptosis with intraperitoneal
administration.

It is well known that there are 2 major signaling pathways
that trigger apoptosis in mammalian cells: the extrinsic
(death receptor) pathway and the intrinsic (mitochondrial)
pathway. The extrinsic pathway can immediately activate
caspase-8 by death receptors on the cell surface. However,
in the intrinsic pathway, the Bcl-2 family modulates
the mitochondrial membrane potential to regulate
mitochondrial apoptotic signaling (18). Pro-apoptotic Bax
promotes permeabilization of the outer mitochondrial
membrane, induces the release of apoptogenic proteins such
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as cytochrome ¢ (Cyt-C) into the cytoplasm and subsequent
activation of caspase-9 (14-16). Conversely, anti-apoptotic
Bcl-2 can negatively regulate the activity of Bax to inhibit
apoptosis. Thus, the expression of Bax, Bcl-2 and Cyt-C
proteins in tumors was assessed by western blot analyses.
Our results indicated that when treated with increasing
levels of 3-BrPA and SCT, the expression of the Bax and
Cyt-C proteins gradually increased, while the expression of
the Bcl-2 protein gradually decreased (Fig. SA).

Moreover, the Cyt-C release from the mitochondria into the
cytosol, forms apoptosomes with Apaf-1 and caspase-9, which
ultimately activates caspase-3 (34). Activated caspase-9 could
be regarded as an indicator of the mitochondrial-mediated
apoptotic pathway and activated caspase-3 is the intersection
of the extrinsic and intrinsic pathways. Both play critical roles
in the execution of apoptosis (17). In the present study, the
expression levels of cleaved caspase-9 and -3 were assessed by
IHC staining. As shown in Fig. 4, 3-BrPA and SCT expedited
the activation of caspase-9 and -3 in a concentration-dependent
manner.

It is believed that the generation of ROS can cause uncon-
trolled oxidative stress, alter the mitochondrial membrane
potential and activate caspase-9 to induce subsequent cell
apoptosis (22,35,36). Increasing levels of ROS generated in
the SGC-7901 cells were observed after a dose-increase of
3-BrPA and SCT treatment (Fig. 1B and D). Combined with
the increased expression of Cyt-C, cleaved caspase-9 and -3
in tumor tissues, we speculated that ROS acted as upstream
signaling molecules and played an important role in the induc-
tion of apoptosis.

In addition, as a member of the IAP family, survivin is
abundantly expressed in the majority of human cancers, and
numerous studies have revealed that it acts as a critical inhibitor
of apoptosis to promote tumor proliferation and treatment resis-
tance (19,37). Furthermore, survivin can inhibit the activation
of caspases by directly binding to caspase-9 and -3 (20,21). As
shown in Fig. 5A, a marked decrease of survivin in tumors
was observed after treatment, which resulted in the upregula-
tion of cleaved caspase-9 and -3. Thus, one of the antitumor
mechanisms of 3-BrPA and SCT may rely on the inhibition of
survivin to induce apoptosis.

To the best of our knowledge, this is the first demon-
stration that intraperitoneal injection of 3-BrPA and SCT
leads to glycolysis restraint in gastric orthotopic xenografts
and that this method is non-invasive and detectable by
BE-FDG PET/CT. The results encourage the application
of BF-FDG PET/CT to detect glycometabolism changes
in tumors after treatment, as a considerable strategy to
evaluate therapeutic response in pre-clinical research of
malignant tumors. Furthermore, the present study revealed
the underlying antitumor mechanisms of 3-BrPA and SCT,
by suppressing the activities of glycolytic enzymes to
decrease ATP and lactate production; increasing genera-
tion of ROS, downregulating the expression of survivin and
inducing mitochondrial-mediated apoptosis. In addition, no
significant pathological alterations in the liver and kidneys
were observed after treatment, indicating the low toxicity
of 3-BrPA and SCT. Collectively, our findings highlight the
potential of intraperitoneal injection of 3-BrPA and SCT as a
safe, novel and attractive strategy in gastric cancer treatment.
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