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Abstract Background: The usefulness of 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG) posi-
tron emission tomography (PET) can help for predicting the therapeutic response and out-
come in malignant pleural mesothelioma (MPM). However, no satisfactory biologic
explanation exists for this phenomenon. The aim of this study is to investigate the underlying
biologic mechanisms of 18F-FDG uptake.
Methods: Twenty-one patients with MPM who underwent 18F-FDG PET before treatment
were included in this study. Tumour sections were stained by immunohistochemistry for glu-
cose transporter 1 (Glut1); glucose transporter 3 (Glut3); hypoxia-inducible factor-1 alpha
(HIF-1a); hexokinase I; vascular endothelial growth factor (VEGF); microvessels (CD34); epi-
dermal growth factor receptor (EGFR); cell proliferation (Ki-67 labelling index); Akt/mTOR
signalling pathway (PTEN, p-Akt, p-mTOR and p-S6K); cell cycle control (p53 and pRb);
apoptosis marker (bcl-2). We also conducted an in vitro study of 18F-FDG uptake in mesothe-
lioma cell lines.
Results: 18F-FDG uptake was significantly correlated with Glut1 (p < 0.0001),
HIF-1a (p = 0.006), hexokinase I (p = 0.0002), VEGF (p = 0.0013), CD34 (p = 0.0001),
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Ki-67(p = 0.0047), mTOR (p = 0.00478) and p53 (p = 0.0004). High uptake of 18F-FDG was
significantly associated with poor outcome in MPM. Our in vitro study showed that upregula-
tion of Glut1 and HIF-1a was closely related with 18F-FDG uptake into mesothelioma cell,
and mTOR inhibitor induced a decrease in Glut1 expression and 18F-FDG uptake.
Conclusion: The amount of 18F-FDG uptake in MPM is determined by the presence of glucose
metabolism, phosphorylation of glucose, hypoxia, angiogenesis, cell proliferation (Ki-67), cell
cycle regulator, and mTOR signalling pathway.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Malignant pleural mesothelioma (MPM) is an
aggressive tumour with a poor prognosis and an increas-
ing incidence in many countries. Recently, the usefulness
of 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG) positron
emission tomography (PET) for the diagnosis of MPM
has been investigated in some studies.1–4 18F-FDG
PET has proved useful in detecting malignant pleural
lesions5 and assessing treatment efficacy in MPM.4

Moreover, 18F-FDG PET is also described to help pre-
dicting the prognosis of MPM.6 However, there is still
no data about the possible mechanisms for 18F-FDG
uptake in MPM.

Determination of malignant lesions with 18F-FDG
PET is based on the glucose metabolism.7,8 The overex-
pression of glucose transporter 1 (Glut1) has been
shown to be closely related to 18F-FDG uptake in
human cancer.7,8 Glut 1 is thought to be a possible
intrinsic marker of hypoxia, and the expression of Glut
1 has been found to be regulated by hypoxia in a
hypoxia inducible factor (HIF)-1-dependent way.9,10

Previous studies suggest that hypoxic conditions corre-
spond to a higher 18F-FDG uptake.11,12 In addition, sev-
eral researchers described the relationship between 18F-
FDG uptake and the expression of vascular endothelial
growth factor (VEGF) or micro-vessel density
(MVD).13,14 HIF-1a is considered to support tumour
growth by the induction of angiogenesis via the expres-
sion of the VEGF and also by high and anaerobic met-
abolic mechanisms.15 Recent preliminary report
demonstrated that 18F-FDG PET could be a valuable
tool for assessing the effects of the mammalian target
of rapamycin (mTOR) inhibition in lung cancer
patients.16 mTOR is a downstream component of the
PI3K/AKT pathway involved in the regulation of cell
proliferation, angiogenesis, and metabolism. However,
there is no report about the relationship between 18F-
FDG uptake within tumour cells and PI3K/AKT/
mTOR signalling pathway in human neoplasms. As
many factors can influence the extent of 18F-FDG
uptake, the underlying mechanisms for 18F-FDG accu-
mulation are still a matter of debate in various human
neoplasms. Defining a correlation between these bio-
markers and 18F-FDG uptake may lead to a better
understanding and interpretation of 18F-FDG PET
scanning in MPM. Moreover, the molecular biology
including epidermal growth factor receptor (EGFR),
cell cycle control (p53 and Rb) and apoptosis (bcl-2),
has been described to play an important role in the path-
ogenesis of MPM.17 We conducted 18F-FDG PET stud-
ies and immunohistochemical analyses in patients with
MPM. In vitro studies were also performed to investi-
gate the possible mechanisms of 18F-FDG uptake.
2. Material and methods

2.1. Patients

Between August 2003 and May 2009, 25 consecutive
patients with MPM who underwent 18F-FDG PET were
analysed in this study. Of these patients, four patients
were excluded for further studies because the tissue spec-
imen was not available. Thus, a total of 21 patients were
analysed in the study. The study protocol was approved
by the institutional review board.

The median age of the patients was 66 years (range,
19–79 years). Eighteen patients were men and three were
women. Eleven of the 21 patients underwent surgical
resection, six patients surgical biopsy and the remaining
four patients only percutaneous needle-core biopsy. Dis-
ease stage was classified according to the TNM staging
system proposed by the International Mesothelioma
Interest Group (IMIG).18 Sixteen patients had the his-
tology of epithelial type, two of biphasic type, one of
sarcomatous type, and two of desmoplastic type. Of
the total patients, 8, 1, 5 and 7 had stage I, II, III and
IV tumours, respectively. As the initial treatment, 11
patients underwent surgery, five patients underwent sys-
temic chemotherapy, two underwent thoracic radiother-
apy and three patients had best supportive care alone. If
including neoadjuvant therapy or relapse after surgery,
17 of 21 patients had systemic chemotherapy.
2.2. 18F-FDG PET imaging

Patients fasted for at least 4 h before 18F-FDG PET
examination. Patients received an intravenous injection
of 200–250 MBq of fluoro-2-deoxy-D-glucose and
then rested for approximately 1 h before undergoing
imaging.19 Image acquisition was performed using an
Advance NXi PET scanner and Discovery PET-CT
scanner (GE Medical Systems, Milwaukee, WI, United
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States). Two-dimensional emission scanning was per-
formed from the groin to the top of the skull. PET/com-
puted tomography image was independently reviewed
by two experienced physicians. Acquired data were
reconstructed by iterative ordered subset expectation
maximisation. To evaluate 18F-FDG accumulation, the
tumour was first examined visually, and then the peak
standardised uptake value (SUV) of the entire tumour
was determined. The region of interest (ROI), measur-
ing 3 cm in diameter, was set at the mediastinum at
the level of the aortic arch and the mean SUV of the
mediastinum was calculated. Finally, the T/M ratio,
which is the ratio of the peak SUV of the tumour to
the mean SUV of the mediastinum, was determined
for each patient (Fig. S1).

2.3. Immunohistochemical staining

Immunohistochemical staining was performed
according to the procedure described in the previous
reports.14,19–22 The following antibodies were used: a
rabbit polyclonal antibody against GLUT1 (AB15309,
Abcam, Tokyo, Japan, 1:200 dilution); a rabbit poly-
clonal antibody against GLUT3 (AB15311, Abcam,
Tokyo, Japan, 1:100 dilution); a rabbit monoclonal anti-
body against hexokinase I (AB55144, Abcam, Tokyo,
Japan, 1:200 dilution); a mouse monoclonal antibody
against HIF-1a (NB100-123, Novus Biologicals, Inc.,
Littleton, 1:50 dilution); a murine monoclonal antibody
against MIB-1 (Dako, Denmark, 1:40 dilution); a
monoclonal antibody against VEGF (Immuno-Biologi-
cal Laboratories Co., Ltd., Japan, 1:300 dilution) a
mouse monoclonal antibody against CD34 (Nichirei,
Tokyo, Japan, 1:800 dilution); a mouse monoclonal
antibody against p53 (D07; DAKO, 1:50 dilution); a
mouse monoclonal antibody against bcl-2 (Dako,1:100
dilution); a mouse monoclonal antibody against EGFR
(Novovastra laboratories Ltd., Newcastle, United King-
dom, 1:100 dilution); a rabbit monoclonal antibody
against PTEN (Cell signaling, 50 dilution); a rabbit
polyclonal antibody against phosph-AKT (Abcam,
Tokyo, Japan, 1:200 dilution); a rabbit monoclonal
antibody against phosph-mTOR (Cell signaling, 80 dilu-
tion); a rabbit monoclonal antibody against phosph-
S6K (Cell signaling, 100 dilution) and a mouse mono-
clonal antibody against Rb (Rb1, Dako, USA; 80
dilution).

The expression of Glut1, Glut3 and EGFR was con-
sidered positive if distinct membrane staining was pres-
ent. Five fields (�400) were analysed to determine the
frequency of the HIF-1a stained nuclei and hexokinase
I stained cytoplasm. For Glut1, Glut3, EGFR, HIF-1a
and hexokinase I, a semi-quantitative scoring method
was used: 1 = <10%, 2 = 10–25%, 3 = 25–50%, 4 = 51–
75% and 5 = >75% of cells positive. The tumours in
which stained tumour cells made up more than 25% of
the tumour were graded as positive.
The expression of VEGF was quantitatively assessed
according to the percentage of immunoreactive cells in a
total of 1000 neoplastic cells. The number of CD34-posi-
tive vessels was counted in four selected hot spots in a
�400 field (0.26 mm2 field area). Microvessel density
(MVD) was defined as the mean count of microvessels
per 0.26 mm2 field area.

For p53, microscopic examination for the nuclear
reaction product was performed and scored. According
to previous report,21 p53 expression in more than 10%
of tumour cells was defined as high expression. Expres-
sion of bcl-2 was considered to be positive if there was
staining of area of the epithelial component of the
tumour.

For, Ki-67, a highly cellular area of the immuno-
stained sections was evaluated. All epithelial cells with
nuclear staining of any intensity were defined as posi-
tive. Approximately 1000 nuclei were counted on each
slide. Proliferative activity was assessed as the percent-
age of MIB-1-stained nuclei (Ki-67 labelling index) in
the sample.

p-AKT, p-mTOR, p-S6K and Rb were considered
positive if membranous and/or cytoplasmic staining
was present, and PTEN was positive if nuclear staining.
For p-AKT, p-mTOR, p-S6K, Rb and PTEN, a semi-
quantitative scoring method was used: 1 = <10%,
2 = 10–25%, 3 = 25–50%, 4 = 51–75% and 5 = >75%
of cells positive. The tumours in which stained tumour
cells made up more than 25% of the tumour were graded
as positive.

Sections were assessed using a light microscopic in a
blinded fashion by at least two of the authors.
2.4. In vitro study

In vitro 18F-FDG uptake study, growth-inhibition
assay and immunoblot analysis were performed on
MSTO-211H, NCI-H28 and NCI-H2052 (malignant
mesothelioma cells) according to the established proce-
dures.23–28
2.5. Cell culture

Human malignant mesothelioma cell lines MSTO-
211H, NCI-H28 and NCI-H2052 were purchased from
Japanese Cancer Research Resources (Tokyo, Japan)
and were maintained in RPMI-1640 medium supple-
mented with 10% FBS. The cell lines were grown in a
humidified atmosphere containing 5% CO2 at 37 �C.
2.6. Reagents

Cobaltous chloride (CoCl2) was purchased from
Wako Pure Chemical Industries (Osaka, Japan). Cyto-
chalasin B and phloretin (b-(4-hydroxyphenyl)-2,4,6-tri-
hydroxypropiophenone) were purchased from Wako
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Pure Chemical Industries and are inhibitors of nonselec-
tive facilitative glucose transporter (Glut) and an inhib-
itor of Glut1, respectively.23 HIF-1a inhibitor, YC-1 (3-
[50-hydroxymethyl-20-furyl]-1-benzyl indazole), obtained
from Enzo Life Science (Farmingdale, NY). YC-1 is
described to decrease HIF-1a accumulation and HIF-1
target gene expression, with the HIF-1 inhibitory effect
of YC-1.24 CoCl2 is described to induce Glut1 up-regu-
lation by the induction of HIF-1a.25,26 mTOR inhibi-
tors, Ku-0063794 and temsirolimus were purchased
from Chemdea (Ridgewood, NJ) and LC Laboratories
(Woburn, MA), respectively. Ku-0063794 is dual mTOR
complex1 (mTORC1)/mTORC2 and temsirolimus
inhibits only mTORC1. Anti-GLUT1 antibody was
purchased from Abcam (Cambridge, MA) and
anti-HIF-1a antibody was purchased from NOVUS
Biologicals (Littleton, CO). Anti-b-actin antibody and
anti-EGFR antibody were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies against
phospho-EGFR, ERK1/2, phospho-ERK1/2, Akt,
phospho-Akt, S6 Ribosomal protein, phospho-S6 Ribo-
somal protein, mTOR, phospho-mTOR were purchased
from Cell Signaling Technology (Beverly, MA). Anti-
bodies against HIF-1a, GLUT1 and hexokinase I were
described in Section 2.3.
2.7. In vitro growth-inhibition assay

The chemosensitivity of each cell line to cisplatin was
estimated by using the 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazoliumbromide (MTT) assay as described
previously.27 Briefly, a 180 lL volume of an exponen-
tially growing cell suspension was seeded into each well
of a 96-well microculture plate containing 10% FBS
medium and incubated for 24 h. The cells were exposed
to 20 lL of each inhibitor at various concentrations and
further cultured at 37 �C in a humidified atmosphere for
72 h. After the culture period, 20 lL MTT solution
(5 mg/mL in phosphate-buffered saline) was added to
each well and the plates were incubated for further 4 h
at 37 �C. After centrifuging the plates at 200 g for
5 min, the medium was aspirated from each well, and
200 lL of DMSO was added to each well to dissolve
the formazan. The growth-inhibitory effect of each
inhibitor was assessed spectrophotometrically (Model
680 microplate plate reader; Bio-Rad Laboratories,
Hercules, CA). Each experiment was carried out in six
replicate wells for each drug concentration and carried
out independently three times.
2.8. Immunoblot analysis

The cultured cells were washed twice with ice-cold
PBS and lysed in M-PER mammalian protein extraction
reagent (Pierce Chemical Co., Rockford, IL) with ethyl-
ene diamine tetra-acetic acid (EDTA) free Halt protease
inhibitor cocktail and Halt phosphatase inhibitor cock-
tail (Pierce Chemical Co., Rockford, IL). Nuclear pro-
teins were extracted with NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Pierce Chemical
Co.) according to the manufacturer’s instructions. Equal
amount of protein (20 lg) in whole cell lysate [as mea-
sured by utilising the BCA protein assay reagent (Pierce
Chemical Co.)] was separated by 10% SDS–PAGE and
transferred to nitrocellulose membranes. Membranes
were blocked with 5% skimmed milk in Tris-buffered
saline-Tween 20 (TBST) for 1 h at room temperature
(RT) and then incubated overnight with primary anti-
bodies in TBST containing 5% skimmed milk at 4�C.
After washing the membranes with TBST three times,
they were incubated with secondary antibodies conju-
gated to horseradish peroxidase for 1 h at RT, followed
by three washes in TBST. Immunoreactive bands were
visualised by enhanced chemiluminescence (Pierce

Chemical Co.).
2.9. 18F-FDG uptake study

The cells (approximately 10–20 � 104 cells) were
seeded in 24-well plates. The 18F-FDG uptake studies
were performed using the following medium: glucose-
free RPMI-1640 with glutamine, penicillin and strepto-
mycin. 18F-FDG of 200 kBq was added to the cells
and incubated for 15, 60 and 180 min at 37 �C, followed
by the removal of the medium, and then the cells were
washed with PBS, and lysed in 300 lL of 0.2 M NaOH.
To measure the cell-bound radioactivity, an aliquot of
150 lL lysates were measured with a well-type gamma
counter (ARC-7001; Aloka Co., Ltd., Tokyo, Japan),
and the rest was used for protein quantification analysis
(Modified Lowry Protein Assay Reagent; Pierce Chem-
ical Co.). 18F-FDG uptake was defined as follows;
Uptake/mg protein (%) = cell-bound radioactivity per
wells/added radioactivity/protein (mg) per wells.
2.10. Effect of Glut1, HIF-1a inhibitor, HIF-1a inducer

and mTOR inhibitors on 18F-FDG uptake

Cultured cells were incubated for 18 h either in the
presence of CoCl2 (200 lM) or YC-1 (50 lM). The cells
were washed with PBS, and glucose-free RPMI-1640
was added. Cells were incubated in the presence of
phloretin (200 lM) and cytochalasin B (10 lM). To
examine the effect of mTOR inhibitors on 18F-FDG
uptake, moreover, cell cultures were also incubated for
6 h or 24 h in the presence of mTOR inhibitors (0.1, 1,
10 lM). The cells were washed with PBS, and glucose-
free RPMI-1640 containing mTOR inhibitors (0.1, 1,
10 lM) was added. Then, 18F-FDG of 200 kBq was
added to these cells and incubated for 60 min at 37 �C.
After this incubation period, the medium was then
removed, and the cells were washed with PBS. Cells were
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lysed in 300 lL of 0.2 M NaOH. 18F-FDG uptake was
measured by the procedure described above.
2.11. Statistical analysis

Probability values of <0.05 indicated a statistically
significant difference. Fisher’s exact test was used to
examine the association of two categorical variables.
Correlation of different variables was analysed using
the nonparametric Spearman’s rank test. The Kaplan–
Meier method was used to estimate survival as a func-
tion of time, and survival difference wasanalysed by
the log-rank test. Statistical analysis was performed
using JMP 8 (SAS, Institute Inc., Cary, NC, USA) for
Windows.
3. Results

3.1. 18F-FDG PET findings and survival analysis

The median value of T/M ratio was 4.23 (range,
0.95–9.43). A median value of 4.23 was used as the cut-
off T/M ratio in the following analyses, and the T/M
ratio in more than 4.23 was defined as high expression.
The incidence of patients with a high T/M ratio was sig-
nificantly higher in stage III–IV than stage I–II
(p = 0.0075). The mean of T/M ratio demonstrated no
significant difference between patients with a histology
of epithelial type (3.93 ± 0.52) and those with non-epi-
thelial type (4.94 ± 1.33) (p = 0.4008).

Median survival time (MST) for all patients was
21.0 months, and the 2-year survival rate was 39.2%.
The MST of patients with a low T/M ratio (64.23)
and those with a high T/M ratio (>4.23) on 18F-FDG
PET were 31.2 and 15.3 months, respectively (p =
0.0048) (Fig. 1).

Next, we performed the comparative analysis using
maximal SUV (SUVmax) instead of T/M ratio. The med-
ian value of SUVmax was 5.20 (range, 1.45–13.2). The
value of SUVmax was significantly correlated with that
Fig. 1. Overall survival curve according to the ratio of the peak
standardised uptake value of the tumour to the mean standardised
uptake value of the mediastinum (T/M ratio). Overall survival of
patients with high T/M ratio was significantly longer than those with
low T/M ratio.
of T/M ratio (c = 0.968, p < 0.001). When a median
value of 5.20 was defined as cutoff SUVmax, the SUVmax

of patients with stage III–IV was significantly higher
than that with stage I–II (p = 0.004) and the MST of
patients with a high SUVmax was significantly shorter
than that with a low SUVmax (17.4 versus 27.2 months,
p = 0.027). No statistically significant difference in the
SUVmax was observed between patients with epithelial
and non-epithelial type.
3.2. Immunohistochemical analysis

Glut1 and Glut3 were detected in tumour cells and
localised predominantly on their plasma membrane. A
positive rate of Glut1 and Glut3 expression was recogni-
sed in 66.7% and 90.5%, respectively. A positive expres-
sion of HIF-1a was predominantly expressed in the
cytoplasm with some nuclear staining, and was recogni-
sed in 90.5%. A positive expression of hexokinase I was
expressed in the cytoplasm and/or membrane of neo-
plastic, and was recognised in 76.2%. The median value
of Ki-67 labelling index was 28% (range, 5–65%). The
median rate of VEGF positivity was 70.0% (range,
25–88%), and the median numbers of CD34 was 29
(12–58). A positive expression of EGFR, PTEN, p-
AKT, p-mTOR, p-S6K and Rb was 52.4%, 47.6%,
61.9%, 47.6%, 85.7% and 47.6%, respectively. High
expression of p53 and bcl-2 was recognised in 66.7%
and 47.6%, respectively.
3.3. Relationship between 18F-FDG uptake and different

variables

The results of the statistical correlation between T/M
ratio and different variables are listed in Table 1. Glut1,
hexokinase I, VEGF, CD34, p53 and staging yielded a
statistically significant positive correlation. Using Spear-
man rank correlation, the T/M ratio was significantly
correlated with Glut1, HIF-1a, hexokinase I, VEGF,
CD34, Ki-67, p-mTOR and p53 (Table 2). In the analy-
sis using SUVmax, whereas, these biomarkers were also
closely correlated with the value of SUVmax.
3.4. 18F-FDG uptake in malignant mesothelioma cell lines

Cellular 18F-FDG uptake was observed in malignant
mesothelioma cell line (MSTO-211H, NCI-H28 and
NCI-H2052) (Fig. 2A). Effect of Glut1 inhibitor (cyto-
chalasin B and phloretin), HIF-1a inhibitor (YC-1)
and HIF-1a inducer (CoCl2) on the 18F-FDG uptake
into malignant mesothelioma cells was evaluated
(Fig. 2B and C). 18F-FDG uptake in the groups treated
with Glut1 inhibitors or HIF-1a inhibitor was signifi-
cantly lower than the control (no treatment). On the
other hand, CoCl2 treatment induced an increase in
18F-FDG uptake in all groups. Immunoblot analysis



Table 1
Relationship between T/M ratio of 18F-FDG uptake and different variables.

Variables T/M ratio of 18F-FDG uptake

Low (n = 11) High (n = 10) p-value

Age 665 year/>65 year 4/7 5/5 0.6699
Gender Male/female 10/1 8/2 0.5864
Staging I + II/III + IV 8/3 1/9 0.0075
Glut1 Positive/negative 4/7 9/1 0.0237
Glut3 Positive/negative 10/1 9/1 1.000
HIF-1a Positive/negative 9/2 10/0 0.4761
Hexokinase I Positive/negative 6/5 10/0 0.0350
VEGF High/low 2/9 8/2 0.0089
CD34 High/low 2/9 9/1 0.0019
Ki-67 High/low 4/7 7/3 0.1983
EGFR High/low 5/6 6/4 0.6699
PTEN High/low 5/6 5/5 1.000
p-Akt High/low 6/5 7/3 0.6594
p-mTOR High/low 4/7 6/4 0.3948
pS6K High/low 8/3 10/2 0.2142
p53 High/low 4/7 9/7 0.0237
bcl-2 High/low 6/5 4/6 0.6699
Rb High/low 3/8 7/3 0.0860

Abbreviation: Glut1, glucose transporter 1; Glut3, glucose transporter 3; HIF-1a, hypoxia inducible factor-1 alpha; VEGF, vascular endothelial
growth factor; EGFR, epidermal growth factor receptor; PTEN, phosphatase and tensin analogue; Rb, retinoblastoma protein.

Table 2
Correlation between T/M ratio of 18F-FDG uptake and immunohis-
tochemical markers.

Variables Spearman c 95% confidence interval p-value

Glut1 0.7765 0.5085–0.9073 <0.0001
Glut3 0.3618 0.0964–0.6935 0.1070
HIF-1a 0.5789 0.1830–0.8133 0.0060
Hexokinase I 0.7176 0.4028–0.8806 0.0002
VEGF 0.6554 0.2994–0.8512 0.0013
CD34 0.7380 0.4385–0.8900 0.0001
Ki-67 0.5920 0.2022–0.8199 0.0047
EGFR 0.3247 –0.1380–0.6710 0.1510
PTEN –0.0620 –0.4914–0.3916 0.7984
p-Akt 0.3042 –0.1602–0.6583 0.1801
p-mTOR 0.4366 –0.0076–0.7370 0.0478
pS6K 0.2449 –0.2220–0.6205 0.2846
p53 0.7032 0.3781–0.8739 0.0004
bcl-2 –0.4073 –0.7202–0.0433 0.0669
Rb 0.2767 –0.1893–0.6410 0.2247

Abbreviation: Glut1, glucose transporter 1; Glut3, glucose transporter
3; HIF-1a, hypoxia inducible factor-1 alpha; VEGF, vascular endo-
thelial growth factor; EGFR, epidermal growth factor receptor;
PTEN, phosphatase and tensin analogue; Rb, retinoblastoma protein.
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revealed that CoCl2 treatment induced an increase in
HIF-1a and Glut1 protein in all cell lines though a mod-
est increase was observed in NCI-H28 cells which har-
bour VHL gene mutation resulting in constitutive
HIF-1a activation (Fig. 2D).
3.5. Evaluation of mTOR inhibitors in malignant

mesothelioma cell lines

Next, based on a significant correlation between
18F-FDG uptake and the expression of mTOR in our
immunohistochemical analysis, we investigated whether
mTOR is associated with the mechanism of 18F-FDG
uptake within the mesothelioma cells. This led us to
the idea that mTOR inhibition in malignant mesotheli-
oma would be a novel therapeutic option. The malig-
nant mesothelioma cells were treated with mTOR
inhibitors (Ku-0063794 and temsirolimus) (Figs. 3A
and S2A) and HIF-1a inhibitor (YC-1) (Fig. 3B).
Ku-0063794 treatment demonstrated potential growth
inhibition in all three cell lines (Fig. 3A) whereas temsi-
rolimus treatment demonstrated an inhibition of cell
growth in MSTO-211H (Fig. S2A). The significant
growth inhibition by YC-1 in NCI-H28 cells is consis-
tent with the fact that they harbour the VHL gene muta-
tion, which constitutively activates HIF-1a (Fig. 3B).
3.6. Effect of mTOR inhibitors on downstream molecules

and 18F-FDG uptake

Effect of Ku-0063794 on the downstream molecules
was evaluated by immunoblot assay (Fig. 4A). We
observed complete shutdown of phopho-S6 which is a
well-known readout on mTOR inhibition and in addi-
tion, we observed the shutdown of phospho-Akt as well.
In contrast, temsirolimus treatment resulted in only
phopho-S6 shutdown and no effect was observed on
phospho-Akt (Fig. S2B). We moved on to investigate
whether 18F-FDG uptake reflects these phenomena by
Ku-0063794 treatment in malignant mesothelioma cells.
Ku-0063794 treatment resulted in significant decrease in
18F-FDG uptake in MSTO-211 and NCI-H2052 cells
and this is consistent with the results of growth-inhibi-
tory assay and immunoblot analysis. On the other hand,
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Fig. 2. 18F-FDG uptake in human malignant mesothelioma cell lines. (A) Comparison of 18F-FDG uptake among human malignant mesothelioma
cell lines MSTO-211H, NCI-H28 and NCI-H2052. (B) Effect of Glut1 inhibitors (phloretin and cytochalasin B) on the 18F-FDG uptake into
human malignant mesothelioma cell lines. Phloretin and cytochalasin B, each treatment significantly attenuated 18F-FDG uptake in all three
human malignant mesothelioma cell lines. Data are shown as mean ± SD. (C) Effect of hypoxia inducible factor-1 alpha (HIF-1a) inducer
(Cobaltous chloride) on the 18F-FDG uptake into human malignant mesothelioma cell lines. CoCl2 treatment induced an increase in 18F-FDG
uptake and its effect was counteracted by HIF-1a inhibitor YC-1. P values indicate significance and were calculated using Student’s t test. *,
P < 0.05; **, P < 0.01; ***, P < 0.001. (D) HIF-1a inducer CoCl2 increases HIF-1a and GLUT1 expression levels resulting in an increase in 18F-
FDG uptake. MSTO-211H, NCI-H28 and NCI-H2052 cells were treated with or without CoCl2 (200 lmol/L) for 18 h. Twenty micrograms each of
cell lysate was subjected to immunoblot analysis with antibodies against HIF-1a, epidermal growth factor receptor (EGFR), p-EGFR, MAPK, p-
MAPK, Akt, p-Akt, mTOR, p-mTOR, S6, p-S6, hexokinase I, glucose transporter 1 (GLUT1) and b-actin. CoCl2 treatment induced a significant
increase in HIF-1a and GLUT1 levels in MSTO-211H and NCI-H2052 cells whereas it induced a modest increase in those in NCI-H28 cells which
harbour VHL gene mutation.
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Fig. 3. Growth-inhibitory effect of mTOR inhibitor Ku-0063794 (A)
and hypoxia inducible factor-1 alpha (HIF-1a) inhibitor YC-1 (B) in
human malignant mesothelioma cell lines by MTT assay. Results are
representative of at least three individual experiments. Data are shown
as mean ± SD.
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no change in 18F-FDG uptake was detected in VHL

mutant NCI-H28 cells (Fig. 4B).
mesothelioma cell lines. (A) MSTO-211H, NCI-H28 and NCI-H2052
cells were treated with Ku-0063794 for 6 h at indicated concentrations
(0, 0.1, 1 lmol/L) and 20 lg each of cell lysate was subjected to
immunoblot analysis with antibodies against hypoxia inducible factor-
1 alpha (HIF-1a), epidermal growth factor receptor (EGFR), p-
EGFR, MAPK, p-MAPK, Akt, p-Akt, mTOR, p-mTOR, S6, p-S6,
hexokinase I, glucose transporter 1 (GLUT1) and b-actin. Ku-0063794
blocked the phosphorylation of Akt and S6 in all three cell lines and
abolished GLUT1 expression in MSTO-211H and NCI-H2052. (B)
Effect of Ku-0063794 on the 18F-FDG uptake into human malignant
mesothelioma cell lines. Each cell line was pretreated with indicated
concentration of Ku-0063794 for 24 h. Significant decrease in 18F-
FDG uptake upon Ku-0063794 pretreatment was observed in MSTO-
211H and NCI-H2052 cells in a dose-dependent manner whereas no
effect was observed in NCI-H28 cell line. P values indicate significance
and were calculated using Student’s t test. *P < 0.05; ** P < 0.01; ***

P < 0.001.
4. Discussion

This is the first study to evaluate the biological corre-
lation of 18F-FDG uptake on PET in MPM. There was a
statistically significant relationship between 18F-FDG
activity and the expression of Glut1, HIF-1a, hexokinase
I, VEGF, CD34, Ki-67, mTOR and p53. 18F-FDG
uptake is useful for predicting disease staging and poor
outcome in MPM. In vitro study with malignant meso-
thelioma cell lines demonstrated that the uptake of 18F-
FDG was markedly decreased by the inhibition of Glut1
or HIF-1a, whereas Glut1 upregulation by the induction
of HIF-1a increased the 18F-FDG uptake. Although
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Glut1 or HIF-1a is a downstream component of mTOR
signalling pathway, our in vitro study demonstrated that
mTOR pathway is related to the mechanism of 18F-FDG
uptake within malignant mesothelioma cell.

Imaging of MPM plays a critical role on the diagno-
sis, outcome, prediction or assessment of response to
chemotherapy, and monitoring of disease recurrence
after surgery.28 At these points, 18F-FDG PET is useful
modality and has a high sensitivity and specificity for
differentiation of benign from malignant pleural disease.
Recent studies have addressed the clinical significance of
18F-FDG PET imaging in patients with MPM. On the
other hand, improvement in our understanding of the
molecular biology of MPM has identified promising
new therapies and pathways that are candidates for tar-
geted therapies. Recent reviews have been described that
the molecular biomarkers including VEGF, EGFR, p53,
pRb and bcl-2 appear to play an important role in the
pathogenesis and prognosis of MPM.17,29 Glut1 and
HIF-1a have been documented to be a useful immuno-
histochemical marker in the differential diagnosis of
benign reactive mesothelium from MPM.30,31 Our study
indicates that the mechanism behind 18F-FDG accumu-
lation in MPM depends upon the overexpression of glu-
cose transporter and the relative amounts of hexokinase,
and their upregulation in hypoxic condition. Moreover,
our study suggests that the overexpression of HIF-1 pro-
motes angiogenesis and metabolic adaptation of malig-
nant mesothelioma cells, and the HIF-1 oxygen-
sensing system results in the development of tumour
growth, invasion and metastasis.

Recent studies have documented that 18F-FDG
uptake is closely linked with the antitumour activity of
the mTOR inhibitor and is a useful pharmacodynamic
marker in cancer patients treated by mTOR inhibi-
tors.12,16,32 However, the other report has described that
18F-FDG–PET is not a useful predictive marker to
mTOR inhibitor therapy but a pharmacodynamic mar-
ker for Akt activation during mTOR inhibitor ther-
apy.33 Some researchers have documented that mTOR
mediates survival signals in many mesothelioma and tar-
geting mTOR signalling pathways may have significant
therapeutic value in MPM patients.34,35 The present
study indicated that mTOR inhibitor could decrease
the expression of Glut1 via the uptake of 18F-FDG
within the MPM cells and mTOR signalling pathway
has a significant relationship with 18F-FDG uptake. Of
three mesothelioma cell lines, two (MSTO-H211 and
NCI-H2052) had a decreased uptake of 18F-FDG by
mTOR inhibitors, but one with the VHL mutation
(NCI-H28) had no decreased 18F-FDG accumulation.
mTOR complexes with the raptor and rictor proteins
to form mTOR complex 1 (mTORC1) and mTORC2,
respectively.36 mTORC1 regulates growth and cell cycle
progression via downstream mediators such as p70S6K.
mTORC2 is an upstream component of PI3K/Akt path-
way and regulates Akt activity. Ku-0063794 is a dual
mTORC1/mTORC2 inhibitor unlike temsirolimus
which inhibits only mTORC1 signalling, suggesting that
inhibition of mTORC1 may not be enough and dual
mTORC1/mTORC2 inhibition may be necessary for
growth inhibition in malignant mesothelioma cells.
Moreover, mTORC1 and mTORC2 seem to be strongly
related to the mechanism of Glut1 expression and 18F-
FDG uptake within mesothelioma cell as compared with
mTORC1 alone. Therefore, these results suggest that
18F-FDG–PET may be utilised as a tool for predicting
the response to mTOR inhibitors, especially dual
mTORC1/mTORC2 inhibitors in malignant mesotheli-
oma patients except those harbouring the VHL gene
mutation. Although temsirolimus is active against meso-
thelioma in vitro and in vivo,37 there is still no data about
the efficacy of dual mTORC1/mTORC2 inhibitor
against mesothelioma cell. Moreover, it remains
unknown whether the mechanism of 18F-FDG uptake
is associated with mTOR signalling pathway. To clearly
identify the mechanism of 18F-FDG uptake in tumour
cell, the results of our study may be meaningful in
patients with human neoplasms including MPM.

The Warburg effect is the best characterised metabolic
phenotype observed in tumour cells. It is defined as an
increased dependence on glycolysis for ATP synthesis
and decreased mitochondrial oxidative phosphorylation.
This effect is regulated by the PI3K/AKT, HIF, p53,
MYC and AMP-activated protein kinase (AMPK)-liver
kinase B1 (LKB1) pathways.38 HIF-dependent meta-
bolic changes are a major determinant of the glycolytic
downstream of PI3K, AKT1 and mTOR. Our results
suggest that the PI3K/AKT/mTOR signalling pathway
plays a crucial role in the glycolytic system related to
18F-FDG uptake. Thus, further study is necessary for
examining whether 18F-FDG uptake by the activity of
these molecules is associated with the Warburg effect.

The present study has several limitations. Firstly, our
population was of a small sample size, therefore the
present study warrants a larger, multicentre cohort
study. Another limitation is that all of 21 patients with
MPM in our study have not been treated with mTOR
inhibitor, therefore we have no clinical data about the
relationship between 18FDG uptake and the inhibition
of mTOR in MPM. However, there is still no data about
the efficacy of mTOR inhibitor in patients with MPM.

In conclusion, glucose metabolism, hypoxia, angio-
genesis, cell proliferation, cell cycle control and mTOR
signalling pathway play an important role for the mech-
anism of 18F-FDG uptake within malignant mesotheli-
oma cell. HIF-1a is upregulated by hypoxia and
induces Glut1 expression and angiogenesis. Microvessels
provide 18FDG uptake, Glut1 transports 18FDG into the
tumour cell, and hexokinase enters 18FDG into glycoly-
sis. As a result of tumour cell proliferation and upregula-
tion of cell cycle, the amount of 18FDG within the
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tumour cells is increasing. Our in vitro data suggest that
mTOR activation is associated with the upregulation of
Glut1 expression and 18FDG uptake, and mTOR inhibi-
tion is a promising novel therapeutic agent against
MPM. We believe that the biological correlation of
18FDG accumulation within tumour cells leads to a more
rationale use of PET scanning in patients with MPM.
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