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Overexpression of Glucose Transporter 1 and
Increased FDG Uptake in Pancreatic Carcinoma
Sven N. Reske, Kurt G. Grillenberger, Gerhard Glatting, Matthias Port, Martin Hildebrandt, Frank Gansauge and
Hans-GÃ¼nther Beger

Departments of Nuclear Medicine and General Surgery, University ofUlm, Vim, Germany

Increased glycolysis is a characteristic metabolic feature of a malig
nant transformed phenotype. In cultured cells transformed by vi
ruses or activated oncogenes, enhanced glycolytic metabolism is
mediated by the Overexpression of glucose transporter 1 (Glut-1)
and key regulatory glycolytic enzymes. Whether increased glucose
metabolism in solid human malignant tumors is related to the
Overexpression of key regulatory proteins of glucose metabolism is
presently unknown. We thus studied the expression of Glut-1 and
glucose uptake, assessed with 2-fluorodeoxyglucose (FDG) and
PET in human pancreatic carcinoma (PC) and chronic mass-forming
pancreatitis (MFP). Methods: Glucose uptake was measured in the
fasting state with FDG and PET in 12 patients with PC and 15
patients with MFP. The standardized uptake value (SUV)of FDG was
determined as a global quantitative measure of tissue glucose
utilization in cancer tissue or MFP. The expression of Glut-1 and
Glut-4 was analyzed from operatively removed cancer or MFP tissue
by Northern analysis or semiquantitative reverse transcriptase-
polymerase chain reaction. The count ratio of Glut-1 to Glut-4
transcripts was used as an indicator of selective Glut-1 up-regula-
tion. Results: The SUVs of FDG in patients with cancer and MFP
were 2.98 Â±1.23 and 1.25 Â±0.51 (p < 0.01), respectively. Northern
analysis showed intense Glut-1 expression in four of five patients
with cancer but not in any of the five patients with MFP that were
tested. In PC, Glut-1 and Glut-4 transcripts were found in five of five
and three of 10 patients, respectively, using reverse transcriptase-
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polymerase chain reaction, whereas in MFP, Glut-1 was detected in
one of five and Glut-4 was detected in all five patients. The
Glut-1-to-Glut-4 transcript ratios were 6.17 Â±1.27 in patients with
cancer and 0.42 Â±0.12 in patients with MFP. The mean Glut-1
concentration in eight patients with cancer was 1.71 nmol of Glut-1
mRNAVg of mRNA (range, 0.0446-9.43) and 0.15 (range, 0-1.55)
(p < 0.05) in 13 patients with MFP. Conclusion: The concomitant
enhancement of glucose utilization and selective Overexpression of
Glut-1 mRNA in pancreatic cancer but not in MFP suggested
constitutive activation of Glut-1 gene or decreased degradation of
Glut-1 mRNA in human pancreatic cancer. These findings may imply

a potential for the early detection of pancreatic cancer with FDG and
PET and identify new targets for anticancer therapy.
Key Words: PET; Glut-1; pancreatic carcinoma; chronic mass-
forming pancreatitis

J NucÃ­Med 1997; 38:1344-1348

Increased rates of respiration, glucose uptake and glucose
metabolism in malignant tumors have been documented since
the early observations of Warburg (7) and are among the most
characteristic biochemical markers of the transformed pheno
type. With the availability of sensitive PET scanners and
2-fluorodeoxyglucose (FDG) for measuring regional tissue

glucose metabolism, enhanced tumoral glucose consumption
has gained considerable clinical interest, forming one important
pathophysiological mechanism for detecting, staging and con-
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trolling cytoreductive therapy of a multitude of human malig
nant tumors with PET (2,3).

Elevation of glucose transport and overexpression of glucose
transporter 1 (Glut-1) and key regulatory glycolytic enzymes
are well established in cells that are stimulated by mitogens or
growth factors or are transformed by various viruses or acti
vated oncogenes (4,5). In src-, ras- or ^5-transformed fibro-
blasts, activated signal transduction mechanisms were associ
ated with substantially increased cellular deoxyglucose uptake
and elevated Glut-1 mRNA and protein levels (6). The Glut-1
gene was activated within 30 min after oncogenic transforma
tion (7). Indirect evidence suggested that the Glut-1 gene was
activated in response to oncogenes by biochemical intracellular
signaling pathways similar or identical to those of growth
factors (8). Ras-mediated and phospholipase C-dependent path
ways and the mitogen-activated protein kinase cascade may be
involved in activated signal transduction, leading finally to the
activation of the Glut-1 gene in transformed cells (7). Mitogen-
activated protein kinase has been suggested as a convergence
point, integrating mitogenic and metabolic signals (9). The
molecular mechanisms of intracellular signaling, ultimately
activating the Glut-1 gene in tumor cells, however, are far from
being completely understood at present.

Oxygen and nutrient deprivation are alternative stimuli, well
known to substantially increase the rate of glycolysis in cultured
cells and human tumor xenografts (70). Whether increased
glucose consumption in solid human malignancies in vivo is
secondary to oxygen and nutrient deprivation or due to consti
tutive overexpression of key regulatory proteins and enzymes of
glucose metabolism is presently unknown. Therefore, we ex
amined tumoral glucose uptake and expression of Glut-1 and
Glut-4 in 12 patients with pancreatic carcinoma (PC) and 15
patients with mass-forming pancreatitis (MFP), serving as
controls. Tissue glucose uptake in PC or MFP was measured
with FDG and PET. Expression of glucose transporters was
studied in operatively removed tissue samples by Nothern
analysis and reverse transcriptase-polymerase chain reaction
(RT-PCR).

MATERIALS AND METHODS

Patients
Twelve patients with PC and 15 patients with MFP were

included into the study. Two patients with MFP were diabetic, and
one of these was hyperglycÃ©mieduring the PET study (Table 1).
Patients were fasted and all medications were discontinued for at
least 12 hr before the PET study. Patients were scheduled for
partial pancreatectomy due to clinical requirements for palliation or
relief of bile obstruction. All patients gave informed consent into
the study, which was approved by the ethical committee of the
medical faculty of the University of Ulm.

PET scanning was done within 1-2 wk before surgery. Before
PET scanning, blood was taken from a peripheral vein, and serum
glucose concentration was measured with a commercial enzymatic
test.

PET-scanning was performed as described previously (77).
Briefly, a transmission scan was acquired with a 68Ge/*8Ga ring
source before 185-448 MBq of FDG was injected intravenously.

Emission scans of the upper and middle abdomen were recorded in
two bed positions (10.1 cm/position) for 10 min starting 45 min
postinjection. Scans were reconstructed by an iterative reconstruc
tion algorithm. Standard uptake values (SUVs) were obtained from
regions of interest placed inside the pancreatic mass. Standard
uptake value was defined as the radioactivity concentration inside
the region of interest divided by injected activity per body weight

(3). All patients had CT scanning with contrast infusion during
their preoperation work-up. Maximal diameter of the pancreatic
mass, determined from CT scans, was taken as an index of the size
of the pancreatic mass.

Tissues and mRNA Extraction
Extraction and purification of mRNA was performed on samples

of about 30-50 mg (wet weight) using guanidinium thiocyanate/
oligo(dT)-cellulose chromatography.

Northern Analysis
The isolated RNA (20 /Â¿geach) was separated on a 3%

formaldehyde agarose gel, blotted, transferred to a nylon mem
brane and fixed under ultraviolet light. Hybridization was per
formed with a 2.47-kb Glut-1 cDNA fragment in a solution
containing 50% formamide, 5X standard saline citrate, 5X Den-
hardt's solution and 1% sodium dodecyl sulfate. To ensure the

uniform quality of RNA isolation and analysis, hybridization of 7S
rRNA was also performed with the corresponding cDNA probe as
a standard control.

Oligonucleotides
Primers 1 and 2 for Glut-1 amplification were 20-mers with

binding sites to the amino acid sequences at positions 258-265 and
456-462, respectively, and amplified a PCR product of 614 bp.
Primers 1 and 2 for Glut-4 amplification (20-mers) bound to amino
acid sequences at positions 297-303 and 491-497, respectively,
producing a 602-bp PCR product.

RNA Reverse Transcription
cDNA synthesis was performed with Moloney murine leukemia

virus reverse transcriptase using a first-strand cDNA synthesis kit.

Polymerase Chain Reaction Amplification
Polymerase chain reaction was performed at a final concentra

tion of 1X PCR buffer (50 mM KC1 and 20 mMTris-HCl, pH 8.4),
0.75 mM MgCl2, 0.01 Â¡jMeach dNTP, 0.5 Â¡Â¡Meach 5' and 3'

primers and 1.25 units of Taq DNA polymerase in a final volume
of 50 (i\. Simultaneously with the specific cDNA of glucose
transporters from tissues, a neutral DNA fragment with binding
sites for the specific Glut-1 and Glut-4 primers was coamplified as
internal standard in a defined amount (1 pg). This neutral DNA
fragment (442 bp) was synthesized using a PCR construction kit
(72).

The PCR mixture was amplified within 30 cycles (denaturation
at 95Â°Cfor 30 sec; annealing at 55Â°Cfor 1.5 min; extension at
72Â°Cfor 2 min). After 30 cycles, tubes were kept at 72Â°Cfor 10

min and then stored on ice.

Qualitative Analysis
For qualitative analysis, each PCR mixture was subjected to

electrophoresis on 6% agarose gels in 1X TRIS â€”acetate/EDTA

buffer (80 V for 3 hr).

Semiquantitative Analysis
To determine the ratio of Glut-1 to Glut-4 expression, we

amplified the specific cDNA in a radioactive PCR using
[32P]dCTP. After electrophoretic separation of the PCR products

for Glut-1 and Glut-4, the two bands were excised from the gel, and
the radioactivity was quantified by a triple determination (13).

Quantitative Analysis
Quantification of the amplified PCR products was performed by

high-performance liquid chromatography analysis using a standard
calibration curve. We used a TSK, produced by TOSOH in Japan,
DEAE (diethylaminoethyl) and NPR (nonporous resin) ion-ex
change column and an aqueous gradient mixture of 0.02 M
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TABLE 1
Patient Characteristics and Results of Glut-1 and Glut-4 Expression Analyses

PatientMFPB.J.CZ.C.H.F.E.H.M.H.K.J.P.K.W.K.H.LB.LH.NAP.M.T.U.Z.K.Means.d.nPCB.K.B.R.B.U.B.H.O.K.K.E.LE.RAR.LW.P.W.A.W.R.Means.d.np

< 0.05Age

Weight
(yr)(kg)53

7835
7256
7540
5351
6553
6225
7537
5038
6248
7631
6773
7236
5553
5555
6245.7
65.312.5
9.215
1566

6959
7057
6163
6259
5754
6864
7870
5856
5830
5574
5855
6958.8
63.610.9
7.112
12s*

ns*Glucose

(mg/dl)DM968082757473

DM747893290

DM765360738891.056.1157581807310584109707459928882.514.412ns*Height

(cm)170180178170170172180171178175185160172165186174715163170168168168160170185162168156165167712S*"Tumor"
size BMI
(cm)(kg/m2)ndnd911nd8ndndndnd5nd8nd98.331.97643.54nd10ndndndnd4nd2.54.672.686â€¢t27.022.223.718.322.521.023.117.119.624.819.628.118.620.217.921.63.31526.024.221.622.020.226.627.016.922.119.523.825.322.93.112ns*BSA(m2)SUV1.89

1.141.91
0.781.93
1.601.61
1.021.75
0.971.73
0.951.94
0.831.58
1.551.78
0.421.91
1.341.89
0.761.75
1.391.65
1.691.60
1.961.83
2.311.78
1.250.13

0.5115
151.74

3.951.81
1.801.69
3.631.70
2.621.64
2.311.71
1.421.89
1.721.78
2.741.61
3.101.62
5.671.57
2.481.76
4.301.71
2.980.09

1.2312
12ns*

s*Glut-1

Glut-4 Glut-1

mRNA Northern Northern
(nmolVg) blotblotnd00.0350000.09400nd0.18600.021.5500.150.4313nd2.310.210.04469.430.102nd0.225nd0.9040.475nd1.713.218nstndnd-

-ndndndndndndnd-

-nd+ndnd+++

nd+
nd+ndnd

++
ndndnd2+

ndnd
+PCR

Glut-1-ndâ€”ndndndndndndâ€”+ndâ€”ndnd++ndnd+nd+ndndndnd+PCRGlut-4+nd+ndndndndndnd++nd+ndndnd+--+â€”ndâ€”â€”â€”-+Glut-1

to
Glut-4

(count/count)0.57nd0.45ndndndndndndnd0.38nd0.29ndnd0.420.1245.81ndndnd4.67nd7.7ndndndnd6.486.171.274s**t-test.

TChi square test of Brandt andSnedecor.DM

= diabetes mellitus;BMI = body mass index;BSA =body surface area; nd = not determined; s = significant; ns= not significant.

Tris-HCl (pH 9.0) (A) and 0.02 M Tris-HCl + 1.0 M NaCl (B),
with a linear gradient of 45%-60% B within 15 min and a flow of
1.5 ml/min. Detection of the peaks was achieved photometrically at
260 nm.

Sequence Analysis
Identity of the PCR products was proven by nonradioactive

sequence analysis.
Statistical analysis was performed using Student's t-test and the

chi square test of Brandt and Snedecor to test for differences
between groups (14). Statistical significance was assumed for p <
0.05 or 0.01, when indicated.

RESULTS
Ten of 12 patients with PC had adenocarcinoma, one patient

suffered from cystadenocarcinoma and one had a rare mixed
papillary cystic PC. In three patients with PC, significant
concomitant chronic pancreatitis was noted. Compared to the
group of patients with MFP, there were more women with PC
(7 of 12 compared to 2 of 15); they were older (59 yr compared
to 46 yr; p < 0.05) and shorter (167 cm compared to 174 cm;

p < 0.05); they had comparable body weights (64 kg compared
to 65 kg; not significant) and body mass indices (22.9 compared
to 21.6; not significant); and they had a lower body surface area
(1.71 m2 compared to 1.78 m2) and a smaller pancreatic mass

(4.7 cm compared to 8.3 cm; p < 0.05) in six patients with PC
or MFP, respectively (Table 1). Serum glucose was 82.5
mg/100 ml in patients with PC and 91.0 mg/100 ml in patients
with MFP (not significant). PET scans showed a focally
increased FDG uptake in all patients with PC, whereas a
borderline increased FDG uptake was noted in only one patient
with MFP. Standard uptake value was 2.98 Â±1.23 (mean Â±
s.d.) in patients with carcinoma and 1.25 Â±0.51 (mean Â±s.d.)
in MFP (p < 0.05). Northern analysis showed intense Glut-1
expression in four of five patients with PC. In PC, Glut-1 and
Glut-4 transcripts were found in five of five and three of 10
patients, whereas in MFP, Glut-1 was detected in one of five
and Glut-4 was detected in five of five patients, respectively.
The Glut-l-to-Glut-4 transcript count ratio was 6.17 Â± 1.27 in

patients with cancer and 0.42 Â±0.12 in patients with MFP (Table
1). Mean Glut-1 concentration in eight patients with cancer was
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1.71 (nmol of Glut-1 mRNA/jug mRNA) (range, 0.0446-9.43)
and 0.15 (p < 0.05) (range, 0-1.55) in 13 patients with MFP.

DISCUSSION
The results of this study demonstrate a concomitant overex-

pression of Glut-1 and enhanced glucose utilization in PC. In
contrast, glucose uptake in MFP and expression of Glut-1, as
compared to Glut-4, were very low. Virtually identical concen
trations of serum glucose indicated a comparable metabolic
state in both patient groups.

Considering that both MFP and PC produce "tumors" with

highly increased content of connective tissue and compromised
tissue perfusion (3) and that MFP was nearly twice as large as
PC in this study, selective Glut-1 overexpression and enhanced
glucose utilization in PC render stimulation of glycolysis by
limited oxygen and nutrient supply unlikely. Rather, the find
ings suggest a specific stimulation of glucose utilization in
cancer tissue. This interpretation is supported by observations
of Haspel et al. (75), who reported that nutrient deprivation
augmented glucose transport and Glut-1 protein but not Glut-1
mRNA in 3T3-C2 murine fibroblasts. There are no reports on
the effect of nutrient deprivation on Glut-1 expression in cancer
cells of human pancreas in vivo at present. However, prelimi
nary results of an immunofluorescence study using a polyclonal
rabbit anti-Glut-1 serum in PC tissue of some of our patients
indicated selective staining of Glut-1 protein in cancer cells but
not in tumor stroma or normal ductal epithelia (16).

Compared to Glut-1, Glut-4 was only weakly expressed in
PC, resulting in an about 10-fold higher Glut-l-to-Glut-4 ratio
in PC than in MFP. Other authors reported Glut-4 mRNA below
the detection limit of Northern analysis in cancer of the
pancreas (IT). Higher sensitivity of RT-PCR may explain
detection of a Glut-4 transcript in the cancer tissue of three of
10 patients in this study.

Our results support and extend findings of Yamamoto et al.
(17) and Schek et al. (18), who described overexpression of
Glut-1 glycolytic enzymes in a few cases of human PCs. Recent
immunofluorescence and molecular genetic studies of several
groups described increased expression of Glut-1 and Glut-3 in
malignant human tumors of the brain, head and neck and breast
(19-21). However, functional relevance of Glut-1 overexpres

sion in malignant tumors described in these studies remained
speculative.

The results of this study indicate that measuring tumoral
glucose utilization with FDG and PET could provide a sensitive
diagnostic tool for differentiating PC from MFP. Indeed, two
recent studies with larger patient groups showed high sensitivity
and specificity (85%-95%) of this biochemical imaging ap
proach in determining dignity of pancreatic mass lesions
(11,22).

It is generally believed that tumoral FDG-uptake is primarily
related to hexokinase activity in cancer tissue (23), although
convincing evidence for this concept has not been presented as
yet in human cancer tissue in vivo. Results of Schek et al. (18)
and others (24-27) indicated that Glut-1 is overexpressed in

pancreatic cancer tissue and other human malignancies, to
gether with hexokinase and other glycolytic enzymes. The exact
functional relation between activation of glucose inward flux
regulating genes and their function, i.e., glucose consumption or
FDG-uptake, remains to be determined.

In this study, we found no relationship between SUV as a
measure of FDG uptake and tissue content of Glut-1, measured
by quantitative RT-PCR (data not shown). Random tissue
sampling during operation and the relatively small amounts of
tissue available for expression analysis, together with heteroge

neous distribution of tumor cells in tumor tissue and limitations
inherent in quantitative RT-PCR, precluded a comprehensive
and quantitative analysis of whole tumoral Glut-1 content
necessary for a valid comparison with SUV of FDG in whole
tumor tissue. In addition, Glut-1 mRNA and Glut-1 protein may
be regulated through synthesis rate, stabilization and degrada
tion (4,5). Thus, changes in the steady-state levels of tissue
mRNA would probably not simply lead to equal changes in the
amounts of functional protein, located inside the cell membrane
and hence, glucose utilization.

The molecular mechanisms underlying overexpression of
Glut-1 in malignant tumors are not well understood at present.
Besides a large number of extracellular signal molecules, such
as hormones, growth factors, cytokines, drugs and mitogens
(4,5,9), activated oncogenes ras, ser and fps may play a pivotal
role in stimulating Glut-1 transcription, translation and Glut-1
protein function (4-9). Interestingly, K-ra.v, which is overex
pressed in PC by 60%-90% (28), was found in tissue of six of
nine patients with PC in this study (data not shown).

In Fujinami sarcoma virus-transformed rat fibroblasts, Birn
baum et al. (7) have shown that activation of the Glut-1 gene
and glucose transport is a very early event in malignant
transformation ( 7). If this holds true also for human tumors,
increased glucose metabolism might be used as metabolic
fingerprint for early diagnosis of human malignancies through
expression analysis of glycolytic enzymes, Glut-1 and Glut-3 in
tissue sections (24) or in vivo with PET and FDG. New PET
scanners can detect structures as small as 1 mm in diameter with
a target-to-nontarget radioactivity concentration gradient of
10-20. Tumor cell uptake of FDG may well build up such a

concentration gradient. Interestingly, two recent reports have
demonstrated malignant infiltration in lymph nodes as small as
3-5 mm in diameter with FDG and PET (29,30).

It has been observed that glucose transport and Glut-1 mRNA
are elevated in growing cells compared to contact-inhibited
cells but not to the extent caused by malignant transformation
(7). Little is known of a potential biological role of augmented
glucose utilization, exceeding increased energy requirements of
cellular proliferation in malignancies. In interleukin 3-depen-
dent hemopoietic progenitor cells, Kan et al. (31) presented
evidence that growth factor- or oncogene-mediated increases in
glucose uptake may represent an important mechanism in the
suppression of apoptosis. If this also holds true for PC,
overexpression of Glut-1 might be a fruitful target for thera
peutic strategies aimed at suppression of tumoral glycolysis. We
therefore think that pathophysiology of increased glucose uti
lization in PC deserves further careful investigation.
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Fractional Retention of Technetium-99m-Sestamibi
as an Index of P-Glycoprotein Expression in
Untreated Breast Cancer Patients
Silvana Del Vecchio, Andrea Ciarmiello, Leonardo Pace, Maria I. Polena, Maria V. Carnero, Ciro Mainolfi, Renato Thomas,
Giuseppe D'Aiuto, Takashi Tsuruo and Marco Salvatore
Cattedra di Medicina Nucleare, UniversitÃ  "Federico II, " Centro per lo Studio della Medicina Nucleare CNR and Istituto

Nazionale per lo Studio e la Cura dei Tumori, Naples, Italy; and Institute of Applied Microbiology, University of Tokyo,
Tokyo, Japan

The multidrug-resistant phenotype is characterized by the reduced
intracellular retention of several structurally and functionally unre
lated cytotoxic compounds due to the energy-dependent pump
activity of P-glycoprotein (Pgp). Because 99mTc-sestamibi is a suit
able transport substrate of Pgp, we tested whether the time-
dependent fractional retention of this tracer could be used as an
index of Pgp expression in untreated breast carcinomas. Methods:
Twenty-seven patients with histologically confirmed breast carci
noma were intravenously injected with 740 MBq (20 mCi) of ""Tc-

sestamibi, and static planar images of the breast were obtained at
10,60 and 240 min. The fractional retention of ""Tc-sestamibi was

then calculated as the ratios between 60 and 10 min (R60/10) and
between 240 and 10 min (R240/10) of decay-corrected counts/pixel
registered in the region of interest drawn around the tumor. Surgi
cally excised tumors were then obtained from each patient, and Pgp
levels were determined using 125l-labeled MRK16 monoclonal anti

body and in vitro quantitative autoradiography. Results: The frac
tional retention of ""Tc-sestamibi at 60 and 240 min was signifi
cantly higher in tumors with low Pgp levels (Group I, n = 18) as
compared to that measured in tumors with high Pgp expression
(Group II, n = 9) (p < 0.001). In particular, R60/10 values were 0.86
and 0.59 in breast carcinomas of Groups I and II, respectively,
whereas the values of R240/10 were 0.56 and 0.25 in low- and
high-Pgp-expressing tumors, respectively. Conclusion: The deter
mination of fractional retention of "^Tc-sestamibi may be used as

a simple functional test for Pgp expression in untreated breast
cancer. A preliminary estimate of the sensitivity and the specificity of
the test indicates its potential use in clinical practice to identify
patients with a high probability of developing multidrug resistance.
Key Words: technetium-99m-sestamibi; multidrug resistance; P-
glycoprotein; breast carcinoma
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he development of the multidrug-resistant phenotype, which
is characterized by the ability of tumor cells to survive exposure
to different cytotoxic compounds (such as anthracyclines, Vinca
alkaloids and actinomycin D) (7), is a major problem during
cancer treatment. One of the mechanisms responsible of such
resistance is the reduced intracellular retention of chemothera-
peutic agents due to the energy-dependent pump activity of
P-glycoprotein (Pgp), a Mr 170,000 transmembrane protein
encoded by the MDR1 gene (2,3). Experimental evidence of the
association of the multidrug-resistant phenotype with increased
levels of Pgp in many cultured tumor cell lines has been well
documented (1-3). Elevated levels of Pgp also have been found
in certain normal tissues (4,5), as well as in both treated and
untreated human malignant tumors, including renal, colonie,
adrenal and hepatocellular carcinoma (4,6). Untreated breast
carcinomas have been reported to express relatively low levels
of MDR1 mRNA or Pgp as compared to other malignant solid
tumors (T). However, these low levels of Pgp may reflect the
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