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Abstract Over the past decades, Positron Emission
Tomography has opened a new field of imaging.
Nowadays, this technique is being used for diagnosing,
staging disease as well as for prognostic stratification
and monitoring therapy. In this respect, ['*F]fluoro-
deoxyglucose (FdGlc) is by far the most commonly used
PET agent. Many factors have been identified being
responsible for a high uptake of this agent in malig-
nancy. However, additional factors such as tumour
treatment may interfere with the uptake mechanism.
Knowledge of all these factors is a prerequisite for an
optimal interpretation of PET studies and, conse-
quently, for a reliable judgement of tumour status. In
this article, a review is given of the factors influencing
FdGlc uptake and the implications for clinical studies.

Keywords PET - FDG - Uptake mechanism -
Malignancy

Introduction

Over the past decades, tumour imaging has evolved from
basic science to clinical practice. The introduction of
ultrasonography, magnetic resonance imaging and
computed tomography has improved on clinical exam-
ination for tumour staging. However, these anatomy-
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related techniques assess primary tumours and
metastases by size and structural changes. Furthermore,
superficially growing tumours and small lymph node
metastases may be missed, whereas enlarged lymph
nodes may contain inflammation instead of tumour,
causing false positive and false negative results respec-
tively.

In nuclear medicine, the development of new radi-
onuclide tracers and the improvement of equipment for
imaging during the past decades has enabled a more
functional approach based on metabolic imaging rather
than anatomy-related techniques. Traditionally the
contribution of nuclear medicine to oncology has been
predominantly diagnostic imaging for tumour localisa-
tion. Compounds labelled with iodine-131, gallium-67,
thallium-201 chloride and technetium-99m have an es-
tablished role in clinical oncology, all using a specific
aspect of tumour pathophysiology and biochemistry.
The introduction of positron-emission tomography
(PET) has opened a new field of imaging. Currently, this
technique is being used for initial diagnosis, assessing
disease extension and prognosis, planning and monitor-
ing treatment and, finally, detecting recurrent disease. In
this respect, ['*F]fluorodeoxyglucose (FdGlc) is by far
the most commonly used PET agent. The uptake mech-
anism of FdGlc, a glucose analogue, in malignant cells is
well known, and the higher uptake and metabolism than
in normal cells make it possible to detect malignant tu-
mours. However, several factors, such as serum glucose
levels, tumour hypoxia and malignancy grade, may in-
fluence the uptake at these sites. In addition, iatrogenic
and therapeutic changes may interfere with one’s ability
to make a reliable judgement of the primary or recurrent
tumour status. Therefore, knowledge of the basic aspects
of FdGlc uptake is a prerequisite for an optimal inter-
pretation of FdGlc PET studies.

In the present article, an overview is given of the
uptake mechanism and biochemical processing of glu-
cose and FdGlc in normal and malignant cells. Fur-
thermore, the factors that influence uptake of FdGlc and
the implications for clinical studies are discussed.
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Uptake of glucose by normal cells

Glucose is an essential compound for living organisms.
It is the most important carbon supplier for the synthesis
of tissue, and energy-producing metabolic processes
depend largely on glucose availability.

The uptake of glucose and other hexoses by human
cells can take place via three mechanisms of transport.
The first, passive diffusion, is a relatively slow process
and is made possible by the hydrophilic nature of glu-
cose. It is of minor importance for human tissue. The
second mechanism is active transport by a Na " -depen-
dent glucose transporter, occurring across the apical
brush border of intestinal and kidney epithelial cells.
The third method of transport involves the facilitative
glucose transporter (GLUT), which is presented on
membranes of almost all cells and is the main pathway
for glucose to enter the cell body.

Na "-dependent glucose transporter

Na " is required as a co-factor for the active transport of
glucose across intestinal and kidney epithelial cells by
sodium/glucose transporters. This means that Na™ en-
ters the cell down its electrochemical gradient, accom-
panying glucose. The accumulated Na inside the cell is
cleared by the Na™ /K " -ATPase, which exchanges 3 Na*
against 2K ions in an energy-dependent way. So far,
two different isoforms have been discovered: SGLT
(sodium/glucose transporter)-1 and SGLT-2. SGLT-1
has a high affinity for glucose and transports Na ™ and
glucose in the ratio 2:1, whereas SGLT-2 has a low af-
finity and the Na " /glucose ratio is 1:1 (Kanai et al. 1994).
Another difference is that SGLT-1 can transport glucose
as well as galactose (Ikeda et al. 1989). It is remarkable
that expression of SGLT-1 transport in the intestine can
be induced by a variety of hexoses, even by the non-
metabolisable sugar 3-O-methylglucose (Miyamoto et al.
1993). Apparently, expression of this transporter does
not require transport or metabolism. Two genetic syn-
dromes are associated with mutations in DNA encoding
these transporters: hereditary glucose/galactose malab-
sorption and benign glycosuria (Turk et al. 1994).

Facilitated transport

Six isoforms of facilitative-diffusion glucose transporters
have been identified so far: GLUT-1 to GLUT-5 and
GLUT-7. The GLUT-6 gene is not expressed and is
called a pseudogene (Kayano et al. 1990), which is a
gene inactivated by an accumulation of mutations or the
absence of regulating sequences. These isoforms share
the same transmembrane topology, but they differ in
kinetic properties, tissue localisation, sugar specificities
and regulation in states of imbalanced glucose homeo-
stasis. GLUT-1, GLUT-3 and GLUT-4 have a relatively

high affinity for glucose, so they are important in tissues
highly dependent on glucose as their energy source. The
amount of glucose transported across the membrane not
only depends on the number of transporters expressed
on the cell membrane but also on the kinetic capacity of
the transporter expressed. The sequence of GLUT-7,
cloned in rat liver, resembles that of GLUT-2 and it
possibly has a role in the dephosphorylation process of
glucose 6-phosphate inside the endoplasmatic reticulum
(Waddell et al. 1992). GLUT-5 is a fructose transporter
(Inukai et al. 1995).

GLUT-1

This transporter is widely expressed at membranes of
many different cells in the human body; the highest
concentrations are found in fetal tissue (Tadokoro et al.
1995) and placenta (Barros et al. 1995). Thus, it is not
very surprising that growth stimuli, like insulin (Todaka
et al. 1994), insulin-like growth factor I (Wilson et al.
1995), growth hormone (Tai et al. 1990) and thyroid
hormone (Weinstein and Haber 1993), induce a higher
expression of GLUT-1.

In adults, high expression is seen in erythrocytes
(Mueckler 1994) and in epithelial cells of blood/tissue
barriers, especially the blood/brain barrier (Maher
1995). Beside glucose, GLUT-1 can also transport ga-
lactose and mannose. This takes place in an asymmet-
rical way, i.e. the affinity for sugar influx is about ten
times as high as that for glucose efflux (Carruthers 1990).

It has been suggested that GLUT-1 belongs to the
family of glucose-regulated proteins, of which the genes
are more expressed in situations of cellular stress
(Sviderskaya et al. 1996).

GLUT-2

This low-affinity transporter can be found in the intes-
tine, kidney, liver and the f§ cells of the pancreas (Tho-
rens et al. 1990). It is also present in different regions of
the brain (Leloup et al. 1994) (Jetton et al. 1994). To-
gether with the glycolytic enzyme glucokinase, it con-
stitutes a glucose-sensing system, which signals the
differences in glycaemia to the liver and the f§ cells of the
pancreas (Thorens et al. 1988). Glucose, galactose,
mannose and fructose can all be carried by the GLUT-2
transporter.

GLUT-3

Its high affinity for glucose means that GLUT-3 can
ensure a constant glucose supply to neurons in the brain,
even at low extracellular glucose concentrations (Maher
et al. 1995 and 1996). In the brain, glucose is transported
across the blood/brain barrier by GLUT-1 and, once it
reaches the neurons, GLUT-3 is the most efficient



transporter in the hypoglycaemic conditions of the
cerebral interstitial space. GLUT-3 has a high expres-
sion in the testis as well, especially in spermatozoa
(Haber et al. 1993).

GLUT-4

Expression of this transporter is high in brown and
white adipose tissue and in skeletal and cardiac muscle.
In hyperglycaemic circumstances, like the period after
dinner, glucose transport can be increased up to 30 times
in response to insulin. Insulin stimulates intracellular
vesicles, which contain the GLUT-4 transporter, to
translocate to and fuse with the plasma membrane. The
thus increased GLUT-4 expression results in an in-
creased glucose uptake of the cell (Rea and James 1997,
Holman and Kasuga 1997).

GLUT-5

This transporter is only 39%—-40% identical to the other
isoforms (Kayano et al. 1990). It is the main transporter
of fructose and is expressed at high levels in the jejunal
region of the small intestine, although its mRNA can
also be found in small concentrations in kidney, brain,
insulin-sensitive tissues, testicles and spermatozoa
(Mantych et al. 1993). There is some evidence that glu-
cose is a competitive inhibitor of fructose uptake at
GLUT-5. This differential sensitivity of fructose to glu-
cose may be due to proteins interacting with GLUT-5,
as suggested by Miyamoto et al. (1994).

Molecular structure and function of GLUT protein

The GLUT protein has a structure of 12 membrane
domains, connected with hydrophilic loops. A distinc-
tion can be made between the cytoplasmic side and the
extracellular side. Both the N terminus and the C ter-
minus are on the cytoplasmic side. A large intracellular
loop connects the 6th and the 7th transmembrane do-
mains, thus holding the two parts of 6 transmembrane
domains together (Fig. 1).

An alternating conformer model is used to describe
the transport of glucose by the GLUT protein across the
cell membrane (Fig. 2). The transporter has one sugar-
binding site, which can be exposed both at the cyto-
plasmatic surface and the extracellular surface but not
simultaneously at both. Sugar binds to the extracellular
surface and a carrier-sugar complex is formed. This
carrier-sugar complex can reorientate to the opposite
side of the membrane by virtue of a conformational
change and, finally, sugar is released into the cell
(Baldwin 1993). The cytoplasmatic side of the divergent
amino acid sequence seems to be important in the reg-
ulation of GLUT. Jung (1998) hypothesised a role for a
specific cellular protein, binding via a certain pathway to
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Fig. 1 Orientation of glucose transporter protein in the plasma
membrane after Kasanicki and Pilch (1990)
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Fig. 2 Transport of glucose molecule across the cell membrane
facilated by the glucose transporter protein (see text)

the cytoplasmtic side. This, as yet unidentified, protein
seems to be of major importance in the insulin-induced
GLUT recruitment.

Fates of glucose in normal cells

Once glucose has entered the cell, it is the subject of an
intricate network of several pathways, which all have the
goal of producing building blocks for synthesis of tissue
or generating energy. The first step in the metabolism of
glucose is called glycolysis, the conversion of glucose to
pyruvate and lactate.

Glycolysis

This is a set of multiple reactions, occurring in the cy-
tosol, eventually converting one glucose molecule into
two molecules of pyruvate. Glycolysis has three control
elements represented by irreversible reactions, having
regulatory as well as catalytic roles. The first reaction is
a control element, the conversion of glucose to glucose
6-phosphate (Fig. 3). This reaction is catalysed by the
enzyme hexokinase, which binds to the outer membrane
of the mitochondrion near the porin molecule. These
porins represent voltage-dependent anion-channel iso-
forms (Golshani Hebroni and Bessman 1997) and they
are protein channels through which ATP moves outside
the mitochondrion to enter the cytosol. Hexokinase re-
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Fig. 3 Conversion of glucose to glucose 6-phosphate, catalysed by the
enzyme hexokinase

duces the ATP to ADP and produces glucose 6-phos-
phate. Meanwhile, ADP enters the mitochondrion again
and becomes an acceptor for phosphoryl groups. The
porin-hexokinase complex is stimulated by insulin.

So far four different types of hexokinase are known,
distinguished on the basis of their electrophoretic mo-
bility. Type 1 is most abundant in brain and erythro-
cytes, type II is predominant in insulin-sensitive tissue,
such as skeletal muscle, heart, diaphragm and adipose
tissue, type III is not predominant in any tissue (Rempel
et al. 1994) and type IV: also called glucokinase, is
predominant in liver cells. The enzymatic activity of all
hexokinases except glucokinases is inhibited by glucose
6-phosphate. When glucose is abundant, glucokinase
becomes activated in the liver to produce glucose
6-phosphate for the synthesis of glycogen.

Another important step is the conversion of fructose
6-phosphate to fructose 1,6-bisphosphate (Fig. 4). This
reaction is catalysed by phosphofructokinase, which is
the most important control element in glycolysis. Unlike
the other control elements hexokinase and pyruvate
kinase, this is the only unique irreversible step in glyc-
olysis (i.e. it catalyses the reaction of molecules that are
strictly glycolytic intermediates). Phosphofructokinase is
allosterically inhibited by ATP, inhibiting glycolysis
when there is enough energy, and by H" (preventing
excessive formation of lactate). Another inhibitor is ci-
trate, which is an intermediate of the citric acid cycle (see
below) and abundant when there are high levels of
biosynthetic precursors. A remarkable activator of
phosphofructokinase is fructose 2,6-bisphosphate,
which is formed out of fructose 6-phosphate by an
enzyme called phosphofructokinase 2. When fructose
6-phosphate is abundant, this system will lead to a rise in
fructose 2,6-bisphosphate levels and hence to stimula-
tion of phosphofructokinase.

The third irreversible step in glycolysis is the reaction
phosphoenolpyruvate—pyruvate, catalysed by pyruvate
kinase (Fig. 5). Three types of pyruvate kinase have
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Fig. 5 Conversion of phophoenolpyruvate to pyruvate, catalysed by
the enzyme pyruvate kinase

been found: the L type predominates in the liver, the M
type predominates in muscle and brain and the A type is
abundant in other tissues. ATP allosterically inhibits the
isoenzyme (so glycolysis is slow when there is enough
energy). Alanine, synthesised from pyruvate, is also an
inhibitor, thus signalling that there are enough building
blocks. The enzyme is stimulated by fructose 1,6-bis-
phosphate.

At the end of glycolysis, pyruvate is subject to four
different metabolic fates. Under anaerobic conditions,
for example in muscle during intense activity, pyruvate is
reversibly converted into lactate. This reaction serves to
regenerate NAD *, which is necessary for glycolysis to
proceed. The overall reaction in the conversion of glu-
cose in lactate delivers two ATP molecules, the maxi-
mum amount of energy under anaerobic conditions. A
second fate of pyruvate is transamination into the amino
acids alanine, valine and leucine, from which the second
and third are essential. This occurs in the cytosol. These
reactions are also reversible, making it possible for the
amino acids to enter the central metabolic pathway and
be oxidised in the citric acid cycle to generate energy.
Further, pyruvate can be carboxylated inside mito-
chondria into oxaloacetate, an intermediate of the citric
acid cycle (Fig. 6). This carboxylation serves two pur-
poses: one to replenish intermediates of the citric acid
cycle and the other to make possible gluconeogenesis
(the synthesis of glucose from non-carbohydrate sourc-
es, such as lactate, amino acids and glycerol). It shares a
number of reactions with glycolysis but also includes a
number of other reactions to bypass the essential irre-
versibility of the corresponding reactions in glycolysis.
The conversion of pyruvate to oxaloacetate and the
following conversion of oxaloacetate into phos-
phoenolpyruvate is such a bypass (Fig. 6). A fourth, very
important, fate of pyruvate is its conversion into acetyl-
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Fig. 6 Carboxylase conversion of pyruvate into oxaloacetate, fol-
lowed by the conversion of oxaloacetate into phosphoenolpyruvate

CoA inside mitochondria. This molecule can be the
supplier of two-carbon fragments needed for the syn-
thesis of lipids or it can enter the citric acid cycle if there
is a need for ATP.

The citric acid cycle

The citric acid cycle (also called the tricarboxylic acid
cycle or Krebs cycle), depicted in Fig. 7, occurring in the
mitochondria, is the final common pathway for the ox-
idation of glucose and other fuel molecules. Some in-
termediates can also be transaminated into amino acids.

The first step in the cycle is the condensing of acetyl-
CoA with oxaloacetate, thus generating a six-carbon
molecule: citrate. In the following steps citrate is again
converted into oxaloacetate. Thus, two carbon atoms
from acetyl-CoA enter the cycle, leaving the cycle as two
CO, molecules. The energy yield from the several steps is
3 NADH, 1 FADH and 1 GTP per molecule of pyru-
vate. The NADH and FADH molecules transfer their
electrons to oxygen in the electron-transport chain to
generate 3 ATP per NADH and 2 ATP per FADH. This
is necessary for the continuity of the cycle, since a con-
stant supply of the electron acceptors NAD™' and
FAD " is required for the cycle to proceed. Hence, the
citric acid cycle is obligatorily aerobic.

The rate of the cycle depends on the need for ATP.
There are several control elements in it, which are
dependent on the amount of ATP: citrate synthetase,

AcetylCoA (Co)
Oxaloacetate (C4) T~ Citrate (Ce)
NADH o
2
FADH> a-ketoglutarate (Cs)
GTP NADH
(Ca) €02
SuccinylCoA

Fig. 7 Citric acid cycle (see text)
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isocitrate dehydrogenase and 2-oxoglutarate dehydro-
genase. Another important control element for the cycle
is the irreversible conversion of pyruvate to acetyl-CoA.
As mentioned above, some intermediates can be con-
verted into amino acids. Oxaloacetate can be transami-
nated into aspartate, a precursor for several other amino
acids, most of them being essential. Glutamate, again a
precursor for amino acids, is the product of 2-oxoglut-
arate.

Pentose phosphate pathway

A pathway that starts with some intermediates of glyc-
olysis is the pentose phosphate pathway, taking place in
the cytosol. It is largely involved in the de novo synthesis
of nucleic acids and therefore cell proliferation in vitro
and in vivo. The pathway is also able to produce
NADPH, which serves as an electron donor (hybride ion
donor) in reductive biosynthesis. There are two path-
ways in the synthesis of nucleic acids. The oxidative
pathway, starting with glucose 6-phosphate, is catalysed
by the enzyme glucose 6-phosphate dehydrogenase and
the non-oxidative pathway, starting with fructose
6-phosphate, is catalysed by transketolase, with thiamine
(vitamin By) as its co-factor. The ribose 5-phosphate is
converted into S-phosphoribosyl-1-pyrophosphate, a
building block for the synthesis of nucleotides. It is likely
that the non-oxidative pathway is the predominant one
in nucleic acid ribose synthesis, as found by Boros et al.
(1997). 1t can also be assumed that glucose influences the
regulation of the enzymes pyruvate kinase and hexo-
kinase through this non-oxidative pathway: glucose
signals to the glucose-responsive element, the expression
of which is regulated by xylulose 5-phosphate, an in-
termediate of the non-oxidative pathway.

Glucose uptake in tumour cells

Besides an overproduction of glycolytic enzymes (see
below), an increased uptake of glucose is seen in tumour
cells (Warburg, 1930).The facilitative glucose trans-
porters described above, the expression and activity of
which are regulated by oncogenes and growth factors,
are generally held responsible for this and it is becoming
more and more likely that overexpression of GLUT-1,
GLUT-3 and/or GLUT-5 has a role in this enhanced
transport (Merrall et al. 1993). Revealing the distribu-
tion and function of these transporters in malignant cells
could lead to the development of new diagnostic and
prognostic markers as well as the development of spe-
cific monoclonal antibodies that could be used in tu-
mour localisation and treatment.

Research performed over the past decade has re-
vealed the following: an increase in the GLUT-1 and
GLUT-3 mRNA in cancers of the oesophagus, colon
[together with GLUT-5 (Mesonero et al. 1995)] and
pancreas (Yamamoto et al. 1990); overexpression of
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GLUT-1 and GLUT-3 mRNA in the brain (Nishioka
et al. 1992) together with GLUT-1 protein expression in
head and neck tumours (Mellanen et al. 1994); GLUT-1
overexpression in renal cell carcinoma (Nagase et al.
1995), insulinomas (Boden et al. 1994), haemangioblas-
tomas (Cornford et al. 1995) and thyroid cancers (Haber
et al. 1997); GLUT-1 and GLUT-3 overexpression in
lung carcinomas (Younes et al. 1997); GLUT-1 and
GLUT-5 overexpression in breast tumours (Brown and
Wahl 1993, Zamora Leon et al. (1996). The overex-
pression of the fructose transporter GLUT-5 in breast
cancer cells is especially remarkable since fructose up-
take in normal breast tissue is mediated by GLUT-2,
whereas GLUT-5 is not expressed. This indicates that
neoplastic transformation of breast tissue leads to ex-
pression of a high-affinity fructose transporter, permit-
ting enhanced uptake of fructose, a substrate apparently
used by few human tissues. Zamora-Leon et al. 1996)
speculated that this could be a metabolic advantage over
normal breast tissue, since the regulatory steps that
control glucolysis, cannot affect fructolysis.

Younes et al. (1996) showed that, with some rare
exceptions, GLUT-1 has limited expression in normal
human tissue and benign lesions. They confirmed the
work of Nelson et al. (1996) by showing that GLUT-1
overexpression in cancer cells is not characteristic of all
tumours. Furthermore, GLUT-1 overexpression varies
in positive tumours being manifest in a few cells or in
the majority of tumour cells. The overexpression of
GLUT-1 and GLUT-3 is only localised in the peri-
necrotic zones of the tumour, where the environment of
the tumour cells is hypoxic. An abundance of glucose
transporters could be an adaptation that helps the
tumour cell to survive and gives it an advantage over
normal cells under such circumstances (Mellanen et al.
1994).

Differences in GLUT expression between tumour
cells and normal tissue and the heterogeneity of GLUT-
1 expression in the different tumours suggest that such
expression may be of biological significance. Correlation
was seen between expression of GLUT-1 and the ag-
gressiveness of the tumour (Younes et al. 1996). For
example, GLUT-1 expression in colon cancer and the
frequency of lymph node metastases were found to be
correlated (Younes et al. 1996).

Of clinical importance is the question whether these
changes in expression of facilitative transporters are
strictly related to the malignant phenotype or occur at
an early stage in carcinogenesis. Reisser et al. (1999)
found that preneoplastic lesions already showed an in-
creased expression of GLUT-1, so increases in GLUT-1
expression might be used as a diagnostic tool for
detection of prencoplastic lesions. In the same work they
found a relationship between reduced glycogen storage
and the degree of dysplasia, associated with increased
GLUT expression.

New therapeutic strategies in the future, based on
GLUT overexpression, could be developed. Inhibition
of GLUT-1 with chemicals such as phloretin, a known

inhibitor of glucose membrane transport could be useful
(Miller et al. 1992). Other therapeutic approaches could
be the competitive inhibition of glucose uptake by glu-
cose analogues such as 3-O-methylglucose (Hwang et al.
1992) or intracellular introduction of glucose-linked
cytotoxic molecules, using the transport mechanism
(Pohl et al. 1995).

Hexokinase

For about seven decades, malignant cells have been
known to use their excessive glucose uptake to maintain
a high glycolytic rate, even under aerobic conditions
(Warburg 1930). A normal cell derives most of its energy
from oxidative phosphorylation, so the fact that, in a
rapidly growing tumour cell, the citric acid cycle shows
minor activity and the cell depends on glycolysis for
more than half of its energy needs indicates a very im-
portant metabolic difference between a normal and a
malignant cell (Nakashima et al. 1984). Besides pro-
ducing of energy, glycolytic intermediates are also in-
volved in two other features of growing tumours:
enhanced DNA/RNA synthesis by means of the pentose
phosphate pathway and the synthesis of lipids (out of
fructose 1,6-bisphosphate), essential for membrane
synthesis. The glycolytic capacity of a given tumour is
now generally assumed to be characteristic of its state of
differentiation (Flier et al. 1987; Birnbaum et al. 1987).

Singh et al. (1974) suggested that the promoting force
for this increased glycolytic flux is the phosphorylation
of glucose, the first reaction of the glycolytic pathway.
This step is catalysed by hexokinase and it is this enzyme
that shows an increased activity in tumour cells (Arora
and Pedersen 1988; Rempel et al. 1994). At least two
factors contribute to this increased activity of hexokin-
ase. One is the difference in binding to the outer mem-
brane of the mitochondrion, the other 1is the
overproduction of this enzyme in malignant cells com-
pared to normal cells.

Hexokinase binding to mitochondria

Rempel et al. (1994) studied hexokinase in liver cells and
found that the percentage of membrane-bound enzyme
activity increases with the grade of malignancy, varying
from about 30% of the total activity in normal liver cells
to about 70% in dedifferentiated tumour cells.

The hexokinase binds to the porin molecule on the
outer mitochondrial membrane and thus has easy access
to the ATP produced in the mitochondrion (Arora and
Pedersen 1988). The amino-terminal half of hexokinase
is thought to be involved in this connection with the
mitochondrial membrane, while the C-terminal half has
both catalytic and regulatory roles (Arora et al. 1993).
The bound hexokinase is less sensitive to the feedback
inhibition of glucose 6-phosphate, which is an important
mechanism in normal cells (Bustamante and Pedersen



1977). Also proteolytic degradation is of less influence
on bound hexokinase.

It is intriguing to know that the soluble and the bound
enzyme are chemically identical. Hexokinases can be
resolved into two subtypes (IIa and 1Ib) by hydrophobic
interaction chromatography. Owing to its greater hy-
drophobicity and lower negative charge, type IIb, binds
more readily to mitochondria than does type I1a. There is
evidence that regression in differentiation is accompanied
by alterations in the proportion and subcellular distri-
bution of these subtypes (Rempel et al. 1994).

Hexokinase overproduction in cancer cells

As seen above, four different isoenzymes of hexokinase
are known and there is a pronounced tissue-specific
distribution. In malignant cells, type II hexokinase and
to a lesser extent type I hexokinase are overexpressed,
regardless whether the tissue of origin expresses these
enzymes (Rempel et al. 1994; Mathupala et al. 1995).
These two isoenzymes are exactly the same as in normal
tissue and in their experiments no evidence was found
for a specific tumour hexokinase. This does not exclude
a post-translational modification, regulation by phos-
phorylation for example, which has been seen in vitro
but not yet in vivo (Adams et al. 1991; Arora and
Pedersen 1993).

Increased transcription of the hexokinase gene seems
to be, at least in part, the cause for the overproduction
of the enzyme in cancer, as a marked elevation of
hexokinase mRNA levels has been demonstrated in
tumour cells (Johansson et al. 1985). This was demon-
strated by Mathupala et al. (1995) who found a tenfold
transcriptional rate of hexokinase in tumour cells.

Research has been done on the promotor region of
type II hexokinase to uncover the transcriptional regu-
lation of the overexpression in tumour cells. The pro-
motor-binding site for RNA polymerase on a gene in the
process of RNA synthesis contains various response
elements. These are sequences via which several tran-
scription factors can exert their regulatory influence on
the expression of the enzyme. On the promotor of hexo-
kinase there appear to be several response elements for the
transcription factor AP-1, the complex formed by the
oncoproteins Fos and Jun and Pea-3, a factor inducible by
several other oncoproteins (Gutman and Wasylyk 1990).
This indicates that oncoproteins exert their influence on
cancer cells partly by increasing glycolysis. Mathupala
et al. (1995) found that, in rat ascites AS-30D hepatomas
(which are rapidly growing, highly glycolytic tumours,
preferentially expressing the type II enzyme), the pro-
motor was up-regulated by glucose, insulin, glucagon and
by pathways for tyrosine kinase, protein kinase A and
protein kinase C. None of these factors activated the
promotor in normal hepatocytes, indicating the involve-
ment of a different set or level of transcription factors in
the regulation of hexokinase expression and therefore the
rate of glycolysis.
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Fed/fasted state

In normal cells, insulin is active in the fed state and
glucagon in the fasted state. Therefore opposing effects
on gene expression were found: insulin activates the
transcription of hexokinase and glucagon inhibits this
transcription. This is certainly the case for type IV
hexokinase (glucokinase), which is the predominant
isoform expressed in normal liver, where the type Il
isoform is silent (Printz et al. 1993). cAMP, the major
mediator of glucagon signalling, is also an inhibitor of
glucokinase (Granner and Pilkis 1990). Both insulin and
glucagon (cAMP) activate the promotor of the hexo-
kinase II gene in cancer cells. This can be seen as a
strategy of the cancer cell to keep its glycolysis high,
even with a limited supply of glucose. If the glucose level
in the environment rises, the cancer cell can utilise the
available glucose immediately, without a lag period.
This means that transcription of hexokinase in tumour
cells is independent of the metabolic state of neigh-
bouring healthy cells. Thus, cancer cells have an ad-
vantage over their cell of origin.

Hypoxia

Wang and Semenza (1995) determined the presence of a
specific region inducing hypoxia in the promotor of
hexokinase. The hypoxic state of a solid tumour may
cause up-regulation of hexokinase, which enhances the
rate of glycolysis, serving as a mechanism for the tumour
cell to survive. Interestingly, the response element for
glucose was found to overlap the response element for
hypoxia. It is not yet known whether these two elements
act synergistically in the presence of both glucose and
hypoxia.

Gene amplification

The overexpression of hexokinase Il in malignant cells
results from another mechanism besides the differential
transcriptional regulation of hexokinase expression de-
scribed above. Rempel et al. (1996) found that, in the
rapidly growing rat AS-30D hepatoma cell lines, in-
creased hexokinase activity was partly the result of an at
least fivefold amplification of the hexokinase II gene,
compared to normal hepatocytes. This is not very sur-
prising as instability of the genome is often seen in
transformed cells and overexpression of oncogenes is
often caused by amplification.

p53

In normal cells, p53 acts as a cell-cycle checkpoint pro-
tein, thus halting the cell in Glphase in the event of
DNA damage. Mathupala et al. (1997) discovered the
presence of functional p53 response elements on the type
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IT hexokinase promotor in another experiment with AS-
30D hepatomas.

In this experiment there appeared to be a positive
regulatory effect of mutated p53 (two point mutations in
its cDNA were demonstrated) on the hexokinase pro-
motor. In the AS-30D hepatoma cells, p53 was highly
abundant in its mutated form, with a longer half-life
than wild-type p53 (Mukhopadhyay et al. 1995). This
could be the key to a possible link between loss of cell-
cycle control in rapidly growing tumour cells and their
propensity to catabolise glucose at high rates, one of the
commonest biochemical signatures of cancer cells.

Fluorodeoxyglucose

The glucose analogue deoxyglucose, which has one
oxygen atom less than the glucose molecule (Fig. 8), is
transported into the cell in the same way as glucose.
Once it has reached the cytosol, it is phosphorylated to
deoxyglucose 6-phosphate by the enzyme hexokinase,
just like normal glucose. The next reaction in glycolysis,
producing deoxyfructose 6-phosphate, in effect a rear-
rangement of the carbonyl group from the C-1 to the
C-2 position in the ring structure, is not possible because
this would require an oxygen atom at the C-2 position.
Thus, deoxyglucose 6-phosphate is trapped in the cell, as
the reverse reaction to deoxyglucose does not take place
because of the low concentration of glucose 6-phos-
phatase in tumour cells.

When labelled with '®F this molecule can be revealed
by PET. Hence, a high uptake of ['*F]fluorodeoxyglu-
cose reflects an increased glucose metabolism in, for
example, tumour cells.

Besides tumours, there are several other tissues that
exhibit a high glucose metabolism. Among them are the
brain and the heart, which have very low concentrations
of glucose 6-phosphatase (Brock et al. 1997), and FdGlc
uptake in muscles could also be considerably increased.
Hence complete rest is prescribed for patients before the
scintigraphic examination (Rigo et al. 1996). In addi-
tion, the uptake of FdGlc can be further reduced by
fasting, thus causing a hypoinsulinaemia, which is re-
sponsible for the decrease in glucose transporters of the
muscle cell. Tissues with a relatively low FdGlc uptake
are the liver and gut, which show high glucose 6-phos-
phatase levels (Brock et al. 1997).

OH OH
0] (0]
OH OH
OH H
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D-Glucose 2-Deoxy - 2 Fluoro - D-Glucose

Fig. 8 Structural formula of 2-deoxy-2-fluoro-p-glucose as compared
to p-glucose

Uptake of FdGlc in tumour cells is influenced by a
certain number of factors, of which we presumably only
know a few. Besides biological factors, such as increased
expression of glucose transporters and the presence of a
highly active hexokinase isoform (described above), other
influences are, for example, hypoxia and hyperglycaemia.

Hypoxia

In experiments with melanoma and ovarian carcinoma
cell lines, Clavo et al. (1995) showed that FdGlc uptake
was increased when cells were exposed to a hypoxic
environment. The hypoxia was associated with an in-
creased expression of the GLUT-1 glucose transporter
and an increased membrane transport of glucose and
not with increased lactate production.

Hyperglycaemia

FdGlc uptake into human cancer cells is inhibited by
high glucose levels in the medium, because of the com-
petition between FdGlc and p-glucose for uptake into
the malignant cell (Wahl et al. 1991, 1992). Simmons
et al. (1993) showed that GLUT-1 protein and mRNA
levels were increased when fetal lung and muscle cells
were cultured in low-glucose medium, while high glucose
concentrations were associated with increased GLUT-1
protein and mRNA levels. This could be an adaptive
response of the cell: a reduction in GLUT-1 transporters
could serve as a method to keep glucose at a normal
level in a hyperglycaemic environment. On the other
hand, an increase in GLUT-1 levels can allow the tu-
mour cell to survive in a hypoglycaemic environment
(Torizuka et al. 1997).

Despite the gaps in our knowledge of FdGlc, FdGlc
PET is recognized to be an accurate, non-invasive tool
for imaging a wide range of different tumours. For a
decade it has been suggested for the specific diagnosis
and staging of cancer (Strauss and Conti 1991). More
recently, it is thought to be useful in the evaluation of
cancer prognosis and efficacy of anticancer therapy
(Okazumi et al. 1992), which is usually measured in
terms of inhibition of proliferation, whereas FdGlc PET
measures the metabolic activity (Slosman et al. 1993).
For example, Crippa et al. (1998) demonstrated that
FdGlc uptake, represented by a standardised uptake
value, was correlated with prognostic factors such as
histopathological grading and p53 expression.

Measuring metabolic activity is especially important
since clinical studies on gliomas and lymphomas have
shown that hypermetabolic tumours usually have a
poorer prognosis than hypometabolic ones (Brock et al.
1997). Minn et al. (1988) demonstrated that the prolif-
erative activity of tumours could be measured by FdGlc
PET. However, more recent research in vitro by Higashi
et al. (1993) showed that FdGlc accumulation repre-
sented the number of viable tumour cells, not their



proliferative grade. However, a number of aspects of the
behaviour and properties of the tumour cell should be
taken into account.

First, there is the fact that a tumour is not homoge-
neous, which means that malignant cells, premalignant
cells and benign cells are all seen in the tumour, dis-
tributed in a scattered way, e.g. clusters of malignant
cells alternate with clusters of premalignant or even
normal cells. Because scintigraphy can not detect these
clusters separately, the average energy demand of the
cells within a tumour is depicted, which hampers the
assessment of the real metabolic status of the tumour.

Second, tumours often induce an inflammatory re-
sponse, resulting in the invasion of macrophages and
formation of granulation tissue. Kubota et al. (1992,
1994) reported that both macrophages and granulation
tissue showed a higher uptake of FdGlc than did viable
tumour cells. In their editorial, they summarised the
components of a tumour: neoplastic tissue consisting of
viable cells (high FdGlc uptake) and necrosis (no FdGlc
uptake) and non-neoplastic tissue could be divided into
macrophages, young granulation tissue (high FdGlc
uptake) and a scar (no FdGlc uptake). This phenomenon
directly created the false positive result in the work of
Haberkorn (1991). He studied patients with colorectal
tumours: a higher FdGlc uptake after radiotherapy was
seen at the tumour site, despite the success of the therapy.

Third, it is not clear how long after the administra-
tion of FdGlc one has to wait before the start of the
scintigraphic examination. FdGlc uptake with time is
most likely dependent on local parameters, such as mi-
totic activity and growth rate. There is hardly any lit-
erature on this subject. Optimal post-therapeutic timing
is also very important, thus reducing false-positive scans
as a consequence of the uptake of the above-mentioned
inflammatory cells.

Fourth, Sokoloff et al. (1977) and Phelps et al. (1979)
were involved in the design of a three-compartment
model for FdGlc to quantity its kinetic behaviour. This
method assumes that radioactivity is spread homoge-
neously over the tumour. Since this is not the case, some
doubts have arisen about the validity of this method
(Schmidt et al. 1996). Also, the lumped constant, the
ratio of FdGlc phosphorylation rate to the glucose
phosphorylation rate under steady-state conditions, was
developed in an attempt to relate the quantitative be-
haviour of FdGlc to that of glucose (Schmidt et al. 1996).
The numerical value of this ratio is influenced by tumour
treatment because of the physiological and biochemical
response, such as the action of lysosomal acid hydrolases,
necrosis (Fischman and Alpert 1993) and the changing
activity of different isoforms of hexokinases.

Concluding remarks

This article elaborates on the resemblances and differ-
ences between tumour cells and normal cells in the
uptake and biochemical processing of glucose. As de-
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scribed, up-regulation of the membrane glucose trans-
porters and enhanced production of glycolytic enzymes
(hexokinase) are considered to be the main causes for the
increased uptake and metabolism of glucose by tumour
cells. Furthermore, the differences in the behaviour of
glucose and FdGlc within tumour cells were reviewed, as
well as the factors that influence uptake of FdGlc and
the limitations of FdGlIc scintigraphy in relation to
pathophysiology.

Despite the increasing clinical use of FdGlc PET,
which has proved to be of great value in solving indi-
vidual clinical problems, the issue of quantification re-
mains. Three major questions are still unanswered. First,
what level of accumulation determines whether a cell is
malignant or not? Second, how great a decrease in
FdGlc uptake by a tumour must be achieved to assume
effective treatment? Third, does FdGlc uptake measure
the degree of aggressiveness of a tumour? One could
speculate whether a single measurement of glucose me-
tabolism could give an answer to these clinical questions.
Future research may at least partly unravel these defi-
ciencies in our knowledge.
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