Targeting Glucose Transporters for Tumor Imaging:
“Sweet” Idea, “Sour” Result

any would agree that PET imaging
with the glucose analog FDG is
emerging as the preferred diagnostic im-
aging modality in a variety of human
cancers (/-5). Unfortunately, the consid-
erable cost of PET scanners, the limited
availability of FDG (in part due to gov-
ermnmental “assistance”) and a somewhat
anti-technology posture (i.e., “not an-
other MRI!’’) by health care payers—at
least in the U.S.—have limited the avail-
ability of PET in many locales. If a lower
cost single-photon emitting analog of
FDG could be made with comparable
biodistribution characteristics to FDG,
this would be of great clinical utility.
Nelson and colleagues explore this pos-
sibility in this issue of JNM (6).
Increased rates of glucose metabolism
in cancers have been recognized for
many years as well as the potential for
targeting this increased metabolism with
FDG (1,7-9). Several enzymatic alter-
ations have been described in human
cancers, including increased glucose
transport rates, increased rates of glucose
phosphorylation and generally very low
rates of glucose-6-phosphate dephos-
phorylation (/10-15). A variety of papers
have assigned differing levels of signifi-
cance to each of these three alterations in
glucose metabolism, although all proba-
bly contribute to the intense tumor signal
seen when imaging many cancers with
FDG (13-15). It must be realized that,
while FDG is used as an indicator of
glucose metabolism, it is not handled in
precisely the same fashion as glucose by
cells, and the affinity of membrane trans-
porters, hexokinase and phosphatase en-
zymes can vary between FDG and glu-
cose (15,16). Additionally, FDG is a
poor substrate for phosphoglucoisomer-
ase and other glycolytic enzymes (/).
Perhaps the greatest biological atten-
tion has recently been given to overex-
pression of facilitative glucose transport-
ers in cancers, a group of proteins cloned
in the last several years (/2,14,16-19).
Several researchers have noticed this
overexpression as a common alteration in
oncogene-transformed cells in vitro and
in human cancers in vivo. A log or more
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increase in transporter density have been
reported following transformation of
cells with oncogenes (/7-24). Such ob-
servations of excessive expression of glu-
cose transporters have been made both by
messenger RNA analysis, by direct im-
munohistochemical staining for glucose
transporters and by direct measurement
of glucose transport rates in transformed
cells versus the non-transformed parental
cells (17-24,28-31).

We have previously reported a rather
typical overexpression of the Glut-1 glu-
cose transporter in portions of human
primary breast cancers versus normal
breast tissues (25). Overexpression in
cancers of the high affinity transporters,
Glut-1 and 3, have been most typical in
cancers of varying types, though the lit-
erature is emerging rapidly (25-29). It is
thus not surprising that efforts to develop
radiopharmaceuticals which would target
overexpressed glucose transporters would
be initiated (30). Implicit in such efforts
is the expectation that glucose transport-
ers are overexpressed in the disease pro-
cess to be targeted.

Progress in the area of glucose trans-
porters has been rapid and will be briefly
reviewed here. Two major mechanisms
have been described for glucose entry
into tumor cells, the sodium/glucose co-
transporters (SGLT! and SGLT2), which
transport glucose against a concentration
gradient, and the facilitative glucose
transporters, Glut-1-5 and Glut-7, which
allow for transmembrane transit of glu-
cose down a concentration gradient (pas-
sive transfer). The SGLT1 is normally
expressed in the brush border of the
intestine as well as in the proximal tubule
of the kidney, while SGLT2 is normally
expressed more distally in the renal tu-
bules. Both of the cotransporters are ex-
pressed at low molar concentrations and
their molecular biology is evolving.
While SGLT1 has been reported to be
expressed on some low glucose-utilizing
colon cancer cells, it has not, to date,
been believed to play a major role in
tumor uptake of glucose (37).

Rather, members of the facilitative glu-
cose transporter family have been the
transporters of interest in cancer (Table 1).

While the amino acid sequence of
these transporters is now well known,
there is still some controversy over the
physical arrangement of the transporters
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in the cell membrane (32). Many re-
searchers believe 12 transmembrane
spanning domains produce a central pore
for glucose passage (21,22). Others argue
for a beta pleat pattern with more promis-
cuous passage of substrates, including
water and low molecular weight materi-
als (32). Clearly, a pore structure is
present, and much more remains to be
learned structurally and functionally re-
garding these transporters.

Governance of the rate of glucose uti-
lization in mammals is complex, as many
enzymes are involved, but in several
human tissues at physiological blood glu-
cose levels, transport of glucose across
the cell membrane is rate limiting (2/-
24). This is particularly the case at fast-
ing blood glucose concentrations (e.g.,
<100 mg/dl) when insulin levels are low
in tissues with substantial populations of
high affinity (low Km) transporters. This
is the case, for example, in the insulin-
responsive heart and skeletal muscle.
When insulin is given or released by the
pancreas as a result of eating, Glut-4
levels at the cell surface can rise 5-40-
fold over levels during prolonged fasting
due to translocation to the membrane
from vesicles and markedly increase glu-
cose utilization (27). When glucose uti-
lization is followed with FDG, markedly
increased myocardial and skeletal muscle
uptake of FDG are seen. This is why
myocardial PET studies with FDG are
done after feeding and/or with insulin. In
this tissue, in the acute state, glucose
transport appears to be rate limiting for
glucose metabolism, at least in the fasting
state.

By contrast, in the liver, the much
higher Km Glut-2 lets large quantities of
glucose (and FDG) enter, even when
serum glucose levels are increased.
Moreover, glucose utilization is more
probably determined by levels of glu-
cokinase in hepatocytes, which has a
much lower affinity and greater capacity
for glucose utilization than hexokinase
(17,19,20).

By contrast, for most non-CNS tissues
which depend on Glut-1 for glucose en-
try, the rate-limiting step at nondiabetic
glucose concentrations in the blood is the
rate of transport of glucose into tissues,
although there is some controversy about
this point (20,23). Intracellular levels of
glucose are generally quite low, or else



TABLE 1
Facilitative Glucose Transporters

Numerical Function Tissue Kinetics
Glut-1 Basal glucose uptake Red cells, fetal tissue vessels, many Km 5-30 mM asymmetrical
human tissues Km in <<Km out

Glut-2 Low affinity glucose uptake Liver, pancreatic B cell kidney, intestine Km liver 60 mM symmetrical
Glut-3 Basal glucose transport Brain, fibroblasts Km 10 mM
Glut-4 Insulin-stim. glucose trans. Fat, skeletal muscle heart Km 2-56 mM
Glut-5 Fructose Tx. Small bowel High affinity for fructose
Glut-6 Pseudogene Not known to be transcribed NA
Glut-7 Glucose release w/ G6Pase Liver ND

Table adapted from James (27) and Mueckler (22).

NA = not applicable; ND = not determined.

the glucose could not passively enter the glucose utilization, though this is not yet show clear tumor membrane-bound

cells down the concentration gradient
(19). Thus, an isolated increase in mem-
brane Glut-1 levels—as has been done in
transgenic mice for Glut-1 (i.e., Glut-1
constitutively overexpressed in skeletal
muscle)}—can markedly increase total
body glucose consumption and reduce
blood glucose levels (33). By contrast,
the low Km of Glut-1 and Glut-3 trans-
porters mean that relative brain uptake of
FDG declines as serum glucose levels
rise (34). This is also true for breast and
other cancers, in which Glut-1 and pos-
sibly Glut-3 transporters predominate and
in which little or no insulin sensitivity to
tracer uptake is seen (35,36). It must be
noted, however, that it is generally be-
lieved that hexokinase levels, not glucose
transport, are limiting in brain glucose
metabolism (except under severe condi-
tions of stress) (37). Indeed, it has been
suggested that the levels of Glut-1 ex-
pression in the brain are quite sensitive to
glucose levels and that Glut-1 in blood
vessels will increase with prolonged hy-
poglycemia or with chronic seizures as an
adaptive mechanism (35). We have
shown that in tumor cells, Glut-1 levels
rise in acute hypoxia in vivo and are
highest in peri-necrotic zones of tumors,
which are likely hypoxic (38,39). While
there may also be a component of uptake
of FDG to nonmalignant inflammatory
cells in the tumors, these contributions
are modest in many tumor systems but
cannot be ignored (40,41). Thus, there is
some evidence to suggest that Glut-1
expression in humans is greatest in cells
with the most marginal glucose supplies.
This is often the case for cells within
cancers, a phenomenon suggesting, but
not proving, transport may be defining
the glucose utilization rate.

Thus, several reports show high Glut in
transformed cells and some data suggest
that in normal tissues expressing Glut-1,
that the level of transporter expression
may be rate limiting for the level of

proven in cancers. Nelson et al. (6) hoped
to target increased tumor glucose trans-
porters in their article. Their idea is
“sweet,” but the poor results appeared to
“sour” them on the possibility. Why this
initial failure at targeting Glut?

First, Nelson et al. asked the logical
question of whether glucose transporters
are overexpressed in the tumors they
were growing in vivo. If overexpressed,
as they expected from the available liter-
ature, targeting with molecules reactive
with the glucose transporters would seem
reasonable. Using cytochalasin B, a sub-
stance which binds to several isoforms of
Glut (Glut 1-5), (with lower affinity for
Glut-2), they found “high” expression of
Glut only in the lung cancer xenograft by
their analysis by cytochalasin B binding.
This was at least partially confirmed for
the Glut-1 transporter in immunohisto-
chemical staining using a more specific
agent, an anti-Glut-1 antibody. Two of
the other human tumors have Glut levels
by cytochalasin B binding comparable to
brain (a high Glut tissue in most esti-
mates), while two were lower. Somewhat
strangely at first inspection, Glut levels
were as high in virtually all tissues as
they were in brain (their Table 1). Im-
pressive, however, is the known high
levels of nonspecific binding with cy-
tochalasin B, a known lipophilic and
sticky substance (6). In some instances,
nearly 90% of the counts bound in vitro
were nonspecific. This makes the cy-
tochalasin B assays somewhat challeng-
ing due to the need to subtract a large
amount of background. This high non-
specific binding, of course, would sug-
gest poor targeting might be expected for
radiolabeled cytochalasin B, even if high
levels of Glut, especially Glut-1, are seen
in tumors.

Immunohistochemistry has been per-
formed on human tumors (this could not
be done in rodent tumors due to the
available antibodies), and these studies
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Glut-1 staining in the tumors tested, es-
pecially in areas of poor vascularity,
which are consistent with the results of
other studies, such as Brown’s in breast
cancer, with limited or no staining with
other anti-glucose transporter antibodies.
Unfortunately, comparative studies with
other normal tissues are not reported for
immunohistochemistry or Western blot-
ting.

Thus, while the cytochalasin B studies
suggest that Glut overexpression is not
seen in all tumors, they also do not
clearly indicate high Glut levels in the
heart or brain, raising some questions of
the background binding in the system.
The immunohistochemical methods,
which are less subject to background,
were not performed in all tumors and
were not described in normal tissues. In
the studies performed, only the Glut-1
was significantly overexpressed in tu-
mors, especially in poorly vascularized
regions. This is partly consistent with our
results in human breast cancer and early
results in lung cancer (25,38 and RS
Brown, personal communication). Thus,
while the authors may be correct in that
Glut are not increased in some of their
tumors, their statement that “only one of
five tumors had concentrations of Glut
significantly higher than normal tissues, a
trend which appeared to contradict pub-
lished reports of Glut density in human
primary tumors,” is one that is highly
speculative. This concern is raised since
the authors did not examine any human
primary tumors in their study, and since
their immunohistochemistry results show
Glut-1 expression in all three human
tumor types tested. Their observation that
Glut-1 was overexpressed in areas that
appeared to have marginal perfusion was
of interest and suggests that malignant
cells still seem to have regulatory capa-
bility for Glut-1 expression (i.e., levels of
expression do not purely appear to be
determined by malignant transforma-
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tion). The results suggest additional im-
munohistochemical study of human tu-
mors removed from patients by
immunohistochemistry in a broad range
of cancers is in order to address the
questions raised by Nelson et al. (6). This
emphasis on human tissues is important,
as the authors point out, because several
of the tumors they chose have been pas-
saged for a very long time and thus their
resemblance to human tumors is called
into question (6).

In any case, let us assume the authors
are correct and that Glut levels are not
elevated in tumors of at least some types.
A logical question would be: Is there is
FDG accumulation in these low Glut
tumors and is it related to Glut levels—
i.e., are the Glut levels driving the FDG
uptake in vivo? This study apparently
was not done, and we are left with uncer-
tainty as to whether or not there is FDG
avidity of the low Glut tumors. If, for
example, low Glut, but high hexokinase
activity were present, perhaps high FDG
uptake would be seen, or if there is a very
low rate of dephosphorylation in the tu-
mor, and a higher rate in normal tissues,
there could still be high FDG uptake, but
not due to increased Glut expression
(14,15). There are some human cancers
in which FDG does not accumulate as
avidly as others. We have observed this
activity in systematic studies of human
tumor xenografts and we and others have
seen this in clinical studies, where low
FDG uptake can be seen in untreated
prostate cancers and some hepatomas
(9.41,42).

The authors, however, reasonably
elected to study their Glut binding agents,
[*H]cytochalasin B (CB) and ['“’I]HPP-
forskolin (FSK), as well as FDG, in their
LX-1 model, the model with highest Glut
expression. One would expect that if the
Glut targeting were to work, it would do
so in the model with the highest Glut-1,
the LX-1. It did not work well with the
agents chosen. Both radioactive com-
pounds, [*H]cytochalasin B and FSK,
had tumor uptake greater than blood at all
times and very little targeting of tracer to
the Glut-rich brain or heart. By contrast,
FDG had the highest uptake in the heart
greater than brain and greater than tumor.
Both the CB and FSK had high gallblad-
der activities as well. It is doubtful that
the targeting of these tracers to the gall-
bladder is due to Glut expression. Rather,
it is likely due to lipophilicity of the
compounds chosen and hepatobiliary ex-
cretion. Thus, in vivo targeting is gov-
emed by multiple factors, not just Glut
binding.

Why didn’t this Glut-1 targeting strat-

egy work out when FDG did target LX-1
tumors? While blood flow to tumor is a
key determinant of targeting, it should be
comparable across groups of animals, as
should tumor size and histology. The
authors only briefly mention the fact that
very high levels of Glut-1 are expressed
on normal red cells. Indeed, about 5% of
the red cell membrane protein is Glut-1
(22). Thus, Glut-1-rich red cells repre-
sent the first target the Glut binding
agents see, a probable interaction which
would divert them from their intended
target tumor. Furthermore, the affinities
of both experimental potential SPECT
agents for Glut are much lower than
glucose or FDG for Glut-1 (100 nM)
versus 5 nM (6). Additionally, many
other potential crossreactive binding sites
are present, at least for cytochalasin B,
where up to 90% of binding could be
nonspecific. As Nelson et al. indicate the
ability to phosphorylate and trap FDG as
FDG-6P is also, no doubt, important to
the signal seen on FDG-PET (/,6). An-
other consideration lies with the location
of the cyotchalasin B and forskolin bind-
ing sites on the glucose transporter mol-
ecules. While there is some controversy
in the literature, it seems that the binding
sites for cytochalasin B are on the cyto-
plasmic side of the transporter (i.e., in the
cells) and this is probably the case for
forskolin (43). If so, the sites may not
have been as freely accessible as exofa-
cial (outside) sites on the transporter.

Another technical concern is that the
studies were done, apparently, without
strict dietary control (i.e., the animals
appeared to be eating ad libitum and not
fasted). In the fed state, insulin levels
are relatively high and Glut-4 is trans-
located in very large quantity to the
outside surface of skeletal muscle and
myocardium (17,21). Thus, increased
targeting of FDG was seen to the heart
relative to all other tissues, although it
is of note that neither experimental
agent tested for localization showed
profound myocardial uptake. This low
cardiac targeting was seen despite the
fact that the agents are supposed to bind
well to Glut-4.

CONCLUSION

Nelson et al. (6) have raised the inter-
esting question as to whether Glut target-
ing is possible, and, more fundamentally,
whether Glut are consistently overex-
pressed in human tumors. The answer to
the latter question is best answered on
direct examination of tumors removed from
humans by immunohistochemistry, West-
em blotting or Northern blots. In such
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studies to date, the overexpression of
Glut-1 and/or 3 is common, but more stud-
ies are needed. In addition, there are clearly
tumors where there is not a high level of
overexpression of Glut molecules (25). In-
deed, some human breast cancers may be
substantially (i.e., 90% of cells or more)
Glut-negative, with Glut-1 levels highest in
areas of marginal blood supply (25).

Furthermore, Nelson et al. suggest that
Glut targeting is not feasible in vivo.
With the agents chosen, this seems to be
the case, although perhaps if agents to the
exofacial (external) sites of Glut or other
overexpressed Glut can be developed of
high affinity, such targeting might be
feasible. Nonetheless, delivery of the
tracers must occur (i.e., flow must be
present) and a method to overcome bind-
ing to the large Glut-1-expressing popu-
lation on red cells, the first cells the Glut
targeting agents would encounter, would
need to be devised. These represent ma-
jor hurdles.

For now, FDG remains the best agent
to image “glucose metabolism.” Emerg-
ing data suggest that it is imaging, in part,
the distribution of glucose transporter
molecules in humans, as they are linked
to the glucose metabolic rate. The role of
hexokinase and ATP levels, however,
which have been closely tied to FDG
uptake in human tumor imaging studies
and of glucose-6-phosphatase activity
also warrant additional study for their
role in determining the FDG signal in a
variety of tumor types. Major challenges
remain to better understand the signal
seen during FDG-PET and perhaps de-
velop single-photon emitting analogs that
bind Glut to image glucose metabolism.
The article by Nelson et al. (6) indicates
that the road to this goal will not be an
easy one. Thus a “sweet” idea, but a
“sour” result has been seen.

Richard L. Wahl
University of Michigan Medical Center
Ann Arbor, Michigan
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