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Abstract—Recently, ['°*F1-2-fluorodeoxyglucose, a positron emitter, has found an im-
portant application in certain metabolic studies using external scanning techniques. We
have studied [“*C]-2-fluorodeoxyglucose, [*H]-2-deoxyglucose and [**C]-D-glucose up-
take in normal and transformed chicken and mouse fibroblasts to determine whether such
external scanning techniques might be applicable to detect in vivo tumoral localisations.
In this in vitro model, with glucose concentrations in the culture medium below that of
normal animal blood, transformed cells showed a higher uptake of all three hexose tracers
than did normal cells. However, at physiological glucose concentrations there was no
differential uptake of these hexoses. Therefore our results suggest that ['°F)-fluorodeoxy-
glucose would be of no help in the in vivo detection of tumour localisations by external
positron scanning unless in vitro and in vivo cell behaviour differs considerably.

INTRODUCTION

CELLs transformed in vitro by viruses [1-3], or
by chemical carcinogens [4] transport hexoses
at a higher rate than their normal cell coun-
terparts. Two mechanisms appear to be in-
volved in the transport of hexoses across the
cell membrane: a saturable carrier-mediated
process called facilitated diffusion, and a non-
saturable process including simple diffusion [5].
Alterations of both modes of transport in
transformed cells have been claimed, but there
is still controversy about the precise significance
of some results [2, 6-9]. For example, hexose
retention by phosphorylation inside the cells is
considered by Romano and Colby [10] to be the
cause of the high hexose uptake by trans-
formed cells, without direct change of their
transport ability.

One of the most used hexose analogues is
2-deoxyglucose (2dg), which is trapped by
phosphorylation inside the cells and not fur-
ther metabolized [5, 11]. The availability of the
positron-emitting  ["*F]-2-fluorodeoxyglucose

Accepted 25 March 1982,
*This study received financial support from the INSERM
under contract No. CRL 7941673.

EJC Vol. 18, No. 8—D

(Fdg) and of positron-computed tomography
[12] might provide a means to detect tumoral
tissues in vivo by external scanning if tumour
cells take up and trap Fdg more efliciently than
normal tissues. Indeed, this technique has al-
ready permitted a physiological study of the
human brain [13] by external scanning.

Therefore we investigated the in vitro uptake
of Fdg, 2dg and glucose in normal and virus-
transformed chicken and mouse fibroblasts
with respect to the glucose concentration in the
medium. We report here that the differential
hexose uptake observed with these 3 hexoses at
low external glucose concentrations disap-
peared when the glucose concentration
reached the physiological (for most animal
blood) level of 5.5 mM. Our results do not
favour the hope that Fdg might help to detect
in vivo tumours and metastases by external
positron scanning.

MATERIALS AND METHODS

Cell viruses and culture medium

Chicken embryo fibroblasts (CEF) were
secondary cultures originating from 10-day-old
Brown Leghorn C/O embryos. About 3 X 10°
cells were seeded in 3.5-cm dishes and infected
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with the Schmidt-Ruppin strain, subgroup A,
of Rous sarcoma virus (SR-A RSV), at an m.o.i.
of 0.1. When the majority of the cells was
morphologically transformed, these cultures,
together with non-infected control cultures,
were used for hexose uptake determinations.
The cell number per dish varied from 1.6 to
2% 10°,

C127 cells belong to a continuous cell line
derived from embryo fibroblasts of the mouse
RIII strain. Their transformed counterpart,
hereafter called C127-Ki, is an isolate from
C127 cells transformed with Kirsten sarcoma
virus [14]. These cells are also infected with
Moloney mouse sarcoma virus as a helper, and
produce both viruses. Both cell lines were the
gift of Dr. Scolnick. C127 and C127-Ki cells were
seeded in 3.5-cm dishes (10° cells) and used 2 or
3 days later, when their number was about
1.5-2 x 10°.

The culture medium was a modified Eagle’s
medium, with a double concentration of
vitamins, essential and non-essential amino-
acids in Earle’s salt solution (glucose concen-
tration: 22 mM),

The medium was supplemented with anti-
biotics and 5% calf serum. Cultures were in-
cubated at 37°C in an atmosphere of air +5%
CO;. Glucose concentration of culture media
was assayed using a UV-Test kit (Boehringer).

Hexose uptake

Hexose uptake was performed as follows at
37°C on parallel cultures of control and trans-
formed cells. Dishes were washed twice with
warm Earle’s solution containing the same
glucose concentration as that to be used for the
labelling. The labelling medium consisted of
1 ml of Earle’s solution containing 2-deoxy-2-
fluoro-p-U-["*C]glucose (0.14 uCi/ml, sp. act.
343 mCi/mmol, New England Nuclear), 2-
deoxy-p-1-’H]glucose (0.25 uCi/ml, sp. act.
19 Ci/mmol, Amersham) or b-U-["*C]glucose
(0.1 Ci/ml, sp. act. 260 mCi/mmol, Amer-
sham). The indicated final hexose concen-
trations were obtained by the appropriate ad-
dition of glucose. Labelling was stopped by
rapid aspiration of the radioactive solution and
twice washing with 2.0 ml of ice cold Earle’s
solution (glucose concentration 5.5 mM). Then
the cells were dissolved in 0.1 N NaOH and
aliquots were counted in Bray’s solution in a
Packard scintillation counter. The number of
cells per dish was determined on parallel cul-
tures.

Cytochalasin B (CB) was dissolved in
dimethyl-sulfoxide (DMSO) and diluted into
the labelling solution so that the cells received

simultaneously both the inhibitor and the hex-
ose sugar. Control cultures were given an equal
amount of DMSO. The final concentration of
DMSO was 0.25% and of CB, 10 wg/ml.

RESULTS

In an initial experiment we checked to what
extent the differential uptake of 2dg by normal
and transformed cells was dependent on the
glucose concentration in the labelling medium.
It can be seen in Table 1 that for 10-min
labelling periods, the greater uptake by trans-
formed cells over normal cells decreased when
the glucose concentration increased, and was
completely eliminated at the physiological con-
centration of 5.5mM. Basically, the same
results were obtained when [“C]-p-glucose and
[“C)-Fdg were used as tracers, i.e. the
difference of uptake between normal and
transformed cells was clear at low hexose con-
centrations but was no longer observed at an
external glucose concentration of 5.5mM
(Table 2). It is noteworthy that at low hexose
concentrations this difference in uptake was
frequently more marked for [C]-Fdg than for
[’H]-2dg, but not always (see Table 3). Like
many culture media, the one used here, prior
to labelling, contains a higher concentration of
D-glucose (22 mM) than blood to avoid severe
glucose depletion after several hours of cell
growth. We checked that this high pre-labelling
glucose concentration did not significantly
modify the subsequent hexose uptake by the
cells. Parallel cultures of normal and trans-
formed CEF and of normal and transformed
C127 cells were maintained for 24 hr in 5.5 mM
D-glucose culture media before measuring the
uptake of [*H)-2dg and [“C]-Fdg. The
difference of uptake between normal and
transformed cells was clear at low hexose con-
centrations in the labelling medium (380 mM)
and no longer observed when the hexose con-
centration was 5.5 mM in the labelling medium
(data not shown).

One may suppose that at high external hex-
ose concentrations the overwhelming uptake by
simple diffusion might have obscured a
difference of uptake only or mainly due to the
facilitated mode of transport. To discriminate
between facilitated and simple diffusion we
used cytochalasin B, which inhibits the facili-
tated hexose transport but not the simple
diffusion [15, 16]. Detailed results with chicken
and mouse cells labelled with [*H]-2dg or [“C]-
Fdg are shown in Table 3. At a low hexose
concentration in the medium (380 mM) cyto-
chalasin B suppressed the increased uptake of
hexoses by transformed cells, showing that only
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facilitated diffusion was responsible for the
higher hexose uptake by transformed cells. At
a glucose concentration of 5.5mM, when
differential uptake between normal and trans-
formed cells was no longer noticeable, the res-
pective contributions of simple diffusion (CB-
resistant) and facilitated diffusion (CB-sen-
sitive) uptakes were of the same order of mag-
nitude in normal and transformed cells. This
eliminated the possibility that a high level of
simple diffusion might have hidden a
difference in the efficiency of the carrier-
mediated (facilitated mode) transports.

Little is known about the ultimate fate of
non-metabolisable hexose analogues once
trapped inside the cells by phosphorylation. We
tested whether a difference in the retention of
[“C]-Fdg inside the cells might help to
differentiate transformed from normal cells
under physiological conditions. Cells were
labelled for 15 min with [**C]-Fdg in complete
tissue culture medium whose glucose concen-
tration was 5.5 mM; after washing out the
labelling medium the cultures were replenished
with the same medium without [“C]-Fdg, and
further incubated for 2hr at 37°C before
determining the amount of [“C]-Fdg still
present in the cells compared to that present at
the end of the initial labelling period. For both
chicken and mouse cells, no differential loss of
[*C]-Fdg from normal or transformed fibro-
blasts was observed (Table 4).

Finally, we tested if a longer labelling period
could help to show up a differential uptake and
retention of [“C]-Fdg between normal and
transformed cells (Table 5). Cultures were in-
cubated either for 2hr in complete medium
containing 5.5 mM of glucose and 0.14 uCi per
ml of ["*C]-Fdg or for 18 hr in medium with
only 0.014 uCi per ml of the radioactive sugar

at initial glucose concentrations of 5.5 and
22 mM, respectively. This latter radioactive
concentration has no toxic effect during the
18-hr period, whereas the higher activity used
in short-term experiments would have exerted
a radiotoxic effect on the cells. In these con-
ditions the labelling of normal and transfor-
med cells was virtually the same, except in the
case of chicken cells maintained for 18 hr in the
medium with an initial glucose concentration of
5.5 mM, where the uptake of transformed CEF
was about twice that of the control cells. But
the glucose concentration had dropped from
the initial 5.5mM to 90 uM and 70 pM, for
normal and transformed CEF respectively,
during this period. This lowering of the
glucose concentration to well below physiolo-
gical conditions {17] would allow expression of
the differential uptake. Indeed, as shown in
Table 1, in short-term experiments conducted
with [*H]}-2dg, lowering the glucose concen-
tration from 5.5 to 2 mM is already sufficient to
reveal a higher uptake by transformed CEF.
Therefore, such a result is more likely an arti-
fact due to tissue culture conditions rather than
an indication of an actual differential uptake
under physiological conditions.

DISCUSSION

The above results show that 2-fluorodeoxy-
glucose is an equally efficient tracer of hexose
uptake in tissue culture as is 2-deoxyglucose.
For these two analogues and for the physiolo-
gical sugar p-glucose, the difference in uptake
between normal and transformed cells was only
visible at low non-physiological hexose concen-
trations in the medium. Modification of label-
ling time or of post-labelling incubation did not
affect the fact that no differential hexose up-
take or retention was observed under an

Table 4. Retention of ['*C]-Fdg by normal or transformed chicken and mouse cells

[*C]-Fdg uptake and retention (pmol per 10° cells)

Chicken cells; Mouse cells
CEF SR-A RSV CEF C127 C127-Ki
End of the 15-min
labelling period 4.180 4.646 7.957 4.867
After 2 hr incubation
following the
labelling period 3.200 3.556 6.849 3.229

Cell cultures were labelled during 15min in complete medium containing 5.5 mM
p-glucose and 0.14 xCi per ml of [C]-Fdg. At the end of the labelling period triplicate
plates were processed for determining the hexose uptake, and parallel plates were
further incubated for 2hr in medium without radioactive sugar to determine the

retention of the trapped ["*C]-Fdg.
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external glucose concentration corresponding
to that of blood. Unfortunately, this in vitro
study makes it unlikely that the accumulation
of high levels of [®F]-2-fluorodeoxyglucose
might provide a means to detect in vivo
tumoral localisations by external scanning. This
pessimistic conclusion might be attenuated by
the possibility that in vitro and in vive cell
behaviour could differ. Thus, the greater
transport capacity of tumoral cells within
poorly vascularised solid tumors might confer a
selective advantage over surrounding normal
cells.

Our data with chicken cells are quite com-
parable with those of Hatanaka and Hanafusa
([2]; see Table 2 in this ref.), which showed a
progressive attenuation of the higher uptake by
RSV-transformed CEF over normal cells as the
external hexose concentration was increased,
this higher uptake being no longer observed
for substrate concentrations higher than 1 mM.
They differ from those of Weber [6] and Klet-
zien and Perdue [7], who observed a greater
uptake by transformed CEF than in normal
cells over a range of substrate concentrations
extending up to 10 mM or above. Our results
with mouse cells are in overall agreement with
those of Romano and Colby [10]. In our
experiments the uptake of *H]-2dg or of [*C]-
Fdg in normal and transformed CEF on the
one hand, and in normal and transformed
mouse cells on the other hand, was inhibited at
the physiological glucose concentration and in
essentially similar proportions by cytochalasin

B. These results indicated that hexose trans-
port by saturable facilitated diffusion and by
non-saturable simple diffusion were equally
efficient in normal and transformed cells of
both the chicken and mouse cell systems. It is
likely that the progressive attenuation of the
differential hexose uptake as a function of the
increasingly higher initial concentration of
glucose in the labelling medium reflected the
saturation of the facilitated diffusion transport
system. However, the possibility also exists that
the level of hexokinases and the extent of
hexose phosphorylation, which are considered
by some authors [9, 10] but not by others [7] as
the critical limiting step regulating the reten-
tion of hexoses entering the cells, could also
interfere with the extent of the differential
labelling according to the glucose concentration
in the surrounding medium.

To conclude, there is a general agreement
about the fact, though not about the actual
transport mechanisms, that transformed cells
possess a higher hexose uptake rate than the
normal cells at low external hexose concen-
trations, but the persistence of such an
enhanced uptake at substrate concentrations
existing in vivo is subject to some variation. In
this field of in vitro cell physiopathology, fur-
ther clarification of the mechanisms behind
these variations would help to orientate less
ambiguously the in vive applications of posi-
tron-emitting tracers and external scanning
devices which are now available.
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