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Abstract. The relation between tumour metabolism and
induction of apoptosis by gene therapy was investigated
in a rat Morris hepatoma (MH3924A) model expressing
the HSV thymidine kinase (HSVtk) gene. In vivo the
amount of glucose transporter (GLUT1 and GLUT3 iso-
forms) expressing cells was determined in tumours of
untreated and treated animals using immunohistochemis-
try. In vitro uptake studies with 2-fluoro-2-deoxy-D-glu-
cose (FDG), 3-O-methylglucose and thymidine (TdR)
and a TUNEL (TdT-mediated dUTP nick end labelling)
assay for the assessment of apoptosis were done immedi-
ately and 24 h after treatment of the recombinant cells
with different doses of ganciclovir (GCV). Immunohisto-
chemistry revealed a significant increase in GLUT1 in
treated tumours which showed enhanced transport activi-
ty for FDG. In vitro the FDG and 3-O-methylglucose up-
take increased to 186% when compared with that of the
non-treated cells immediately after incubation with
GCV. However, 24 h later the FDG uptake had declined
to its normal level, whereas the accumulation of 3-O-
methylglucose remained elevated. The uptake of TdR,
which was determined simultaneously, decreased in the
acid-insoluble fraction of the cells to 27% and 11%, re-
spectively, immediately and 24 h after therapy, while in
the acid-soluble fraction it increased to 229% and to
167%, respectively. Employing the TUNEL technique,
25% of cells were found to be apoptotic 24 h after the
termination of GCV treatment. Inhibition of glucose
transport by cytochalasin B or competition with deoxy-
glucose resulted in a 78% (cytochalasin B) and 88% (de-
oxyglucose) decrease in FDG uptake in the recombinant
hepatoma cells and in an increase in the apoptotic cell
fraction. It is concluded that inhibition of enhanced glu-

cose transport in GCV-treated cells increased apoptosis.
Therefore, enhanced glucose transport seems to repres-
ent a stress reaction of tumour cells dedicated for the
prevention of cell death.
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Introduction

Gene therapy based on the transduction of the herpes
simplex virus thymidine kinase (HSVtk) gene and ganci-
clovir (GCV) treatment has been shown to be effective
in a variety of malignant tumour models in vitro and in
vivo [1, 2, 3, 4, 5, 6]. GCV and other nucleoside ana-
logues are converted by the HSVtk to their monophos-
phate metabolites, which are subsequently phosphorylat-
ed by cellular kinases to di- and triphosphates [7]. After
insertion of GCV metabolites into the cellular DNA dur-
ing replication, chain termination originates followed by
cell death. Furthermore, non-transduced tumour cells in
close proximity to HSVtk-expressing cells become sensi-
tive to GCV treatment (“bystander effect”). Apoptosis
has been proposed as a mechanism by which killing of
transformed cells and also of bystander cells is mediated
[8, 9, 10, 11]. Hamel et al. found that apoptosis in by-
stander cells during GCV therapy involves a pathway
that can be inhibited by the proto-oncogene Bcl-2 [9].
Employing the human neuroblastoma cell line SH-EP for
detailed molecular analysis, strong expression and aggre-
gation of the APO-1/CD95/Fas receptor and up-regula-
tion of p53, both molecules involved in the induction of
apoptosis, were shown to be induced in these cells upon
HSVtk/GCV gene therapy [12]. Additional evidence for
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the concept of death-receptor mediated apoptosis was
derived from observations that in the presence of a casp-
ase inhibitor, the apoptotic cell fraction decreased, and
that GCV-treated cells were sensitive to the tumour ne-
crosis factor receptor-1 and TRAIL receptor-induced ap-
optosis [12].

Apoptosis and necrosis are often observed simulta-
neously in tissues or cell cultures exposed to the same
stimulus. Therefore, a downstream control mechanism
has been postulated which directs cells towards necrosis
or apoptosis. Since apoptosis is known to be an energy-
consuming process, studies of the tumour metabolism
early after treatment are of interest for the biochemical
characterisation of the tumour's response to gene therapy
[13, 14, 15]. In previous studies using positron emission
tomography (PET) we found evidence for an uncoupling
of glucose transport and phosphorylation in HSVtk-ex-
pressing tumours early after treatment with GCV as a re-
action of the tumour cells to cellular stress [16, 17].
Since the HSVtk suicide system interferes with DNA
synthesis, this process may be similar to that which oc-
curs when using conventional cancer treatments applying
chemotherapeutic drugs or radiation, which may result in
apoptosis. Therefore, the present study was done to in-
vestigate the relation of metabolic changes to the process
of programmed cell death.

Materials and methods

Immunohistochemistry in animal tumours after gene therapy. An
animal study was performed using LXSNtk8, an HSVtk-expressing
cell line derived from the Morris hepatoma cell line MH3924A
[17, 18]. Four ×106 tumour cells were transplanted subcutaneously
into the right thigh of male young adult ACI rats. At 21–28 days
after inoculation, when the tumours had reached a diameter of
more than 20 mm, the animals (weighing 260–393 g) were treated
by daily intraperitoneal administration of 100 mg GCV/kg body
weight for 2 days. A control group received sodium chloride for 
2 days.

The animals first underwent a PET examination of the 2-flu-
oro-2-deoxy-D-glucose (FDG) transport and phosphorylation [17].
Immediately after the PET examination, the animals were sacri-
ficed, the tumours were rapidly removed and specimens were
snap-frozen in liquid nitrogen-cooled isopentane for immunohisto-
chemistry. Immunohistological and morphometric analyses were
performed in five control animals and in five animals 2 days after
initiation of GCV treatment with elevated FDG transport as shown
by PET [17]. Immunohistochemistry was routinely performed as
previously described [19, 20]. In detail, 6-µm sections were cut on
a cryostat, placed on silan-precoated slides, fixed with acetone
(–20°C, 10 min) and dried (10 min). Non-specific sites were
blocked with 1% normal swine serum (Life Technologies) in
phosphate-buffered saline (PBS; 10 min). For immunostaining of
the cryosections, polyclonal rabbit anti-rat GLUT1 and anti-rat
GLUT3 (each 1:1000 in PBS, 37°C, 90 min; both from Chemicon
International, Hofheim, Germany) were used. Endogenous peroxi-
dase was suppressed with 3% H2O2 in PBS (5 min). Then, sections
were incubated with biotinylated anti-rabbit immunoglobulin and
streptavidin-peroxidase (1:100; both from Amersham, Braun-

schweig, Germany). Staining reaction was performed by adding 3-
3'-diaminobenzidine (DAB; Pierce, Rockford, Ill., USA). Finally,
nuclei were counterstained with haematoxylin. Rinsing steps with
PBS were included. For morphometry, sections were recorded by
a three-chip CCD video camera (Sony DXC-750) mounted on a
microscope (Olympus BH-2). GLUT1 or GLUT3-immunoreactive
cells were marked using a computer-assisted image analysis
system (VFG-1 frame grabber; VIBAM software) developed in
our group. The percentages of GLUT1- and GLUT3-positive cells
were quantified according to procedures previously described [19,
21, 22].

Cell culture and GCV treatment. HSVtk-expressing rat hepatoma
(MH3924Atk8) cells were used for all in vitro experiments [18].
The cells were maintained in culture flasks in RPMI 1640 medium
(Gibco BRL, Eggenstein, Germany) supplemented with 292 mg/l
glutamine, 100,000 IU/l penicillin, 100 mg/l streptomycin and
20% fetal calf serum at 37°C, in an atmosphere of 95% air and 5%
CO2. The cells were trypsinised, and 8×104 cells were seeded in
six-well plates. Two days later, the cells were treated with 0.5 µM,
5 µM or 25 µM GCV. All uptake experiments were performed im-
mediately and 24 h after the cells had been incubated in the GCV-
containing medium. Each of the following experiments was done
in triplicate.

TdR uptake. The cells were pulsed for 2 h with 185 kBq (methyl-
[3H])thymidine (Amersham-Buchler, Braunschweig, Germany;
specific radioactivity 185 GBq/mmol; radioactive concentration
37 MBq/ml; radiochemical purity 97.5%) per millilitre of medium
and cold thymidine at a final concentration of 0.05 mM. After re-
moval of the medium, the cells were washed three times with ice-
cold PBS. The cells were lysed by addition of 0.5 M perchloric ac-
id and removed from the plates with a cell scraper. After 30 min
on ice, the cell lysate was vortexed and rotated at 1,500×g for
5 min at 0°C. After the supernatant (acid-soluble fraction) had
been removed, the pellet (acid-insoluble fraction) was washed
with 0.5 M perchloric acid, centrifuged again for 5 min at 0°C and
resuspended in 1 M NaOH at 37°C. Aliquots of the acid-insoluble
and the acid-soluble (pooled supernatants) fractions were taken for
scintillation counting (LSC TRICARB 2500TR, Canberra Pack-
ard) using Pico-Fluor-15 (Canberra Packard, Meriden, Conn.,
USA). The viable cell number was determined in a Coulter coun-
ter (Coulter Electronics, Dunstable, UK) and by trypan blue stain-
ing (more than 94% viable cells). The measured radioactivity was
standardised to the viable cell number and expressed as nmol/105

cells.

FDG uptake. The uptake experiments were performed in glucose-
free RPMI 1640 medium supplemented with glutamine and peni-
cillin/streptomycin as described elsewhere [23, 24]. After 30 min
of pre-incubation, 37 kBq 2-fluoro-2-deoxy-D-[U-14C]glucose
(Amersham-Buchler; specific radioactivity 10.8 GBq/mmol; ra-
dioactive concentration 7.4 MBq/ml; radiochemical purity 99.3%)
per millilitre of medium and cold FDG (0.1 mM final concentra-
tion) were added. After the cells had been incubated for 10 min,
the medium was removed and the cells were washed twice with
ice-cold PBS. The lysis was done on ice using ice-cold 0.6 M per-
chloric acid and a cell scraper. Thereafter, the lysates were neu-
tralised with 1 M KOH and 0.5 M Tris/HCl (pH 7) and quantified
by scintillation counting. The FDG uptake was also determined in
the absence or presence of 10 µM cytochalasin B or 1 mM deoxy-
glucose immediately after GCV treatment.



3-O-Methylglucose uptake. The uptake experiments were per-
formed in glucose-free RPMI 1640 medium supplemented with
glutamine and penicillin/streptomycin. After 30 min of pre-incu-
bation, 185 kBq 3-O-methyl-D-[3H]glucose (Amersham-Buchler;
specific radioactivity 92.5 GBq/mmol; radioactive concentration
37 MBq/ml, radiochemical purity 99.5%) per millilitre of medium
and cold 3-O-methylglucose were added to a final concentration
of 0.05 mM. After a 10-min incubation period, the medium was
removed and the cells were washed twice with ice-cold PBS. The
lysis was done on ice using 0.3 M NaOH/10% sodium dodecyl
sulphate and a cell scraper. Scintillation counting was performed
as described elsewhere [23, 24].

Detection of apoptotic cells. The measurement of apoptosis was
done immediately and 24 h after the cells had been incubated with
GCV for 24 h or had been treated with either 10 µM cytochalasin
B or 1 mM deoxyglucose for 4 h as monotherapy. If the substances
were used in combination for the treatment of the cells, either
10 µM cytochalasin B or 1 mM deoxyglucose was added to the
GCV-containing medium for the last 4 h. Cells were seeded on
collagen-coated glass cover slips in culture medium. After remov-
al of the medium, DNA fragmentation was studied in 4% parafor-
maldehyde-fixed cells by the TUNEL technique, using a commer-
cially available in situ cell death detection kit (Oncor, Heidelberg,
Germany) as previously described [19, 21, 22]. Thereafter nuclei
were counterstained with haematoxylin and the percentage of
TUNEL-positive cells was quantified by the use of a light micro-
scope in addition to computer-assisted morphometry. Furthermore,
the experiments were done using unfixed cells and YOPRO-1
staining [25].

Statistical analysis. Statistical procedures were performed with the
SIGMASTAT program (Jandel Scientific, Erkrath, Germany). Sta-
tistical significance was determined by the t test. A P value of
<0.05 was considered statistically significant.

Results

Expression of GLUT1 and GLUT3 in HSVtk-expressing
Morris hepatomas during GCV treatment

Data in respect of glucose transporter expression were
available for five control tumours and five tumours from
GCV-treated animals showing elevated FDG transport
into the tumour [17]. The quantitation of GLUT1- or
GLUT3-positive cells revealed an increased amount of
both transporters in tumours with enhanced FDG trans-
port (Fig. 1), although the K1 values for FDG transport
into the tumour and the amount of GLUT1-positive cells
were not correlated. However, a statistically significant
difference was seen between untreated and treated tu-
mours for GLUT1 (P=0.04).

TdR uptake in the acid-soluble and acid-insoluble 
fractions immediately and 24 h after therapy

To assess the effects of HSVtk gene therapy on DNA
synthesis, TdR uptake was studied in the acid-insoluble
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(representing nucleic acids and proteins) and the acid-
soluble fraction (representing unbound radioactivity in
acid-soluble molecules that are not in DNA and proteins)
after perchloric acid extraction. In the acid-insoluble
fraction, a dose-dependent decrease in thymidine uptake
to 27% and 11% of the control value was found immedi-
ately and 24 h after therapy, respectively (Fig. 2a). How-
ever, for the acid-soluble fraction a dose-dependent in-
crease to 229% of the control value was seen immediate-
ly after GCV therapy, whereas 24 h after the treatment
the increase in TdR uptake in this fraction was lower
(167% of control, Fig. 2b).

Effect of increasing GCV concentrations on FDG 
and 3-O-methylglucose uptake immediately and 24 h 
after therapy

In vitro a combined uptake experiment was done with
FDG, which is transported and phosphorylated, and 3-O-
methylglucose, which shows no significant metabolism.
Immediately after the HSVtk-expressing cells had been
incubated for 24 h with increasing concentrations of
GCV, FDG uptake was observed to be increased to 183%
of that in untreated cells, whereas 24 h after the end of
GCV exposure no significant differences were found be-
tween GCV-treated cells and the untreated cells
(Fig. 3a). 3-O-Methylglucose uptake also increased in-
stantly after therapy, to 186%, but, in contrast to the re-
sults for FDG, this increase persisted 24 h after the end
of GCV incubation (Fig. 3b). Uptake measurements in
the presence of cytochalasin B or deoxyglucose resulted
in a 78% and 88% decrease in FDG uptake, respectively
(Fig. 3c).

Fig. 1. Percentages of GLUT1- and GLUT3-positive cells in sam-
ples from control tumours and tumours after GCV treatment. Sta-
tistically significant differences were found for GLUT1 (P=0.04).
Mean values and standard error are shown (n=5)
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Fig. 2. Thymidine uptake (nmol/105 cells) in the acid-insoluble (a)
and the acid-soluble (b) fraction of HSVtk-expressing Morris he-
patoma cells immediately and 24 h after the end of treatment with
0, 0.5, 5 and 25 µM ganciclovir (GCV). A significant decrease in
tracer uptake in the acid-insoluble fraction and an increase in the
acid-soluble fraction were observed. Mean values and standard de-
viations are shown (n=3)

Fig. 3. FDG (a) and 3-O-methyglucose (b) uptake (nmol/105 cells)
in HSVtk-expressing Morris hepatoma cells immediately and 24 h
after the end of treatment with 0, 0.5, 5 and 25 µM ganciclovir
(GCV). The presence of either 10 µM cytochalasin B (CB) or
1 mM deoxyglucose (dglc) caused a significant decrease in tracer
uptake (c). Mean values and standard deviations are shown (n=3)

▲



revealed no significant induction of apoptosis (Fig. 4a).
Incubation with 10 µM cytochalasin B or 1 mM deoxy-
glucose enhanced the therapeutic effect of GCV treat-
ment. Monotherapy with cytochalasin B and deoxyglu-
cose had no effect on apoptosis (data not shown). How-
ever, the combination of one of these agents with GCV
caused a significant increase in the apoptotic cell frac-
tion for the highest dose (P=0.002 for deoxyglucose and
P=0.003 for cytochalasin B) (Fig. 4b).

Discussion

Gene therapy of hepatoma cells with the HSVtk/GCV
suicide system induced a decrease in 3H-thymidine accu-
mulation in the acid-insoluble fraction, indicating an in-
hibition of thymidine incorporation into the DNA
(Fig. 2a). However, thymidine uptake in the acid-soluble
fraction increased, with a tendency towards normalisa-
tion at 24 h after therapy (Fig. 2b). The phenomenon of a
post-therapeutic increase in thymidine or its metabolites
in the acid-soluble fraction was also observed in former
studies after chemotherapy with gemcitabine [24, 26].
This effect has been explained by an increase in the ac-
tivity of salvage pathway enzymes such as the host thy-
midine kinase during repair of cell damage. These
changes represent the cellular reaction to stress events
that may lead to programmed cell death. An imbalance
of the dNTP pool has been reported to induce the apo-
ptotic cascade [27]. This occurs after treatment of tu-
mour cells with antineoplastic agents that inhibit DNA
precursor synthesis and also after interleukin-3 (Il-3)
withdrawal in Il-3-dependent cell lines [27, 28, 29, 30].
The influence of the dNTP pool and of thymidine kinase
activity on the protection of cells against apoptosis has
also been shown in cells after transfection with the
HSVtk gene, which conferred resistance to damaging
agents [31]. Therefore, the increase in thymidine uptake
in the acid-soluble fraction seems to reflect cellular
stress reactions such as enhanced thymidine phosphory-
lation dedicated to the prevention of cell death.

Furthermore, we were able to demonstrate an increase
in FDG and 3-O-methylglucose uptake immediately after
the end of treatment, indicating an enhancement of glu-
cose transport and phosphorylation (Fig. 3). At 24 h after
the end of treatment, the FDG uptake had normalised
whereas the uptake of the transport tracer 3-O-methyl-
glucose was still elevated. This is evidence for an uncou-
pling of glucose transport and glucose phosphorylation,
which we previously observed in vivo [17]. Similar
FDG-PET data were obtained after treatment of Morris
hepatoma with gemcitabine, and these phenomena also
occurred in human tumour xenografts after radiation
therapy [24, 32]. In a study with three tumour models,
the most radiosensitive tumour with the highest inci-
dence of radiation-induced apoptosis displayed a 2.3-
fold higher rate of [18F]FDG accumulation at 2 h follow-
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Effect of increasing GCV concentrations on percentage
of apoptotic cells immediately and 24 h after therapy

The percentage of apoptotic cells was determined using
the TUNEL assay but similar data were obtained by use
of YOPRO-1 staining (data not shown). Immediately af-
ter the end of GCV incubation, only a few apoptotic cells
were found. However, 24 h after the end of therapy a sig-
nificant increase (20-fold) in the apoptotic cell fraction
was obtained using 25 µM GCV. Lower doses of GCV

Fig. 4. a Percentage of apoptotic cells immediately and 24 h after
the end of treatment with 0, 0.5, 5 and 25 µM ganciclovir (GCV).
The percentage of TUNEL-positive cells is shown. b Percentage
of apoptotic cells immediately and 24 h after the end of treatment
with 0, 0.5, 5 and 25 µM ganciclovir with or without 10 µM cyto-
chalasin B (CB) or 1 mM deoxyglucose (dglc). Mean values and
standard deviations are shown (n=3)



ing irradiation compared with a non-irradiated group,
and thereafter showed a plateau in the accumulation up
to 6 h. However, the accumulation did not increase sig-
nificantly in tumours with lower radiosensitivity and
much less radiation-induced apoptosis [32]. In several
studies these changes have been explained by a translo-
cation of preformed glucose transport proteins from in-
tracellular compartments to the plasma membrane, found
to occur in treated tumour cells but also in non-malig-
nant tissues as a transcription-independent early reaction
to different cellular stresses [23, 24, 26, 33, 34, 35]. In
our study, an immunohistochemical analysis of tumours
treated with the HSVtk/GCV suicide system revealed an
enhanced amount of GLUT1- and GLUT3-positive cells
in tumours exhibiting increased FDG transport (the ki-
netic constant K1 for FDG transport into the tumour was
0.06±0.02 ml/min per gram for control tumours and
0.19±0.02 ml/min per gram for treated tumours [17]);
the result was, however, statistically significant only for
GLUT1 (Fig. 1). The fact that K1 was not correlated with
GLUT1-positive cells may have been due to sampling
variability and heterogeneity of the tumours. Further-
more, K1 is determined not only by GLUT1 but also by
other GLUT isotypes. In this study we were also able to
show GLUT3 expression in the tumours.

The fact that the glucose transport was elevated at
lower doses of GCV, at which no apoptosis occurred,
suggests that there exists a threshold level of cellular
damage. Below this level apoptosis is compensated by
cellular stress reactions consisting of stabilisation of the
intracellular nucleoside triphosphate pool, enhancement
of glucose transport or other mechanisms. If enhance-
ment of glucose uptake represents one of the mecha-
nisms for the protection of cells from programmed cell
death, inhibition of glucose transport should enhance ap-
optosis. Consequently, we incubated cells with cytocha-
lasin B, a fungal metabolite that binds to the inner part of
the glucose transporter, for the last 4 h of GCV treat-
ment. We found a decrease in FDG uptake in the pres-
ence of cytochalasin B as compared with the controls
(Fig. 3c) and an increase in apoptosis at 24 h after the
end of combination treatment with GCV and cytochala-
sin B (Fig. 4b), whereas monotherapy with CB was not
sufficient to induce apoptosis (data not shown). Howev-
er, since cytochalasin B is highly toxic and, therefore,
not applicable in humans, we used deoxyglucose, which
competes with glucose and FDG for transport and phos-
phorylation and can be applied in patients to enhance the
outcome of suicide gene therapy. As a monotherapy with
low concentration and short exposure time for the cells,
no induction of apoptosis was seen (data not shown).
However, when used in combination with GCV, deoxy-
glucose also caused a decrease in FDG uptake (Fig. 3c)
as well as an increase in the percentage of apoptotic cells
(Fig. 4b). Similar results have been obtained after treat-
ment of Morris hepatoma with gemcitabine or after a
combination of deoxyglucose or the mitochondrial li-

gand rhodamine-123 and tumour necrosis factor in U937
histiocytic lymphoma cells [24, 36].

In general, a combination of cytotoxic therapy with
inhibitors of glucose metabolism may enhance the ef-
fects but also the side-effects due to stress reactions in-
duced in the tumour and in normal tissues [37]. Conse-
quently, combination with chemotherapeutic drugs may
not result in therapeutic benefit for patients, although for
some drugs normal tissues recover more quickly than the
tumour [37, 38]. This may not be the case for gene thera-
py, because the tumour can be targeted selectively, for
example by use of tissue-specific vectors. Therefore, fu-
ture studies need to address possible synergistic effects
of this combined therapy in vivo. For the planning of
these combined treatment strategies, PET with [18F]FDG
may be used to detect early reactions of the tumour to
stress induced by gene therapy or chemotherapy, as has
been found in a variety of tumour models [16, 17, 23, 24,
26, 35, 37].
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