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In order to quantify effects of an experimental chemotherapy,
MCF7 cells were studied with *C-fluorodeoxyglucose (FDG)
and high-performance liquid chromatography (HPLC). Uptake
measurements were performed 1 and 4 hr after the end of a
therapy with hexadecylphosphocholine (HPC). A dose- and
time-dependent increase of the FDG uptake after therapy was
observed, with a maximum at 1 hr after therapy. These data
were used to develop a new metabolic design of combination
treatment. Several time-dose combinations of HPC and
deoxyglucose (DOG) were analyzed for their effects on
growth inhibition. The combinations using DOG in the period
of pronounced enhancement of FDG uptake (1 hr after HPC
treatment) were found to be the most effective with an
improvement of up to 520% in growth inhibition. This meta-
bolic design of combination treatment may aiso be applied in
vivo, and PET can be used to optimize the time and dose
schedule of the modified treatment protocol.
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T he concept of an ordered pattern of enzymic imbal-
ance in neoplastic cells with enhanced activities of several
key enzymes has led to the approach of enzyme-pattern
targeted chemotherapy (/-3). The two steps of this ap-
proach are the detection of a specific enzyme pattern of
the tumor and then the design of the appropriate therapy.
One important application of this principle was the block-
ing of the pyrimidine de novo synthesis as well as that of
the pyrimidine salvage pathway (3). Another way to de-
velop a combination therapy may be to measure the time
and dose dependence of metabolic changes caused by a
therapeutic agent and thereafter to choose a second agent,
which is directed against the enzymes involved in these
tumor reactions.

Hexadecylphosphocholine (HPC) is suitable for oral
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application with low bone marrow toxicity (4,5). It has a
variety of biological effects: some of the proposed mecha-
nisms are interaction and incorporation in cell membranes
and partial restructuring of the chromatin, which may
contribute to an inhibition of the DNA synthesis (6). It
has been suggested that the phospholipases C and D may
play a role in HPC catabolism and lead to cytotoxic
metabolites (4,7). The drug is metabolized mainly to cho-
line, phosphocholine and 1,2-diacylphosphatidylcholine.
The activity of the phospholipases may be one factor that
determines the efficacy of HPC for some tumors (4,7).
Uberall et al. found that HPC inhibits protein kinase C as
well as phosphoinositase C and suggested that the growth
inhibitory effect of the drug may partly be explained by
interference with mitogenic signal transduction (8). The
drug may act as a competitive inhibitor for phospholipase
C-type enzymes. However the exact mechanism of action
is not known.

Therapy induced changes in the tumor tissue may be
measured in vivo with positron emission tomography
(PET) using purpose-designed radiotracers, such as fluo-
rodeoxyglucose (FDG) (9-16). This in vitro study was
undertaken to study the effects of HPC on the glucose
metabolism of breast cancer cells measured by the FDG
uptake and to evaluate a metabolic designed therapy,
which is based on therapy induced metabolic changes and
may enhance the cytostatic effect without increasing the
dose of the chemotherapeutic agent.

MATERIALS AND METHODS

Cell Culture

Human breast cancer cells (wild type MCF7 cells) were main-
tained in culture flasks (Falcon) in RPMI-1640 medium (Gibco
BRL, Eggenstein, FRG), supplemented with 10% fetal calf serum,
292 mg glutamine, 100,000 IE penicillin and 100 mg strepto-
mycin/l at 37° C, in an atmosphere of 95% air and 5% CO,.

FDG Uptake

Cells were trypsinized and 6 % 10° cells were seeded in 6-well
plates (Greiner). After adhesion and when the cells reached the
logarithmic growth phase, they were incubated for 2 hr or for 24
hr in normal (control) or drug containing RPMI 1640 medium.
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The treatment was done with three concentrations of hexadecyl-
phosphocholine (HPC; obtained from Asta Medica, Bielefeld,
FRG): 80 uM, 100 uM and 120 uM for the 2-hr therapy or 40
uM, 60 uM or 80 uM for the 24-hr therapy. Thereafter, the cells
were washed twice with normal RPMI 1640 medium. The FDG
uptake experiments were performed in triplicate 1 and 4 hr (2-hr
therapy) or 1 hr (24-hr therapy) after the end of the therapy.
Therefore, the cells were washed twice with phosphate buffered
saline (PBS) and incubated in glucose-free RPMI-1640 medium
(Gibco BRL) with 292 mg glutamine, 100,000 IE penicillin and
100 mg streptomycin/1 at 37° C for 30 min.

Then the uptake experiment was performed with 1 xCi/ml 2-
fluoro-2-deoxy-D-(U-'*C)-glucose (FDG) (Amersham; specific
activity 335 mCi/mmole; radioactive concentration 200 xCi/ml;
radiochemical purity 99.3%). An uptake experiment was per-
formed with controls and 80 uM HPC treatment (2 hr incubation
in the drug containing medium) with incubation times of 2, 5,
10, 30, 60, 120 and 180 min in the medium containing FDG.
The following experiments were done with 60 min incubation.
The cells were washed three times with ice-cold PBS after the
incubation. Lysis was performed on ice with ice-cold perchloric
acid (0.6 M). Thereafter, the lysate was neutralized with 1 M
KOH and 0.5 M Tris (pH = 7). Lysates and media were then
analyzed with high performance liquid chromatography (HPLC),
using the method described by Oberdorfer et al. (17).

After continuous detection of radioactivity and differential
refractive index, the radioactive peak areas were integrated. The
identification of the peaks was done with reference to '"F-NMR
spectroscopy of an independently prepared sample and by use of
FDG as provided from the manufacturer. The uptake values were
normalized to the viable cell number using a cell counter (Coulter
Electronics, Dunstable, Beds., UK) and trypan blue staining for
the differentiation of viable and dead cells. The FDG uptake was
then expressed either as nCi/well or as nCi/10* viable cells.

Mono- and Combination Therapy

The cells were trypsinated and seeded in 24-well plates (Grei-
ner). After adhesion they were treated with different schedules
(Fig. 1). Single therapy: HPC for 2 hr in concentrations of 80

monotherapy HPC or DOG |
2 hours

comb. tand 4 ,HPCandDOGI

2 hours '

comb.2and5 HPC 1 hour DOG
2 hours 2 hours

comb.3and 8 HPC DOG
2 hours 4 hours 2 hours

FIGURE 1. Treatment modalities: as monotherapies, three dif-
ferent doses of HPC (80, 100 and 120 uM) and two doses of
DOG were used (5 mM and 10 mM). The combination therapy
consisted of HPC (80, 100 or 120 uM) and DOG (5 mM or 10
mM), either simultaneously or after a 1-hr or 4-hr delay. The
combinations 1, 2 and 3 used 5 mM of DOG and the combinations
4,5 and 6 used 10 mM of DOG.
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uM, 100 uM or 120 uM or deoxyglucose (DOG) (Aldrich, Stein-
heim, FRG) in concentrations of S mM and 10 mM in the drug
containing medium. Combination therapy: HPC and DOG si-
multaneously (combination 1 = 5 mM DOG; combination 4 =
10 mM), HPC, 1-hr delay and DOG for 2 hr (combination 2 =
5 mM; combination 2 = 10 mAM) or HPC, 4-hr delay and DOG
for 2 hr (combination 3 = 5 mM; combination 6 = 10 mM).
The cells were counted using a Coulter Counter on Days 1, 2 and
3 after therapy. Four wells were used per day and concentration.
Each well was counted three times.

RESULTS

Figure 2A shows the time-dependent uptake of FDG
during 1 hr for untreated cells and cells 1 hr after a low
dose therapy of HPC. The FDG uptake showed a linear
increase during the 180-min incubation period. We found
a moderate enhancement of the FDG uptake in the treated
cells. The difference in FDG uptake between treated and
untreated cells was more pronounced for longer incubation
times in the FDG-containing medium. In the following
experiments, a 60-min incubation period for the measure-
ment of the FDG uptake was chosen.

In Figures 2B and 2C, the effect of three drug concen-
trations (2-hr therapy) on the FDG uptake is demon-
strated. First, a dose dependence was found: the FDG
uptake increased with the dose of HPC. Furthermore, a
time dependence could be observed: the effects on the
FDG uptake were more pronounced 1 hr after therapy
than 4 hr after therapy. The normalization of the FDG
uptake for the number of viable cells indicated that the
increase in FDG uptake was a result of an enhancement
of metabolism in the individual tumor cells. More than
92% of the FDG was phosphorylated (FDG-6-phosphate):
92%-98.7% in controls, 95.3%-98% after 80 uM HPC,
96.5%-98.6% after 100 uM HPC and 96.4%-98.8% after
120 uM HPC.

The growth curves for the different doses of HPC as
well as the curves for two doses of DOG are demonstrated
in Figure 2D. A dose-dependent growth inhibition was
found for HPC with its culmination on Day 2 after ther-
apy.

The changes in FDG uptake following a 24-hr therapy
are presented in Figure 3. The nCi/well value showed a
25% decrease for 40 uM, a 13% decrease for 60 uM and
a 12% decrease for 80 uM (Fig. 3A). However the nCi/10°
cells value was increased in a dose-dependent manner (Fig.
3B). More than 95% of the radioactivity was FDG-6-
phosphate.

The effects of a metabolically designed combination
therapy with HPC and DOG in MCF7 cells are seen in
Figure 4 and in Table 1. An improvement of growth
inhibition was achieved by addition of DOG on Day 1
after therapy for all combinations, as compared to the
monotherapy with HPC. However, long-term effects on
cell growth were only obtained by the sequential use of
HPC and DOG. The improvement of the therapeutic effect
was not dependent on the dose of DOG.
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FIGURE 2. (A) FDG uptake (mean values and s.d.) after 2, 5, 10, 30, 60, 120 and 180 min incubation in a '*C-FDG containing
medium for treated (80 uM HPC) and untreated (control) cells. The incubation time in the therapy medium was 2 hr. The FDG uptake
was determined 1 hr after the end of therapy and is expressed as nCi/10° cells. HPLC analysis revealed that more than 92% of the
radioactivity in the cells was phosphorylated. (B, C) FDG uptake 1 and 4 hr after 2 hr of incubation in the drug containing medium.
HPC was applied in concentrations of 80, 100 and 120 uM. The FDG uptake values after 60 incubation in the glucose free medium
is expressed as nCi/well (Fig. 2B) or as nCi/10° cells (Fig. 2C) and percent of the control. More than 92% of the radioactivity was
phosphorylated as determined by HPLC analysis. (D) Results of monotherapy (median values; n = 12): HPC was applied in
concentrations of 80, 100 and 120 uM. The DOG treatment was performed either with 5 mM or 10 mM. The viable cell number was
determined on Days 1, 2 and 3 after the end of therapy and expressed as a percent of the control.

DISCUSSION ble level in the present assay. Furthermore, Minn et al.
report similar results in Lewis lung tumors: in their study
In chick fibroblasts it has been shown that DOG is most of the radioactivity (85%-90%) was found as FDG-
metabolized to the 6-phosphate derivative, the 1-phos- 6-phosphate (/4). Moreover differences in the kinetics of
phate derivative, the 1,6-biphosphate derivative, the UDP- the DOG or FDG metabolism, differences in the cell
and GDP-derivative and to 2-deoxy-D-gluconic acid 6- system (chick fibroblasts versus mammary carcinoma
phosphate (/8). Using HPLC analysis and FDG, we found cells) or differences in the deproteination methods may
that 95% were present in its 6-phosphate derivative. Other account for the fact that no metabolites other than FDG
metabolites than FDG and FDG-6-phosphate were not and FDG-6-phosphate were detected.
detected. Their concentrations may be below the detecta- We found a dose-dependent increase in FDG uptake
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FIGURE 3. FDG uptake (mean values and s.d.) 1 hr after 24-hr of incubation in the drug containing medium. HPC was applied in
concentrations of 40 uM, 60 uM and 80 uM. The uptake is expressed as nCi/well (Fig. 3A) or as nCi/10° cells (Fig. 3B). The
phosphorylated fraction of the accumulated radioactivity was 95%-96%.

after the 2-hr therapy for both the nCi/well value and the
nCi/10° cells value. After the 24-hr therapy the nCi/well
value showed a decrease, whereas the nCi/10° cells value
increased in a dose-dependent manner. The nCi/well val-
ues show that the measurement of the FDG uptake in a
given volume may decrease after therapy. However when
the radioactivity was related to the viable cell number, an
increase was observed, indicating that the metabolism of
the individual tumor cell was enhanced. If the uptake/well
is interpreted as a model for the tumor in vivo, then it
seems that the FDG uptake decreases, due to a lower
number of viable tumor cells in a treated lesion. This
rather trivial finding is accompanied by a finding with
possible clinical impact: the resting cells in the tumor may
show an enhancement of the FDG uptake, which may be
used for specific modifications of a given therapy.

Uberall et al. found that cells treated with HPC exhibit
normal levels of cytosolic Ca®>* and suggested that this
gives strong evidence against extensive membrane disin-
tegration or leakage as a consequence of HPC treatment
(8). This observation, together with the fact that most of
the radioactivity in our study was phosphorylated, indicate
that the effects on FDG uptake were not caused simply by
membrane leakage.

The increase in FDG uptake shows that the tumor
metabolism is an important factor in the response of the
tumor cells to a specific therapy. In patients with advanced
breast cancer, Minn et al. observed that an increased FDG
uptake after therapy was associated with clinical progres-
sion (12), whereas a decreased uptake of FDG was asso-
ciated with tumor regression (/5). They hypothesized that
the FDG uptake was related to the viability of tumor cells.
Our data show that the FDG uptake after a given therapy
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is not only a function of the number of tumor cells, but
also dependent on the metabolic state of the individual
tumor cell.

Using Lewis lung carcinoma, Minn et al. observed that
doxorubicin seemed to enhance the FDG uptake and to
raise the proportion of FDG-6-phosphate (/4). Lyon et al.
found an enhancement of glycolysis in Adriamycin-resist-
ant MCF7 cells, which was present even in the absence of
drugs (19). Similar results were obtained by Kaplan et al.,
who noticed that resistant MCF7 cells accumulated deoxy-
glucose-6-phosphate faster and to a greater extent than
their sensitive parent line (20,21). The increase of glucose
metabolism may be necessary for the energy requirements
of the drug efflux and the detoxification processes.

These metabolic changes are not only seen in chemo-
therapy, but are also observed in radiation therapy. Jain
et al. found that glycolysis is linked to DNA repair (22),
as well as to the repair of potentially lethal damage (23).
In our experiments, the reaction of the tumor cells to HPC
was a dose-dependent increase of the glucose metabolism,
as indicated by an enhancement of the FDG uptake. This
finding may be explained by the energy requirements of
drug transport and detoxification processes in surviving
cells.

Interestingly, animal experiments revealed that a com-
plete disappearance of macroscopic tumors during HPC
therapy was followed by a recurrence of the tumors shortly
after cessation of therapy (4). Moreover, recent studies
relate drug resistance to glucose metabolism. Vera et al.
(24) observed that in Xenopus laevis oocytes, which had
been injected with RNA encoding the rat erythroid glucose
transporter (GLUT1) and expressing the corresponding
protein, the accumulation of *H-vinblastin was decreased.
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FIGURE 4. Results of HPC monotherapy and different combination therapies (median values; n = 12). The viable cell number was
determined on Days 1, 2 and 3 after the end of therapy and are expressed as a percent of the control. Combinations were used with
80 uM HPC (A), 100 uM HPC (B) and 120 uM HPC (C). See also Table 1.

Moreover, the efflux of the drug out of the cell increased.
These effects were inhibited by addition of cytochalasin B
and phloretin, two inhibitors of glucose transporters. How-
ever, the mechanism by which the GLUT1 may contribute
to the drug resistance is not clear.

Evidence for the energy-dependence of drug resistance
is reported by Versantvoort et al. (25). In multidrug-
resistant human lung cancer cell lines without glycoprotein
P expression, the reduced accumulation of daunorubicin
could be reversed by cellular energy depletion. The authors
suggested that the drug accumulation in these cells was
reduced by an energy-dependent drug efflux system.

However, the increase of the glucose metabolism may
be a general feature of stressed cells. Pasternak et al. found
a stimulation of the lactate production as well as an
increase of the *H-deoxyglucose uptake in BHK-21 cells
after transfection with Semliki Forest virus or exposure to
arsenite or azide (26). They suggested that the stimulation
of the glucose metabolism is at least in part controlled at

Metabolic Design of Combination Therapy ¢ Haberkorn et al

the level of glucose transport. Widnell et al. observed that
a stress induced increase in DOG uptake can be explained
by a redistribution of the glucose transport protein from a
perinuclear region to the plasma membrane (27). More-
over, the stimulation of the DOG uptake in BHK cells was
reversible with T,, of 1-2 hr (26). This agrees with our
finding of a short-term increase of the FDG uptake in
treated MCF7 cells.

The next step of our approach exploited the metabolic
reaction observed in the FDG uptake experiments. Our
goal was to disturb possible repair processes using DOG
(Fig. 1), which is known to have an antitumor effect (28-
32). In studies with rat brain homogenates, Horton et al.
observed a 40% inhibition of hexokinase by DOG, not by
deoxyglucose-6-phosphate, whereas hexose-phosphate-iso-
merase was 70% inhibited, and phosphofructokinase was
17% inhibited, by deoxyglucose-6-phosphate (33). They
supposed two mechanisms of action: First, a competitive
inhibition of glucose transport into the brain; later, a
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TABLE 1
Results of Mono- and Combination Therapy: Viable Cell
Number on Days 1, 2 and 3 After Therapy

Therapy type Day 1 Day 2 Day 3
control 4428 + 839 9179+ 183.9 1741.6 +298.2
DOG5mM 366.4+424 697 +123 1363 + 274.7
DOG 10mM 3999 + 39.1 624.2 + 52.4 1349 + 88.3
HPC80 3823 +57.5 483.6+568 1069.4 + 139.9
comb 1 1169+448 463+916 1292.1 +274
comb 2 128 + 11.9 287.8 + 67.3 633.5 + 57.5
comb 3 1203+ 474 3165+ 18 805 + 271.2
comb 4 3024 +784 756.9+956 1075.6 +97.1
comb 5 1049 + 16.4 219.7 + 39 693.3 + 139.6
comb 6 1349+ 35 4479+ 1485 756.3 + 1435
HPC 100 353+ 315 3899617 985.3 + 194.6
comb 1 1348 + 50.1 4413+ 26 11918 + 104.6
comb 2 911 £13.7 1025+248 350.5 + 139.2
comb 3 1127 £ 447 2922 + 43.2 599.3 £ 175.2
comb 4 2015+ 465 5949+ 116.7 983.3+ 126.2
comb 5 106.3 +23.2 142 + 38.2 516 + 143.2
comb 6 1028 + 186 361.5+71.9 715.4 £ 157.8
HPC 120 2283 +42.7 2426+ 116.8 766.3 +218
comb 1 100.3 + 15.6 360.3 +70.4 621.4 + 103.8
comb 2 58.6 + 9.2 68.2 + 23 300.4 + 55
comb 3 68.9 + 13.1 232.8 + 26.4 667 + 358.9
comb 4 2223 + 869 4223 +68.1 1108.8 + 276
comb 5 755+ 16.7 1157 £ 421 319.1 £ 346
comb 6 101.8 +21.9 304.3 + 521 804.2 + 202.1

Mean values and standard deviations (n = 12). DOG = deoxyglu-
cose; HPC 80 = 80 uM hexadecylphosphocholine (HPC); HPC 100
= 100 uM HPC; HPC 120 = 120 uM HPC.

stronger inhibition of glycolysis by the high concentration
of deoxyglucose-6-phosphate and the consecutive inhibi-
tion of the activity of isomerase and other glycolytic en-
zymes.

In mammary tumor cells and hepatoma cells, DOG,
FDG and other sugar analogs caused a depletion of the
UTP pools and often also of the CTP pools (34,35). In s.c.
methylcholanthrene-induced sarcomas, DOG resulted in
adecreased ATP to inorganic phosphate ratio, as measured
in vivo with *'P magnetic resonance spectroscopy (36).
Furthermore, Kaplan et al. (/9) observed a decrease of
ATP and phosphocreatine content in MCF7 cells after
exposure to DOG. This decrease, as well as the growth
inhibition, was stronger in drug resistant cells than in the
sensitive parent line.

This rather selective toxicity of DOG for resistance cells
directs attention to a link between glucose metabolism and
drug resistance. Therefore, DOG and other sugar analogs
may be used in combination treatment to achieve a higher
cytostatic effect if drug resistance is present. This hypoth-
esis is supported by results from Jain et al. (22,23), who
described an inhibition of DNA repair and fixation of cell
damage by DOG, which seems to be a result of energy-
linked inhibitions of repair mechanisms.

HPC'’s action may be twofold: the drug itself may have
a cytotoxic or cytostatic capacity, and in addition, cyto-
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toxic metabolites may have a second and later effect on
the tumor cells (4,5). DOG, given simultaneously with
HPC, may prevent the production of these metabolites
and, therefore, inhibit the effects on future cell growth.
This could explain why the simultaneous therapy with
HPC and DOG yielded no better—or even worse—results
than those from monotherapy with HPC on Days 2 and 3
after therapy.

The best results were obtained with the combinations
during the period of highest FDG uptake. One hour after
HPC therapy, the tumor cells may show increased energy
requirements for the detoxification, causing an enhanced
uptake of sugars or other fuels. In our study, we found an
increased uptake of FDG. This can be used to transport a
toxic sugar (DOG) into the cell, which has its own effect
on the tumor cell and disturbs the detoxification mecha-
nisms in response to the chemotherapeutic agent. An
interesting finding is that the dose of DOG had no major
effect: no difference was observed between 5 mAM and 10
mM of DOG. This indicates that the main mechanism of
action may be the disturbance of the detoxification proc-
esses.

The synergistic action of DOG was observed for all
doses of HPC. Moreover, we found that the lowest dose of
HPC, together with DOG, yielded a better result than the
highest monotherapy with HPC. Therefore, this combi-
nation can be used to achieve a good therapeutic outcome
together with low side effects. However, to exclude a
synergistic effect on normal tissues that may cause in-
creased side effects, this schedule has to be tested in
nontumor cells.

As demonstrated by these experiments, FDG metabo-
lism can be used to develop a therapy directed against
processes that are in need of energy. Whatever the differ-
ence in metabolism between FDG and glucose, the en-
hanced FDG uptake indicates that there is an enhance-
ment of glucose metabolism. This enhancement can be
used for a metabolic approach to combination therapy.
The design of such a treatment requires data about the
changes in metabolic pathways and the key enzymes of
these pathways, as well as the time and dose dependence
of these changes.

PET seems to be an appropriate method to gain such
data. However, one has to keep in mind that a considerable
amount of the tumor mass consists of normal cells, as
fibroblasts, lymphocytes and macrophages etc. It has been
observed that human breast cancers contain a variable but
substantial amount (19%-64%) of macrophages (37),
whereas the lymphocyte fraction may reach 10% (38).

These nontumor fractions may cause problems for the
assessment of the tumor metabolism prior to therapy
because they contribute to the signal being measured; this
has been shown in a NMR spectroscopy study (39). During
or after therapy, the amount of macrophages or other
immune cells may increase due to the presence of cell
detritus. Preliminary data in rats bearing methylnitrosou-

The Journal of Nuclear Medicine ¢ Vol. 33 * No. 11 « November 1992



rea induced mammary carcinomas and treated with HPC
show that the FDG uptake decreased in only 30% of these
tumors (40). The finding that there is no change in the
other tumors may be explained by a loss of tumor cells,
together with an enhancement of the FDG uptake in the
resting cells. However, more in vivo studies are needed to
rule out a possible contribution of nontumor fractions to
the signal being measured with PET.
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