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Abstract

In this study, the radiosensitising effect of different concentrations of gemcitabine and the combination of gemcitabine/radio-
therapy with the rescue agent amifostine was investigated in different human tumour cell lines. The cells were treated with
gemcitabine (0-8 nM) for 24 h prior to radiation (0-8 Gy). Amifostine (ami) and alkaline phosphatase (AP) were added 30 min
before radiation. Cell survival was determined 7 or 8 days after radiation treatment by the sulforhodamine B (SRB) test. For
ECV304 cells, the dose enhancement factor (DEF) varied from 1.39 to 2.98 after treatment with 1-6 nM gemcitabine. FaDu, H292,
A549 and CAL-27 seemed to be less sensitive, with DEFs ranging from 1.02 to 2.67. These cells were also less sensitive to the
cytotoxic effects of single-agent gemcitabine. Amifostine with AP clearly showed a protective effect in combination with gemcita-
bine/radiotherapy. In H292 cells, the protection factor (PF) of amifostine after treatment with gemcitabine and radiotherapy varied
from 1.64 to 1.86. In ECV304 cells, the PF varied from 2.20 to 2.29. In conclusion, a clear concentration- and cell line-dependent
radiosensitising effect of gemcitabine was observed in all cell lines. Amifostine with AP showed protection against the radio-
sensitising effect of gemcitabine. If the protection in vivo indeed occurs selectively in normal tissues, then amifostine could prevent
or strongly minimise the increased toxicity resulting from the radiosensitising effect of the combination of gemcitabine and radio-
therapy, without influencing the antitumour effect.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction radiotherapy with these cytotoxic drugs have been
encouraging, both in terms of increased local tumour
control and decreased distant failures.

Gemcitabine (2',2'-difluorodeoxycytidine, dFdC) is a

Several biological factors are known to influence the
efficacy of radiotherapy (RT) when given as a single

treatment modality to patients with locally or regionally
advanced cancer. Increased attention is being given to
combining radiotherapy with other treatment mod-
alities, especially chemotherapy, because cytotoxic
agents act on both the primary tumour and dis-
seminated cancer cells. Some chemotherapeutic drugs
destroy tumour cells by their own cytotoxic action and
also enhance the effects of radiotherapy. Because of this
radiosensitisation, the results of the combined use of
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synthetic pyrimidine nucleoside analogue that has a
structure very similar to that of deoxycytidine and
cytosine arabinoside (Ara-C) [1]. In clinical use,
gemcitabine is active against a variety of solid tumours
such as cancers of the pancreas, lung, head and neck,
bladder, breast and ovary. It is activated intracellularly
by deoxycytidine kinase, which adds multiple phosphate
groups to the 5 position of the ribose group. The di-
phosphate and triphosphate forms of the drug play an
important role in the inhibition of DNA synthesis. At
the same time, gemcitabine has several self-potentiation
mechanisms that serve to increase intracellular levels of
the active compound [1,2].
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In addition to its cytotoxic effect, gemcitabine is a
potent radiosensitiser of rodent and human tumour
cells, including pancreatic tumours, non-small cell lung
cancer, head and neck cancer, colorectal, breast and
ovarian cancers [3—13]. The mechanism of radio-
sensitisation is not yet known, it has been hypothesised
that gemcitabine-induced deoxyadenosine triphosphate
(dATP) depletion or the accumulation of the cells in
early S phase may play a role in enhancing radio-
sensitivity [5,7,10,13,14]. In addition, the ability of cells
to progress into S phase after treatment with gemcita-
bine and radiotherapy may be a key factor [11].
Recently, it has been shown that gemcitabine can sensi-
tise cells to radiation by specific interference with the
homologous repair (HR) pathway [15].

Although combined-modality therapy may lead to an
improved therapeutic outcome, it can also result in
increased normal tissue toxicity. Since the combination
of gemcitabine and radiotherapy has been associated
with a marked increase in toxic effects in clinical studies
[16-23], it seemed reasonable to postulate that a cyto-
protective agent might reduce the toxicity of this com-
bination. Amifostine (ami) is one of the most promising
modulating agents because of its ability to selectively
protect a broad range of normal tissues against a variety
of cytotoxic therapies including alkylating agents, plati-
num agents, anthracyclines, taxanes and irradiation. In
these studies, amifostine did not reduce the cytotoxic
effect of irradiation or chemotherapy on tumours [24].

Amifostine is a prodrug, which is dephosphorylated
by the membrane-bound enzyme alkaline phosphatase
(AP) to the free thiol metabolite, WR1065. WR1065 is
the active form of the drug and is responsible for the
protective effects of amifostine [25,26]. Once inside the
cel, WRI1065 protects against chemotherapy- and
radiotherapy-induced damage by scavenging free radi-
cals, donating hydrogen ions to free radicals, depleting
oxygen and directly binding and inactivating cytotoxic
drugs, thereby either avoiding or repairing DNA
damage. The selective protection of non-tumour tissues
by amifostine is generally thought to be related to the
selective formation and uptake of WR1065 in normal
tissues [24,27-30]. AP, the membrane-bound enzyme
responsible for the dephosphorylation of amifostine to
the WR1065 metabolite, is present in higher concen-
trations in normal compared with tumour tissues [30].
Because amifostine protects a broad range of normal
tissues from the toxic effects of both chemotherapy and
radiotherapy, it could be very useful when applying
radiochemotherapy combinations. In fact, in patients
with lung or head and neck cancer receiving the com-
bined approach, amifostine has already been shown to
reduce severe toxicities [24].

Since the combined use of gemcitabine and radio-
therapy has been shown to be not only active, but also
rather toxic, it seemed desirable to investigate whether

amifostine might be of value in this combination to
protect normal tissues, but not tumour tissues, thereby
improving its therapeutic index. To form a basis for this
research, we investigated the radiosensitising effect of
gemcitabine in five human cell lines and studied the
combination with amifostine. The selectivity of the
protective effect can only be studied in vivo, because the
protection is based on preferential formation and
uptake of the active metabolite in normal tissues. How-
ever, since the selectivity of the protection by amifostine
has already been confirmed in several clinical studies,
the most important question is whether amifostine can
protect against the combination of gemcitabine and
radiotherapy. To address this question, we treated cells
with amifostine combined with AP and therefore, cir-
cumvented the selectivity of the protective effect. Since,
in this case, the cell type does not play a role in this pro-
tection, we used, for practical reasons, our tumour cell
lines to investigate a possible protective effect of amifos-
tine in combination with gemcitabine and radiation.

2. Materials and methods
2.1. Chemicals and reagents

Dulbecco’s Modified Eagle’s Medium (DMEM),
Roswell Park Memorial Institute (RPMI), Medium 199,
fetal calf serum and the medium supplements L-gluta-
mine and sodium pyruvate were all purchased from
Invitrogen (Merelbeke, Belgium). Sulforhodamine B
(SRB) was from ICN (Asse, Belgium). Gemcitabine was
purchased from Eli Lilly (Indianapolis, USA). Alkaline
phosphatase (AP, Type VII-S: from bovine intestinal
mucosa) was obtained from Sigma (Bornem, Belgium).
Amifostine (S-2-(3-aminopropylamino)ethylphosphoro-
thioic acid) was a kind gift of MedIlmmune (Gaithers-
burg, USA).

2.2. Cell lines

The cell lines used in this study were ECV304, a
human epidermoid bladder cancer cell line, H292,
a human mucoepidermoid lung cancer cell line, A549, a
human squamous lung cancer cell line, CAL-27, a human
squamous cell carcinoma cell line of the tongue and
FaDu, a human squamous cell carcinoma cell line of the
pharynx. H292 and A549 were cultured in RPMI-1640
medium, supplemented with L-glutamine, sodium pyr-
uvate and 10% fetal calf serum. ECV304 was cultured
in Medium-199 supplemented with 10% fetal calf
serum. CAL-27 and FaDu were cultured in DMEM
medium, supplemented with L-glutamine and 10% fetal
calf serum. Cultures were maintained in exponential
growth in a humidified atmosphere at 37 °C under 5%
C0O,/95% air.
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2.3. Cell survival after treatment with gemcitabine and
radiation

The SRB test is a suitable test system for in vitro
radiosensitivity testing, which in the presently used cell
lines has been shown to be comparable in outcome with
the clonogenic assay, when cells are allowed to undergo
at least 6 doubling times after radiation treatment [31].
Therefore, in our experiments ECV304, H292, A549
and FaDu cells were incubated for 7 days and CAL-27
cells for 8 days after radiation treatment, before deter-
mination of the survival by the SRB assay. Optimal
seeding densities were determined for each cell line to
assure exponential growth during the assay.

Cells were harvested from exponential phase cultures
by trypsinisation, counted and plated in 48-well plates.
In order to assure exponential growth during the
experiments, seeding densities were 100 cells per well for
ECV304, H292 and A549, 160 cells per well for FaDu
and for CAL-27 the seeding density was 300 cells per
well. Following plating and a 24-h recovery period, cells
were treated with gemcitabine (0-8 nM) dissolved in
phosphate-buffered saline (PBS) 24 h before radiation.
PBS was added to control cells. Each concentration was
tested six times within the same experiment. After irra-
diation at room temperature over a dose range of 0-8
Gy, using a °°Co source (Alcyon, St Augustinus hospital,
Antwerp, Belgium), cells were washed with drug-free
medium. After 7 or 8 days, the survival was determined
by the SRB assay. For determination of cell survival
after treatment with gemcitabine alone, the SRB assay
was performed 4 days after the start of treatment.

The SRB assay was performed according to the
method of Skehan and colleagues and Papazisis and
colleagues, with minor modifications [32,33]. Culture
medium was aspirated prior to fixation of the cells by
the addition of 200 pl 10% cold trichloroacetic acid.
After 1 h incubation at 4 °C, cells were washed five
times with deionised water. Then the cells were stained
with 200 pul 0.1% SRB dissolved in 1% acetic acid for at
least 15 min and subsequently washed four times with
1% acetic acid to remove unbound stain. The plates were
left to dry at room temperature and bound protein stain
was solubilised with 200 pul 10 mM unbuffered TRIS base
(tris(hydroxymethyl)aminomethane) and transferred to
96-well plates for reading the optical density (OD) at 540
nm (Biorad 550 microplate reader, Nazareth, Belgium).

2.4. Protective effect of amifostine, alkaline phosphatase
or both in combination with radiation treatment

The protective effect of amifostine and AP alone or the
combination of both with radiation was investigated in
H292 cells. Cells were plated in 48-well plates as described
above. 30 min before radiation treatment, cells were incu-
bated with 3.5 mM amifostine or 7.5 units AP or both 3.5

mM amifostine and 7.5 units AP. PBS was added to con-
trol cells. The cells were irradiated (0-8 Gy) and washed
with fresh medium immediately after radiation. After 7
days, the survival was determined by the SRB assay.

2.5. Protective effect of amifostine with AP in
combination with gemcitabine and radiation treatment

The cytoprotective effect of amifostine in combination
with gemcitabine and radiation was investigated in
ECV304 and H292 cells. Cells were plated in 48-well
plates as described above. After a 24 h treatment with
radiosensitising concentrations of gemcitabine (4 and 8
nM gemcitabine for H292, 2 and 4 nM gemcitabine for
ECV304), the cells were treated with 3.5 mM amifostine
and 7.5 units AP in PBS 30 min before the radiation.
PBS was added to control cells. The cells were irradiated
and washed with drug-free medium immediately after
radiation. After 7 days, their survival was determined by
the SRB assay.

2.6. Statistical methods

The survival rates were calculated by: mean OD of
treated cellsymean OD of control cellsx100%. The
radiation survival curves were fitted according to the
linear-quadratic  model:  survival =exp(—aD—BD?),
using Winnonlin (Pharsight, USA).

The following parameters were calculated: the linear
component o, which represents single-hit killing kinet-
ics, sublethal damage and dominates at low radiation
doses; the quadratic component P, which represents
double-strand breaks at DNA level, lethal damage and
causes the curve to bend at higher doses and ID50, the
radiation dose causing 50% growth inhibition. The
radiosensitising effect was represented by the dose
enhancement factor (DEF): ID50 (—dFdC)/
ID50(+ dFdC). The protection factor (PF) was calcu-
lated by ID50( + ami + AP)/ID50(—ami—AP).

Unless otherwise indicated, all of the data are pre-
sented as the meanzstandard deviation. All experi-
ments were performed at least three times. A two-
sample ¢-test was used to investigate significant differ-
ences between ID50 values, o and B values.

True radiosensitisation can be defined as a synergistic
interaction between gemcitabine and radiation. For the
determination of synergism, the combination index (CI)
was calculated by the Chou-Talalay equation [34,35],
using CalcuSyn (Biosoft, USA and UK). The general
equation for the classic isobologram is given by:

_ (D), (D)
(Dx)l (Dx)z
where (D,); and (D,), in the denominators are the doses

(or concentrations) for D; (gemcitabine) and D, (radiation)
alone that give x% inhibition, whereas (D); and (D), in

CI

(A)
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the nominators are the doses of gemcitabine and radia-
tion in combination that also inhibit x% (i.e. isoeffect).
CI<1, CI=1 and CI>1 indicate synergism, additive
effect and antagonism, respectively.

The (D,); or (D,), (for gemcitabine and radiation)
can be readily calculated from the median-effect equa-
tion of Chou:

B fi "
D ‘D‘“<<1 —fd)>

where D, is the median-effect dose (ID50 or IC50) that
is obtained from the anti-log of the X-intercept of the
median effect plot, X-log (D) versus Y=1log f,/(1—f, or
D,,, = 10~ (=intereeptym - and m is the slope of the median
effect plot.

A CI value between 0.9 and 1.1 indicates only
additivity. Moderate synergism is depicted by CI
values between 0.7 and 0.9, synergism by CI values
below 0.7.
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3. Results
3.1. Radiosensitisation by gemcitabine
A clear concentration-dependent radiosensitising

effect of gemcitabine was observed in ECV304, FaDu,
H292, A549 and CAL-27 cells (Fig. 1). ID50 values and
DEFs for the different gemcitabine concentrations are
summarised in Table 1. The degree of radio-
enhancement seemed to be cell line-dependent. For
ECV304 cells, the DEF after treatment with 1 nM
gemcitabine was 1.39, while this concentration had no
radiosensitising effect in FaDu, H292, A549 and CAL-
27 cells; DEFs were 1.02, 1.09, 1.02 and 1.06, respec-
tively. The CI analysis showed that after treatment
during 24 h with gemcitabine before the radiation
treatment, there was synergism in ECV304 cells with
gemcitabine concentrations of 2 nM or higher
(CI<0.65), with concentrations 4 nM or higher in A549

H292
1004
1 T 1
10
Dose (Gy)
CAL-27
1008
10
1T
0 2 4 6 8 10
Dose (Gy)

0 2 4

A 8....

Dose (Gy)

Fig. 1. Radiation dose-response curves of ECV304, H292, A549, CAL-27 and FaDu cells after treatment with 0 (O), 2 (), 4 (A) and 6 (@) nM

gemcitabine (dFdC) during 24 h before radiation (RT) (survival£S.D.).
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Table 1

Sensitivity of the cell lines to gemcitabine (IC50) and radiotherapy (ID50) alone and the radiosensitising effect of gemcitabine represented by dose

enhancement factors (mean+S.D.)

Cell line 1C50 ID50 DEF | nM DEF 2 nM DEF 4 nM DEF 6 nM DEF § nM
ECV304 3.05+0.49 3.384+0.41 1.39£0.06 2.42+0.24 3.05+0.37 2.98+0.91 n.a.
FaDu 4.9010.46 3.09£0.39 1.02+0.04 1.234+0.17 1.794£0.25 2.3440.55 n.a.
H292 7.99+0.77 4.00+0.71 1.09+£0.10 1.20£0.20 1.57+0.21 2.08+0.53 2.67+0.63
As549 9.01+0.89 4.51£0.70 1.0240.04 1.2040.17 1.90+0.51 2.394+0.57 2.584+0.49
CAL-27 8.92+1.59 3.65+0.85 1.06+£0.07 1.09+0.04 1.48+0.21 1.98+0.07 2.52+0.22

1C50/ID50, dose gemcitabine/radiation (dFdC/RT) causing 50% growth inhibition; DEF, dose enhancement factor; n.a., not analysed; S.D., stan-

dard deviation.

cells (CI1<0.70) and FaDu (CI<0.50) and moderate
synergism with 6 nM or higher in H292 cells (CI<0.88)
and CAL-27 cells (CI<0.72). The radiosensitising effect
seemed to correlate with the sensitivity of the cell line to
the cytotoxicity effects of gemcitabine. The dose—
response curves after treatment with gemcitabine alone
and IC50 values are summarised in Fig. 2 and Table 1.
FaDu, H292, A549 and CAL-27 cells were less sensitive
to gemcitabine than ECV304 cells.

The radiosensitising effect of gemcitabine was
observed at the initial part of the dose response curves.
This was shown by an increasing o value of the linear
quadratic model ranging from 0.08 to 0.68 for ECV304
cells (0-6 nM gemcitabine) and from 0.10 to 0.46, 0.07
to 0.43 and from 0.06 to 0.38 for H292, A549 and CAL-
27 (0-8 nM gemcitabine), respectively (Fig. 3). The
increase of the o value was most pronounced in the cell

Survival (%)

0 — : T —
0.1 1 10 100

Concentration of dFdC (nM)

Fig. 2. Dose-response curves of ECV304 (O), FaDu (@), H292 (W),
A549 (A) and CAL-27 ([0) after treatment with gemcitabine (dFdC)

1.0

0.6
0.4

0.2+

0.0

ECV304 FaDu H292

line that was most sensitive to gemcitabine, ECV304. In
this cell line, the increase in the o value was already
statistically significant at a gemcitabine concentration of
1 nM (P<0.05), while in the other cell lines the increase
was significant from 4 nM for H292, A549 and FaDu
cells. In CAL-27 cells, the increase in o value was sig-
nificant from 8 nM.

3.2. Protection of amifostine, alkaline phosphatase or
both with radiation treatment

Amifostine or AP showed no protection against
radiation, Protection Factors (PFs) were 1.04 and 0.94,
respectively (Fig. 4). The ID50 values after treatment
with amifostine or AP were not significantly different
from the values after treatment with radiation alone.
Amifostine clearly showed a radioprotective effect in our
experiments when AP was added, which resulted in a PF
of 1.88. The ID50 after treatment with amifostine and
AP was significantly higher than the ID50 after radiation
alone (P<0.05). This means that in vitro the addition of
AP is necessary for the protective effects of amifostine.

3.3. Protection of amifostine with AP in combination
with gemcitabine and radiation

Amifostine with AP showed no protection against the
cytotoxicity of gemcitabine alone (data not shown), but

A549 CAL-27

01 2 46 01 2 46 01 2 46 8 01 2 46 8 01 2 46 8

Concentration of dFdC (nM)

Fig. 3. Influence of the radiosensitising effect of dFAC on o ([J) and f (M) in ECV304, H292, A549, CAL-27 and FaDu cells (mean+S.D.).

*Student ¢-test, P<0.05.
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% survival

Dose (Gy)

Fig. 4. Radiation dose-response curve of H292 cells after treatment
with radiation (RT) (O), RT and amifostine (ami) (l), RT and alka-
line phosphatase (AP) (A) and RT with ami and AP (x) (survi-
val£S.D.). Incubation time of ami and AP is 30 min before the RT.

in combination with radiation treatment and gemcita-
bine, amifostine with AP clearly reduced the cytotoxi-
city (Fig. 5). The PFs and DEFs are described in
Table 2. In H292 cells, the radiation dose response curve
after treatment with 4 nM gemcitabine, radiation and
amifostine with AP was not significantly different from
the curve after treatment with radiation alone, which
means that the protective effect of amifostine was to the
same extent as the radiosensitising effect of gemcitabine.
In ECV304 cells, the same was observed with 2 nM
gemcitabine. With higher concentrations of gemcitabine
(8 nM in H292 cells and 4 nM in ECV304 cells), which

H292 (4 nM dFdC)

1008
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2
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Table 2

Protection factors of amifostine (ami) with alkaline phosphatase (AP)
after treatment with radiotherapy or the combination of gemcitabine
(dFdC) and radiotherapy in H292 and ECV304 cells (mean+S.D.)

H292 DEF PF (—~dFdC) PF (+dFEdC)
4 nM dFdC 1.784£0.44 1.4240.08 1.6440.15
8 nM dFdC 2.57+0.25 1.5440.04 1.86£0.04
ECV304 DEF PF (—dFdC) PF (+dFdC)
2 nM dFdC 2414049 1.7240.23 2204021
4 nM dFdC 2.97+0.33 1.9140.07 2.2940.10

PF, Protection Factor; S.D., standard deviation.

resulted in higher radiosensitisation, amifostine could
not completely negate the radiosensitising effect,
although the difference between the curves after treat-
ment with gemcitabine, radiation and amifostine with
AP and the curve after treatment with radiation alone
was still not significant.

4. Discussion

As a result of an increasing interest in chemoradiation
in the clinic, there is a growing need for preclinical
research on the interactions between radiation and
chemotherapy, especially on radiosensitisers like gemci-
tabine. Our in vitro model offers the opportunity for

H292 (8 nM dFdC)

100
E
>
]
2]
B
10 ]
10
Dose (Gy)
ECV304 (4 nM dFdC)
100
©
2
>
3 10+
B
1 )
10

Dose (Gy)

Fig. 5. Radiation dose-response curves of ECV304 and H292 cells after treatment with radiation (RT) (O), RT and gemcitabine (dFdC) (H), RT
and ami/AP (A) and RT, dFdC and ami/AP (x) (survival+S.D.). Incubation time of dFdC is 24 h before RT, with ami and AP 30 min before RT.
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more extensive in vitro research on such combinations.
In the current study, a clear concentration-dependent
radiosensitising effect of gemcitabine was observed in
several human cell lines representing epithelial tumours.

Several investigators have described the radio-
sensitising effect of gemcitabine in vitro [5-9,11-14], but
the mechanism of this radiosensitisation remains
unknown. A limiting factor in many studies is the
restricted number of cell lines investigated, which ham-
pers the ability to draw firm conclusions regarding
which factors play a role in this interaction. Our in vitro
model broadens the ability to test the combination of
gemcitabine and radiotherapy, by the use of the SRB
test, a colorimetric assay to determine the survival after
treatment with gemcitabine and/or radiation. We have
previously shown that the SRB assay is comparable in
outcome with the clonogenic assay for radiosensitivity
testing in the cell lines used [31].

The present study indeed demonstrates that the
radiosensitising effect of gemcitabine can be easily stud-
ied using the SRB assay. We investigated the radio-
sensitising effect in five cell lines, using five different
concentrations of gemcitabine. Our data demonstrate
that gemcitabine increases the radiosensitivity of
ECV304, H292, A549, CAL-27 and FaDu cells in vitro
when the cells are treated for 24 h before radiation. The
enhancement is concentration-dependent, with an increas-
ing DEF with higher concentrations of gemcitabine.

Our DEFs are comparable to data in the literature
using other cell lines, such as a squamous carcinoma cell
line of the oropharynx and of the uterine cervix [10],
human head and neck cancer cell lines [12], glio-
blastoma cell lines [11], pancreatic cancer cells [8], cell
lines of colon and lung [6,7,9,13]. In most studies, the
concentration of gemcitabine needed to achieve a
radiosensitising effect was higher than that used in our
study. This seems to be dependent on the sensitivity of
the cell lines employed to gemcitabine. In our experi-
ments, the radiosensitising effect was cell line-dependent
and seemed to correlate with the sensitivity of the cell
line to the cytotoxic effects of gemcitabine (Fig. 2,
Table 1). However, more cell lines with a broader range
of IC50 values should be investigated to confirm this
relationship. Rosier and colleagues found that radio-
enhancement was associated with a modest increase in
the o term of the linear-quadratic model [12]. We con-
firmed that gemcitabine has an effect on the o value,
which in our study, was most pronounced in ECV304
cells. In the other cell lines, higher concentrations of
gemcitabine were needed before statistically significant
increases in the o value were documented.

Our in vitro study will be expanded to form an
important basis for more extensive research on the cell
line and schedule dependency of the radiosensitising
effect of gemcitabine and the factors playing a role in
this interaction.

Although the combined use of radiotherapy with
gemcitabine in the clinic has been encouraging, it has
been associated with increased toxicity so that standard
doses cannot be administered [17-23]. Therefore, max-
imal radiosensitisation in tumour cells is not by defini-
tion the best treatment schedule because of high toxicity
in normal tissues. Thus, optimisation of the combi-
nation of gemcitabine and radiotherapy needs to focus
also on limiting the toxicity. It can be postulated that
cytoprotective agents might decrease the toxic effects
and provide an improved therapeutic index for the
combined treatment.

Amifostine is a promising modulating agent, which
selectively protects a broad range of normal tissues
against a variety of cytotoxic therapies, including sev-
eral chemotherapeutic agents and radiotherapy. Ami-
fostine is a prodrug which is dephosphorylated by the
membrane-bound enzyme AP to the free thiol metabo-
lite, WR1065. The selectivity of the protective effect is
thought to be based on the selective formation and
uptake of WRI1065 in normal cells as opposed to
tumour cells. Amifostine has been evaluated in combi-
nation with a variety of different chemotherapy regi-
mens in patients with different types of solid tumours
and haematological malignancies [24]. In addition, the
radioprotective effects of amifostine have been analysed
in patients receiving pelvic, thoracic and head and neck
irradiation in a number of comparative trials [24]. Most
trials have demonstrated benefit from the addition of
amifostine. No evidence of tumour protection so far has
been reported in clinical trials [24]. Amifostine might be a
promising modulating agent for chemoradiation regi-
mens, because of its broad spectrum of cytoprotection,
but so far only a few studies have reported a role for
amifostine in combinations of radio- and chemotherapy.
In vivo and clinical data for the use of amifostine in
combination with gemcitabine and radiotherapy are still
preliminary. In mice, amifostine protected the gemcita-
bine-radiosensitised mucosa from acute radiation
damage [36]. Yavuz and colleagues investigated the
potential role of amifostine in combined-modality
schedules incorporating gemcitabine and radiotherapy in
10 patients [37]. Based on the higher maximum tolerated
dose, they concluded that amifostine might indeed opti-
mise the therapeutic index of gemcitabine-based chemo-
radiation regimens. Another study is still ongoing [38].

In our study, we investigated the combination gem-
citabine and radiation and the cytoprotective agent
amifostine in vitro. Amifostine with AP clearly showed a
protective effect in cells treated with gemcitabine and
radiation treatment. In combination with gemcitabine
concentrations resulting in a clear radiosensitising effect
(4 nM in H292 and 2 nM in ECV304), the protective
effect of amifostine and AP was to the same extent as the
radioenhancement of gemcitabine. This would mean that
amifostine with AP actually negates the radiosensitising
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effect of gemcitabine. With a higher concentration of
gemcitabine, the protective effect of amifostine with AP
was comparable to the effect seen with a lower dose of
gemcitabine, which means that the radiosensitising
effect of gemcitabine was not completely reduced by
amifostine. Protection against the gemcitabine/radia-
tion-induced toxicity is most probably not a direct
reduction of the radiosensitisation, but only a radio-
protective effect. However, it remains important to
know that the protective effect of amifostine in combi-
nation with gemcitabine and radiation is to the same
extent as the radiosensitising effect of gemcitabine.
Thus, if the protection by amifostine in vivo selectively
occurs in normal tissues, then amifostine should be able
to prevent or strongly minimise the increased toxicity
that results from the radiosensitising effect of gemcita-
bine, without influencing the antitumour effect. There-
fore, the use of amifostine might be important in the
optimisation of this combined therapy.

In conclusion, our in vitro model forms a good basis
for extensive in vitro research on the combination of
gemcitabine and radiation treatment. We observed a
clear concentration- and cell line-dependent radio-
sensitising effect of gemcitabine in vitro. This study will
be expanded with more cell lines and different schedules
to further investigate the effects of gemcitabine. Since
increased toxicity is an important limiting factor in the
combined use of gemcitabine and radiotherapy, our in
vitro results on the protective effect of amifostine might
lead to further improvements in the in vivo application
of this promising combination.
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