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Abstract—The synergic effects on HeLa cells between 1-hexylcarbamoyl-5-fluorouracil
(HCFU), a lipophilic masked compound of 5-fluorouracil (5-FU), and hyperthermia were
investigated, with the following results: (1) After the cells had been exposed to the drug at
77 uM for 1, 2 or 3 days, with or without heat (43°C) for 2 h, treatment with HCFU and
heat inhibited cell growth by 9.2% on day 3, compared to control cells, HCFU alone, heat alone
or the combined treatment with 5-FU plus heat. (2) The cells were exposed to the drugs at
77 WM or heat (43°C) for 15-45 min and the colonies counted on day 14. Combined treatment
with HCFU plus heat inhibited the clonogenicity of HeLa cells to 22.4% of findings in the
control cells and as compared to findings with other treatments. The combination of 5-FU, n-
hexylamine and heat had much the same effect as the combined effect of the treatment of HCFU

plus heat. (3) Intracellular levels of the drugs did not increase with hyperthermic treatment.
Our findings suggest that it is the hexylcarbamoyl structure of HCFU that relates to the
synergic effect between HCFU and hyperthermia. This combination is expected to have positive

effects for treating patients with malignancy.

INTRODUCTION
HypeRTHERMIA enhances the cytotoxic effect of
some, but not all, antitumour drugs and the magni-
tude of the enhancement varies with the drugs [1].
Hence, the combined effect of chemotherapy agents
and hyperthermia for treating clinical cancer has
gained much attention [1-5].

The pyrimidine analogue 5-fluorouracil (5-FU)
is one of the few drugs with definite positive effects
in the treatment of solid tumours. There are reports
on the combined effect of 5-FU plus hyperthermia
[6, 7]. No synergy in cytotoxic effect was noted
between 5-FU and hyperthermia [1, 3-5]. Mizuno
et al. [3] and Rose et al. [4] found no enhancement
of the cytotoxic effect of 5-FU at temperatures of
42°C and 38.9°C. 1-Hexylcarbamoyl-5-fluoroura-
cil (HCFU), a lipophilic masked compound of 5-
FU given orally, has a higher therapeutic ratio and
a wider tumour spectrum than does 5-FU, in a
variety of experimentally induced tumours [6-11].
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In Japan, this drug is prescribed for treatment of
patients with gastrointestinal and breast cancers
[12-14]. The sensitivity to HCFU under conditions
of an elevated temperature has apparently not been
documented. We report here the synergy in cyto-
toxic effect between recombinant HCFU and heat
in HeLa cells.

MATERIALS AND METHODS

Chemicals

5-FU was from Kyowa Hakko Co. Ltd. (Japan),
HCFU was from Mitsui Pharmaceutical Inc. Ltd.
(Japan) and n-hexylamine was from Sigma Chemi-

cal Co. (U.S.A)).

Cell cultures and treatment

HeLa cells were grown in Eagle’s minimal essen-
tial medium (MEM) (Nissui Pharmaceutical Co.,
Japan) containing L-glutamine (292 mg/ml), 10%
foetal calf serum (Gibco Laboratories, U.S.A.), peni-
cillin (100 U/ml), streptomycin (100 pg/ml) and
gentamycin (40 pg/ml). Stock cultures were main-
tained in a humidified 5% CO, atmosphere at
37°C. These cells were exposed to 5-FU or HCFU
at 77 pM [10] for the indicated time or heat (43°C)
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for 2 h in a model 7100 incubator (Napco Scientific
Co., U.S.A.), following exchange of the fresh
medium and warmed at the indicated temperature.
For clonogenicity, 3 X 10? cells were plated into
60 mm plastic dishes in the absence of the drugs
and were incubated at 37°C in a humidified 5%
CO, atmosphere for 2 days. The cells were then
exposed to various concentrations of 5-FU or HCFU
(with or without the same concentration of n-hexyl-
amine, which is similar to the hexylcarbamoyl side-
chain of HCFU) at 43°C for 15, 30, 45 min. After
washing three times with phosphate buffered saline
(PBS), the cells were incubated and maintained
under the conditions described above. The colonies
were determined on day 14. Clusters over 0.5 mm
in diameter were counted as one. The control dishes
usually contained 130-150 colonies.

Uptake of the drug

HeLa cells were exposed to 5-FU, HCFU, 5-FU
plus n-hexylamine or HCFU plus n-hexylamine,
either alone or in combination with hyperthermia,
at a concentration of 77 pM for 60 min and the
intracellular levels of 5-FU and HCFU were deter-
mined by the following method [10, 15]. 1 X 107
cells were dissolved in 1 ml of distilled water. A
suspension of 0.5 ml was put into a test tube con-
taining 5-chlorouracil as an internal standard. Next,
0.5 ml of 0.5 N HCI and 6 ml of CHCI; were added
and the aqueous layer was used to determine the
level of 5-FU. The level of HCFU was assessed by
determining the level of total 5-FU, then subtracting
the level of 5-FU from this amount of total 5-FU.
To extract total 5-FU, 0.3 ml of 6 N NaOH was
added, the mixture was incubated for 10 min in a
50°C water bath and all substances with the struc-
ture of HCFU or 5-FU were converted to 5-FU. The
hydrolysed solution was acidified to a maximum pH
of 2 using HCI, then CHCl; was added and the
preparation centrifuged. XAD-2 resin, 0.5 ml, was
added to the upper layer and the aqueous layer
separated and evaporated. The residue was dis-
solved in 0.5 ml of 1 M PBS (pH 7.0). Ten milli-
litres of ethyl acetate were added, the preparation
centrifuged to separate the ethyl acetate layer and
then evaporated. The level of total 5-FU in the
residue was analysed using gas
chromatographic—mass spectrometric determi-
nations (GC-CI-NS system, model JMX-DX 300,
manufactured by JEOL).

RESULTS

Inhibition of cell growth

The cytotoxic effect of HCFU combined with
hyperthermia against HeLa cells was assessed using
the dye exclusion method [16]. 5-FU, HCFU and
hyperthermia individually affected cell growth.
However, HCFU combined with hyperthermia
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Fig. 1. Changes in the number of HeLa cells exposed to 5-FU or HCFU,

either alone or in combination with heat. 8 X 105 HeLa cells were

incubated for 48 h and then exposed to the drug at 77 uM for the

indicated time or heat (43°C) simultaneously for 2 h. The cell number was

determined at 24, 48 or 72 h. 1, Control; 2, 5-FU; 3, HCFU; 4, heat,
5, 5-FU plus heat; 6, HCFU plus heat; bars, S.E.

greatly inhibited the cell growth. At 77 pM of
HCFU, the surviving fraction of HeLa cells
decreased after 72 h to 9.2% of that in the control
cells with a 2-h heat treatment (Fig. 1). On the
other hand, at the same concentration of 5-FU,
the surviving fraction decreased to 18.3% of the
findings in the control cells.

Clonogenic assay

Hela cells treated with 5-FU, HCFU or both
plus n-hexylamine, either alone or in combination
with hyperthermia (43°C), led to the survival
response shown in Fig. 2. The interactive effect was
maximal with HCFU and heat given simul-
taneously. The combination of 5-FU, n-hexylamine
and heat also showed a considerable cytotoxicity
while HCFU plus n-hexylamine combined with
heat showed no difference from the results with
combination of HCFU and heat.

Intracellular levels of 5-FU and HCFU in HeLa cells
The uptake of 5-FU into HeLa cells was deter-
mined and the levels of each drug are shown in
Table 1. This total level of 5-FU in HCFU-treated
cells was about 2.5 times that in the 5-FU-treated
cells. However, hyperthermia-related increases in
the intracellular levels of drugs were never evident.

DISCUSSION
HCFU is a lipophilic masked compound of 5-FU
with high antineoplastic activity against various
murine tumours [11] and a low toxicity to the host,
as compared with the other pyrimidine analogues
[17]. We reported that HCFU was twice as active
as 5-FU in the case of HeLa cells and human cancer
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Fig. 2. Effects of 5-FU, HCFU and/or n-hexylamine, either alone or in

combination of heat, on colony formation of HeLa cells. 3 X 10? HeLa

cells were exposed to the drug at 77 WM with heat for the indicated times

and maintained for 14 days at 37°C. 1, Heat; 2, 5-FU, 3, n-hexylamine;

4, 5-FU plus heat, 5, HCFU; 6, 5-FU plus n-hexylamine; 7, n-

hexylamine plus heat; 8, 5-FU plus n-hexylamine plus heat; 9, HCFU
plus heat.

Table 1. Changes in intracellular levels of 5-FU and HCFU
Jfollowing exposure of HeLa cells to the drug at 77 pM with or
without heat

Treatment Concentration {j.g/10° cells)
5-FU HCFU fraction
5-FU* 0.171
5-FU* + heatt 0.150
HCFU* 0.158 0.363
HCFU* + heat 0.150 0.279

*77 wM of 5-FU or HCFU, 1 h.
143°C, 1h.

tissue, in vitro [10]. Hyperthermia enhances the
targeting of chemotherapeutic agents, since cell
killing within the region of elevated temperature is
accelerated but systemic toxicity is minimal
(6,9, 18]. We found no evidence of synergy in
the cytotoxicity of 5-FU and hyperthermia, yet
hyperthermia did enhance the activity of HCFU
against HeLa cells as compared to findings with 5-
FU.

Putative mechanisms of this synergic effect are:
(1) enhancement of cytotoxicity of HCFU with

increased uptake of the drug by hyperthermia, (2)
the influence of the hexylcarbamoyl structure of
HCFU.

(1) Other workers reported that hyperthermia
increases the uptake of adriamycin [19-21], dauno-
rubicin [22], actinomycin D [23], bleomycin
[20, 24] and peplomycin [25]. We reported that the
higher intracellular level of HCFU plus 5-FU would
explain the higher sensitivity of HCFU, compared
to 5-FU [10]. To support this hypothesis, the intra-
cellular levels of HCFU plus 5-FU in the HCFU-
and heat-treated cells and that of 5-FU in the 5-
FU- and heat-treated cells were measured and the
findings were compared with levels of these drugs
in cells not exposed to hyperthermia. The level of
total 5-FU in the HCFU-treated cells was twice as
high as that of 5-FU in the 5-FU-treated cells [10].
However, the levels in the hyperthermic state and
at a normal temperature (37°C) showed little differ-
ence. Therefore, this hypothesis was not tenable.

(2) Secondly, the lipophilic side-chain of HCFU
was given attention. The increase in intracellular
levels of HCFU and 5-FU in the HCFU-treated cells
could be explained if the hexylcarbamoyl structure
relates to the rapid uptake of HCFU, through the
lipophilic cell membrane, compared to 5-FU, and
ifHCFU is converted to 5-FU within a short period.
ligo et al. [26] reported that the structure facilitates
rapid absorption through the gastrointestinal tract
and blood—ascites barrier. n-Hexylamine has a simi-
lar structure to the hexylcarbamoyl side-chain of
HCFU. The combination of 5-FU and n-hexylamine
at an elevated temperature had a cytotoxic effect
comparable to that of HCFU plus hcat. Therefore,
the lipophilic hexylcarbamoyl structure may alter
the authentic architecture of cell membranes, under
conditions of high temperature, and if so, then this
event would be an essential factor in the synergy
recombinant between HCFU and hyperthermia.

Clinical colorectal cancer has remained resistant
to chemotherapy [27]. Niimoto ¢/ al. {28] found that
patients with a non-curatively resected colorectal
cancer responded to the post-operative chemo-
therapy of mitomycin C and HCFU, compared
to the effectiveness of mitomycin C. We obtained
evidence that HCFU was more effective for colorec-
tal cancer than was 5-FU and five other drugs,
determined by using the chemosensitivity test
{29, 30]. The combined cffect of HCFU and hyper-
thermia is expected to show bencficial effects for
patients with colorectal cancer.
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