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Desferrithiocin (DFT) is an orally e�ective Fe chelator, with a similar high a�nity and selectivity for
Fe to desferrioxamine (DFO), which has been shown clinically to possess antineoplastic activity. In
this study, DFT was assessed for antineoplastic potential in hepatocellular carcinoma cell lines
(HCC). This was done as there are few treatments for this aggressive neoplasm. The e�ects of DFT
on cell proliferation, cell cycle progression, Fe uptake and toxicity were examined. To establish
whether DFT was selective for cancer cells a comparison was made with normal (non-proliferating)
hepatocytes and non-tumorigenic (proliferating) ®broblasts (SWISS-3T3). DFT was a potent
inhibitor of HCC proliferation (IC50*40 mM). DFO also inhibited HCC proliferation under the
same conditions, but was much less active (IC50=110 ± 210 mM). When saturated with Fe, the
activity of DFT, like DFO, was greatly diminished, suggesting it may act by depriving the cells of Fe
or inactivating essential Fe pool(s). Indeed DFT rapidly decreased Fe uptake from Tf-59Fe by
hepatoma cells and also by normal hepatocytes. However, DFT (and DFO) had much less e�ect on
cell survival in hepatocytes and ®broblasts than in hepatoma cells. DFT may, like DFO, inhibit the
cell cycle in the S phase of DNA synthesis. Both chelators showed low toxicity. These results
indicate that DFT has potent antineoplastic activity in HCC. Further investigation into the DFT
class of Fe chelators seems warranted, particularly in view of its high activity in relation to DFO, a
chelator which is already in clinical trial for neuroblastoma.
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Abbreviations: AST, aspartate amino transferase; BSA, bovine serum albumin; BSS, balanced salt solution; DFO, desferriox-
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micromolar; Tf, transferrin

Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes
of cancer morbidity and mortality in the world, accounting

for well over one million deaths per year (Lau et al., 1997).
Prognosis of patients diagnosed with HCC is poor, with long-
term survival quite rare (Rustgi, 1998). Liver resection is the
only curative treatment at present but remains applicable in

only 10 ± 15% of cases (Schafer & Sorrell, 1999). Hence
investigation into alternative treatment methods and strate-
gies such as chelation therapy for treatment of HCC are

necessary.
Traditionally, Fe chelators have been investigated as

potential therapeutic agents for diseases of Fe overload e.g.

thalassemia. Desferrioxamine (DFO), a siderophore isolated
from Streptomyces pilosus, is the only chelator in regular
clinical use for the treatment of Fe overload. In several

previous studies DFO has been shown to inhibit cellular
proliferation in a number of neoplastic cell types in vitro by
preventing Fe uptake (Becton & Bryles, 1988; Bierer &
Nathan, 1990; Blatt & Stitely, 1987; Blatt et al., 1988;

Kaplinsky et al., 1987; Nastruzzi et al., 1989; Richardson et
al., 1995). For example Blatt & Stitely (1987) reported the
anti-neoplastic activity of DFO against two neuroblastoma

cell lines and found the activity of DFO to be dose-dependent
(Blatt & Stitely, 1987).

In addition DFO has been shown to be an e�ective anti-
cancer agent in vivo, halting tumour advancement in a 6 week
old infant with acute lymphoblastic leukaemia (Donfrancesco
et al., 1993). Subsequent clinical studies on neuroblastoma

patients have con®rmed this potent anti-neoplastic activity
(Donfrancesco et al., 1990; 1992; 1993; 1995). For example,
in one study involving 65 patients with advanced neuro-

blastoma (Donfrancesco et al., 1995), DFO (80 mg kg71 per
day), administered by intravenous infusion, caused a
complete or partial response in 88% of patients. Despite its

demonstrated activity as an antineoplastic agent, the
e�ectiveness of DFO is limited by its relatively slow
membrane permeability and its susceptibility to hydrolysis,

which precludes oral administration (Ho�brand, 1994).
Another more lipophilic chelator, desferrithiocin (DFT), is

also a siderophore, isolated from Streptomyces antibioticus
(Anderegg & Raber, 1990). Despite being structurally

unrelated to DFO, DFT has a similar selectivity and very
high binding a�nity for Fe (Hann et al., 1990; Peter, 1985)
and hence may also prevent tumour cell proliferation.

Originally, DFT was investigated for the long-term treatment
of Fe overload and was shown to be a highly e�ective and
orally active Fe chelator (Baker et al., 1992b; Bergeron et al.,
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1990; Bergeron et al., 1990; Longueville & Crichton, 1986;
Wolfe et al., 1989). Unfortunately, when administered for
long time intervals at concentrations su�cient to decrease Fe

overload, there was evidence of toxicity (probably caused by
the Fe chelate, ferrithiocin (FT) (Baker et al., 1992b;
Bergeron et al., 1993), resulting in DFT being withdrawn
from development for long-term therapy. However, DFT or

one of its analogues may hold potential as a short-term
chemotherapeutic agent, alone or in conjunction with other
agents e.g. hydroxyurea.

Besides DFO, investigations into the use of iron chelators
in chemotherapy have so far been limited to a few
compounds including pyridoxal isonicotinoyl hydrazone

(PIH) and a number of its analogues (Darnell & Richardson,
1999; Richardson et al., 1995; Richardson & Milnes, 1997),
Deferiprone (L1) (Chenou® et al., 1998; Cragg et al., 1998;

Hileti et al., 1995) and most recently, Tachypyr (Torti et al.,
1998). The present study is an investigation of the potential
antineoplastic activity of DFT, assessing both rat and human
hepatoma cell lines in comparison with a non-tumorigenic

proliferating cell line (®broblasts) and normal non-proliferat-
ing rat hepatocytes. Chelators assessed included DFT and its
ferric complex FT, and other less lipophilic Fe chelator

maltol (MAL) and its ferric complex (MALF). Maltol, a
product of carbohydrate degradation, has been shown to
induce dose-dependent toxicity in neuroblastoma cell lines

(Hironishi et al., 1996) and was thus included in this study
for comparison with DFT. DFO was used as reference
chelator in all experiments because of its clinically demon-

strated antineoplastic activity (Becton & Bryles, 1988; Bierer
& Nathan, 1990; Blatt & Stitely, 1987; Blatt et al., 1988;
Kaplinsky et al., 1987; Nastruzzi et al., 1989; Richardson et
al., 1994). Chelators were assessed in vitro in four ways: ®rst,

by observing their e�ect on cell survival and proliferation
using the MTT assay (Mosmann, 1983) and second, by
directly examining their e�ect on Fe uptake from 59Fe-Tf

(Baker et al., 1992a). In addition, their site of action was
investigated by comparing cell cycle progression in cells
exposed to the di�erent chelators, and their toxicity assessed

from the release of cytoplasmic aspartate amino transferase
(AST).

Methods

Materials

The radioisotope 59Fe (FeCl3) was purchased from Dupont
(Sydney, NSW, Australia). Human apo-transferrin, dexa-

methasone and bovine serum albumin (BSA) were purchased
from Sigma Chemical Company (St Louis, MO, U.S.A.).
Minimum Essential Medium (MEM), foetal calf serum

(FCS), penicillin G, streptomycin sulphate and trypsin-EDTA
were obtained from Gibco ±BRL (Melbourne, Victoria,
Australia). Insulin was supplied by Commonwealth Serum
Laboratories (Melbourne, Victoria, Australia). Pronase was

purchased from Boehringer Mannheim Biochemica (Mann-
heim, Germany). Non-essential amino acid concentrate
(1006) for MEM Eagle was obtained from ICN Biochem-

icals (CA, U.S.A.), fungizone (amphotericin B) from Trace
Bioscience Pty Ltd (Australia) and Triton X-100 from Ajax
Chemicals (NSW, Australia). Balanced salt solution (BSS)

was prepared using the method of Hanks & Wallace (1949).
The synthetic medium, Ultroser G was obtained from
Sepracor (la Garenne, France). All chemicals used in this

investigation were of analytical grade.

Chelators

The iron chelator desferrioxamine mesylate (DFO) was
purchased from Sigma Chemical Company, (St Louis, MO,
U.S.A.). DFT (2-(3-hydroxypyrid-2yl)-4-methyl-D2-thiazoline-

4(S)-carboxylic acid) and FT were synthesized and provided by
Novartis Pharma, (Switzerland) and prepared according to the
method described in Baker et al. (1992b). Novartis was also the

supplier of Maltol (MAL (3-hydroxy-2-methyl-4-pyrone)) and
MALF. Structures of chelators are shown in Figure 1.

Cell culture

Experiments were performed on human and rat hepatocellular
carcinoma cell lines which had di�erent levels of di�erentia-

tion and doubling times (Table 1) (Aden et al., 1979;
Nakabayshi et al., 1982). These included the rat hepatoma
cell lines HTC and McArdle 7777 (McArdle Labs, WI,

U.S.A.) and the human hepatoma cell lines wild type HepG2
(ATCC) and HuH7 (courtesy of Dr D. Trinder, Department
of Physiology, UWA, Australia). The mouse ®broblast cell

line (SWISS-3T3) was kindly donated by the Skin Culture
Unit (Princess Margaret Hospital, Perth, Australia). All
hepatoma cells were grown in MEM solution containing

FCS (10% v v71), penicillin (100 u ml71), streptomycin
(100 mg ml71), and fungizone (0.28 mg ml71). The ®broblast
cell line was grown in DMEM/Hams solution containing FCS
(10% v v71), penicillin (100 u ml71), and streptomycin

(100 mg ml71). All cells were grown in a Forma Scienti®c
incubator at 378C in an atmosphere of 5% CO2/95% air.

Isolation and culture of rat hepatocytes

The hepatomas' normal (non-proliferating) cell counterpart,

the hepatocyte was studied in parallel with the cancer cells.

Figure 1 Structures of Fe chelators. Chelators assessed included the
hexadentate DFO, the tridentate DFT, and the bidentate maltol.
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The primary culture of rat hepatocytes (from 7-week-old
male Wistar rats) was performed using standard techniques

previously described (Baker et al., 1992a) and was done in
accordance with the guidelines of the Animal Experimenta-
tion Ethics Committee (AEEC) of the University of Western

Australia. Isolated hepatocytes were grown in MEM contain-
ing fungizone (2.5 mg ml71), penicillin G, and streptomycin at
100 u ml71 and 100 mg ml71 respectively, dexamethasone
(0.4 mg ml71), and insulin (0.2 mg ml71), supplemented with

10% (v v71) FCS. Cells were plated out at a density of 106

cells ml71 and maintained in an atmosphere of 5% CO2/95%
air at 378C for 4 h. After that, cells were washed four times

with ice-cold BSS to remove non-viable cells and a synthetic
medium, Ultroser G (2% v v71 in MEM containing all the
above except the substituted FCS) was added to the plates.

The hepatocytes (70 ± 90% con¯uent) were used for uptake
studies the next day.

Protein labelling

Human apo-transferrin was radiolabelled with 59Fe according
to the methods of Hemmaplardh & Morgan (1977).

Cell survival and proliferation

Cell survival and proliferation were evaluated using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium) assay
(Mosmann, 1983). Cells were seeded aseptically into a 96-well

microtitre plate at a density of 104 cells in 110 ml in MEM
containing FCS (10%), fungizone (0.28 mg ml71), penicillin G
(100 u ml71), streptomycin (100 mg ml71), non-essential ami-

no acids (1006) (1% v v71) and human diferric transferrin
(1.25 mM). This density was shown previously to yield an
exponential growth of cells in the absence of chelators over a
48 h time period (data not shown). The chelators were ®rst

dissolved in the MEM solution mentioned above and added
to the cell suspension over a range of concentrations (0 ±
500 mM). Both a positive control (cells without the chelator)

and a negative control (media only) were also plated out and
the plates incubated over a 48 h period at 378C. MTT
(5 mg ml71) was then added to all wells and the cells

incubated for 2 h after which 110 ml of a solution containing
SDS (10%) and isobutanol (50%) in 0.1 M HCl was added

and the plates reincubated for at least another 2 h at 378C.
The level of dissolved formazan product was then read at
595 nm on a BIORAD 3550 microplate reader and the

concentration causing 50% inhibition of cell growth (IC50)
determined.

Chelator selectivity

Speci®city of chelator activity for hepatoma cells was assessed
by incubating the di�erent cell types with varying concentra-

tions of Fe chelators over 48 h at 378C. An MTT assay (see
above) was then performed to assess viability.

Iron uptake

Cells in the exponential phase of growth were incubated in a

MEM solution (pH 7.4) containing HEPES-Tris bu�er
(20 mM), BSA (10 mg ml71), the Fe chelator (0 ± 500 mM)
previously dissolved in MEM, and 59Fe-Tf (2.5 mM Fe) for up
to 24 h. After the incubation period had elapsed, the cells

were washed ®ve times with ice cold BSS. Pronase (1 mg ml)
was then added and the cells incubated for a further 30 min
at 48C. The suspension was centrifuged for approximately

1 min at 10,0006g to separate the membrane bound
(Pronase sensitive) and internalized (Pronase resistant) 59Fe-
Tf fractions which were then counted on a LKB Wallac 1282

Compugamma universal g counter (Turku, Finland). Parallel
studies were conducted on the primary cultures of adult rat
hepatocytes to assess the e�ects of Fe chelators on Fe uptake

by the normal non-proliferating cell counterpart of hepatoma
cells.

Toxicity

Toxicity was assessed by measuring the release of cytosolic
aspartate aminotransferase (AST) from cells incubated with

or without chelators, using the AST assay kit from Sigma.
Cells in exponential phase of growth rate were incubated in
MEM (pH 7.4) containing FCS (10% v v71), penicillin

Table 1 Biochemical pro®les of the hepatoma cell lines used in the present study

Q7 HTC HepG2 HuH7

Species rat rat human human
Tissue hepatocellular carcinoma hepatocellular carcinoma hepatoblastoma hapatocellular carcinoma
Carcinogen H-2-FPA N, N'-2,7-fluorenylenebis-

2,2,2-trifluoracetimide
NA NA

Estimated doubling
time (h)

14 20 19 20

Growth on
solid media

+ + ? ?

Multilayering + + ? ?
Protein synthesis
Alb + 7 + +
Tf + 7 + +
AFP + 7 + +
TAT 7 + ? ?
Reference Yeoh Yeoh Aden et al., 1979 Nakabayashi et al., 1982

+, expression of trait; 7, no expression of trait; NA, non applicable; ?, unknown. The two rat and two human hepatoma cell lines
used in this investigation, varied in doubling times, tumorigenicity and protein expression. ATCC, American Type Culture Center; G.
Yeoh (Biochemistry Department, UWA, Aust, personal communication).
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(100 u ml71), streptomycin (100 mg ml71), fungizone
(0.28 mg ml71) and the chelator ([ ]=IC50 or 500 mM) for
either 2 or 24 h. The incubation medium (e�ux fraction) was

collected, the cells were washed ®ve times in cold BSS, and
Pronase added (1 mg ml71) to separate the membrane-bound
and internalized fractions. The amount of AST in each
fraction was measured according to the manufacturer's

instructions (Sigma Chemical Co, U.S.A.).

Cell cycle analysis

Cells were analysed using ¯ow cytometry (FACSCalibur1

Becton-Dickinson, CA, U.S.A.) to measure the chelators'

e�ects on the cell cycle. Cells were seeded and maintained in
25 cm2 ¯asks until they reached the exponential phase of
growth. Once in this phase, cells were incubated with the

chelators at their IC50 concentration or 500 mM for 24 h,
under standard conditions. Cells were then harvested, washed
once with PBS, and then ®xed with 70% ethanol for 1 h on
ice. Cells were washed again before Ribonuclease A

(0.5 mg ml71) in the presence of 0.2% Triton X-100 in
H2O, was added and left to incubate at 378C for 30 min. This
was done in order to digest all RNA present and prevent any

non-speci®c binding. Cells were ®nally stained with propi-
dium iodide (50 mg/ml71) for 10 min on ice, then ®ltered
through a 100 mm cell strainer prior to analysis.

Statistical analysis

Unless stated otherwise, all results were compared using the
Student's paired t-test at the 95% con®dence level. Experi-
ments were conducted at least twice and all values from the
uptake experiments are the mean of triplicates within each

experiment. IC50 concentrations were determined from two
experiments, each containing eight replicates.

Results

Cell proliferation

DFT was the most e�ective chelator, consistently inhibiting
cell proliferation in all hepatoma types, with an IC50 value of

approximately 40 mM under these conditions (Table 2). In
contrast its ferric form, FT, was only 10% as e�ective and
inhibited cellular proliferation in only two of the cell lines

(Table 2). It is worth noting that DFO was far less e�ective
than DFT under the same conditions, and varied widely in
activity between the di�erent hepatomas, being most active in
the fastest growing hepatoma, Q7. The other Fe chelator,

MAL, was ine�ective at inhibiting cell proliferation in any
cell type (IC504500 mM). However its Fe complex (MALF)
showed slight activity (IC50=210 ± 420 mM), presumably

inhibiting cellular proliferation by a di�erent mechanism
than Fe chelation.

The level of di�erentiation in the cell lines had little impact

on the overall antiproliferative activity of DFT. Firstly, the
e�ect of DFT on cellular proliferation was not species
dependent, with similar antiproliferative e�ects in rat and

human hepatoma cells (Table 2). Nor was the e�ect of the
di�erent carcinogens used to induce tumour growth in the rat
(Table 1) an in¯uential factor on antiproliferative activity
(Table 2). Cell protein expression patterns and doubling times

also di�ered markedly between the two rat HCC lines, but
without e�ect on the chelators' activity.

Interestingly, DFO activity in the hepatoma cell lines was

more varied than DFT. Like DFT, the antiproliferative
activity of DFO was not species speci®c, however the
proliferation rate was important with higher activity (Table

2) in the more rapidly proliferating Q7 cells (doubling time
14 h, Table 1) than in HTC, HepG2 or HuH7 cells (doubling
times &20 h, Table 1). Since DFT was clearly the only

chelator to have a marked e�ect on cell proliferation in all
cell types, all subsequent experiments centred on this ligand
to further investigate its mechanism of action.

Effect of DFT on cell survival: comparison with normal
rat hepatocytes and fibroblasts

DFT caused a marked concentration-dependent decrease in
hepatoma cell viability after 48 h exposure (Table 3)
decreasing to 28 ± 42% of control values at 50 mM. A much

greater e�ect was observed when hepatoma cells were
exposed to DFT than DFO, paralleling di�erences in their
IC50 concentrations determined previously (Table 2). In
contrast, when SWISS-3T3 ®broblasts were incubated with

low concentrations (50 ± 100 mM) of DFT and DFO over a
similar period, cellular viability was only reduced slightly
(78 ± 93% of control). Similarly, viability of primary cultures

of hepatocytes was also only decreased slightly to 89 ± 99% of
control at the same concentrations. When exposed to a very
high concentration of either DFT or DFO (500 mM), the

viability of the ®broblasts was still high (between 72 ± 76% of
control), being approximately 3 fold greater than the
hepatoma viability (21 ± 37%) (Table 3). Similarly, when

hepatocytes were exposed to either DFT or DFO at the high
concentration, viability was reduced to 75 ± 78% of control,
but still was markedly greater than that observed in
hepatoma cells (Table 3).

Effects of Fe chelators on Fe uptake

Kinetic studies were performed to determine whether a
correlation existed between the inhibition of cellular survival
and proliferation and inhibition of Fe uptake. Results

Table 2 E�ect of Fe chelators on hepatoma proliferation

IC50 (mM)
Rat Human

Q7 HTC HepG2 HuH7

DFO 110 180 210 170
DFT 40 40 35 40
FT 4500 435 4500 460
MAL 4500 4500 4500 4500
MALF 4500 340 210 420

After 48 h incubation with the Fe chelator, cells were
incubated with MTT and the dissolved formazan product
measured spectrophotometrically at 590 nm. Concentrations
of Fe chelators that inhibit hepatocellular carcinoma
proliferation by 50% (IC50), were then determined. Chela-
tors used included desferrioxamine (DFO), desferrithiocin
(DFT), ferrithiocin (FT), Maltol (MAL) and the ferric
complex of Maltol (MALF). Results expressed are means
from eight replicate samples from two separate experiments.
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obtained showed that DFT inhibited Fe uptake in all cells

(Figure 2). Comparing the four cell lines tested, after 20 min
exposure to DFT (500 mM), Fe uptake varied from 12 ± 42%
of control (P50.05). In contrast, DFO (500 mM) had very

little e�ect on Fe uptake over the same period. Over a 24 h
period, DFT inhibited Fe uptake in a concentration-
dependent manner (Figure 3), to around 20% of the control
even at 50 mM. In contrast to its lack of activity over the

short-term incubations, DFO over 24 h incubation also
inhibited Fe uptake in a concentration-dependent manner,
although much less than DFT.

Fe uptake by the hepatoma cells over short-term
incubations appeared to be inversely related to their
proliferation rates, being greatest in Q7 hepatoma cells with

the shortest doubling time (Table 4). However this was not
the only factor since Fe uptake into all cell lines over a longer

period of incubation (24 h) did not correspond to their
doubling periods. For example despite having the fastest
proliferation rate, Fe uptake into Q7 cells was lower at 24 h

than that of HuH7 cells, which have a slower doubling period
(Tables 1 and 4). In contrast, DFT was far more active than
DFO, reducing Fe uptake between 70 ± 85% over the short-

term incubation (Table 4) and 83 ± 100% when incubated
over 24 h.
When levels of inhibition estimated from the MTT assay

and Fe uptake studies were compared (Figure 4), it was
observed that generally the inhibition in proliferation with
DFO correlated with a similar decrease in Fe uptake. This
suggested that the antiproliferative e�ects of DFO were

entirely associated with its ability to inhibit Fe uptake by
cells (Figure 4). In contrast, the levels of inhibition of Fe
uptake observed with DFT were consistently greater than the

corresponding decrease in cell proliferation.

Comparison of the effects of Fe chelators on Fe uptake by
normal rat hepatocytes and hepatoma cells

To determine whether there was any selectivity for neoplastic
cells in the activity of the chelators in relation to Fe uptake,

hepatoma cells and hepatocytes were compared over 24 h. Fe
uptake into hepatocytes as well as hepatomas was signi®-
cantly a�ected by both DFT (P50.001) and DFO (P50.01)

(Figure 5) with the inhibitory e�ect of DFT being much
greater than that of DFO at all concentrations. At a low
concentration (50 mM) the e�ect of DFT on Fe uptake in

hepatocytes di�ered signi®cantly from the rat hepatoma
(P50.01) but was comparable to the e�ects seen on the
human hepatoma cell line. E�ects of DFT at higher

concentrations were more comparable. Interestingly, the
e�ects of DFT on the rat and human HCC cell lines also
di�ered signi®cantly (P50.01). DFO also decreased Fe
uptake in a concentration dependent manner in both

hepatocytes and hepatomas, with a greater e�ect being
observed in the hepatocyte cultures at low concentrations
(P50.01) (Figure 5).

Toxicity studies

The toxicity of DFT and DFO in HCC cells was determined
by measuring AST released when cells were incubated with
the chelators for 2 or 24 h at their IC50. AST release was also

Table 3 Selectivity of Fe chelators for hepatocellular carcinoma cells

Viability (%control)
DFO DFT

50 mM 100 mM 500 mM 50 mM 100 mM 500 mM

Hepatoma
Q7 60.8+4.6 46.3+3.6 26.5+1.7 38.2+2.3 40.9+3.7 21.6+1.2
HTC 90.4+3.7 60.5+6.2 24.6+3.1 42.5+3.0 40.5+1.7 37.1+0.9
HepG2 91.9+3.5 83.2+3.8 36.2+1.1 28.0+1.0 27.2+2.1 25.6+1.1
HuH7 93.5+3.4 70.9+5.0 23.4+1.9 31.5+2.1 32.2+3.6 32.3+1.4

Fibroblast
Swiss-3T3 89.4+4.8 87.4+6.2 71.9+9.7 92.8+3.4 78.2+4.6 75.8+1.1

Hepatocytes
Rat 97.7+2.3 96.7+3.3 78.9+6.6 99.6+5.5 89.1+8.7 75.4+4.9

Cells were incubated with various concentrations of Fe chelators (50, 100 or 500 mM) at 378C for 48 h. Cellular viability was then
assessed using the MTT assay. Results are expressed as a percentage of control and are the means of eight replicate samples+s.d. from
three separate experiments.

Figure 2 E�ect of short-term incubation (up to 20 min) with DFO
and DFT on Fe uptake. Cells were incubated with 59Fe-Tf
([Fe]=2.5 mM), at 378C with either DFO or DFT at 500 mM and
Fe internalization measured. Results are the means of triplicate
samples+s.d. from two experiments and are expressed as a
percentage of the control.
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measured at 500 mM for comparison with other studies.
Results showed that toxicity was dependent on both length of
exposure and chelator concentration (data not shown).

Toxicity was negligible when cells were incubated with
DFO or DFT for 2 h or 24 h at the IC50 (data not shown).
Toxicity was observed when cells were incubated with a high

concentration of each chelator (500 mM), although more
evident over 24 h than at 2 h incubation (data not shown).
Overall the toxicity of DFO (in clinical use) and DFT were

similar.

Cell cycle analysis

The e�ects of Fe chelators upon the cell cycle was assessed
after incubating cells with the chelators at their IC50 mM (as
shown in Table 2) over short (2 h) and long (24 h) periods.

The e�ects of DFT as well as DFO on the cell cycle were time
dependent. Over the 2 h incubation, both DFO and DFT had
very little e�ect on cell cycle distribution (data not shown)

despite being very e�ective at inhibiting Fe uptake at this time
point. After 24 h incubation with DFT, the proportion of cells
in G0 - G1 phase had decreased with a corresponding increase

in the proportion of cells in the S phase (Table 5). This was
less evident in HepG2 and HuH7 cells. Similarly when cells
were exposed to DFO over 24 h, the proportion of cells in G0-

G1 phase decreased, which corresponded to the increase in the
proportion of cells in the S phase.

Discussion

Often characterized by a rapid growth rate, neoplastic cells
require a number of di�erent growth factors including Fe in
order to proliferate. Hence restricting the supply of these

factors e.g. Fe with the use of Fe chelators, may hold
potential as a novel form of cancer therapy. The aim of this
investigation was to examine the e�ects of one particular Fe
chelator, DFT, for its potential anti-proliferative activity

using hepatoma cells as an example of an aggressive cancer
type. This compound is of interest as it has a similar a�nity
and speci®city for Fe to DFO (which is in clinical use for the

treatment of Fe overload disease and clinical trial as an
antineoplastic agent), with the advantage of being more
lipophilic and active when given orally (Baker et al., 1992b;

Figure 3 E�ect of long-term incubation (24 h) with DFO and DFT on Fe uptake. Cells were incubated with 59Fe-Tf
([Fe}=2.5 mM), over 24 h with 50, 100, or 500 mM of DFO or DFT. 59Fe internalization was measured and expressed as a
percentage of the control. Each value is the mean of triplicate samples+s.d. from at least two experiments. #, { and * denote a
signi®cant di�erence at the 0.05, 0.01 and 0.001 con®dence levels, respectively.

Table 4 Fe uptake by hepatocellular carcinomas

Fe uptake (nmol/g protein)
Control DFO (500 mM) DFT (500 mM)

20 (min) 24 (h) 20 (min) 24 (h) 20 (min) 24 (h)

Q7 36.66+0.86 1746.5+117.6 32.48+1.19 577.8{+75.2 5.14*+0.18 121.8*+24.5
HTC 14.70+0.98 863.8+38.1 13.15+0.23 147.9*+40.6 5.19{+0.08 7.1*+0.6
HepG2 15.06+1.10 1731.0+103.6 12.98#+0.26 449.9*+16.1 4.56*+0.26 62.6*+4.3
HuH7 15.58+2.50 3757.7+72.7 13.35+0.25 185.3*+7.9 3.47{+0.05 5.1{+0.5

Cells were incubated with the chelator (500 mM) over a short (20 min) or (24 h) time period. Cells were washed and centrifuged to separate
membrane bound and internalized. 59Fe fractions. Results shown are internalized data only and are the mean of triplicate samples+s.d.
from at least two experiments. (Signi®cance from control of the e�ect of chelation on Fe uptake. #P40.05; {P40.01 and *P40.001.
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Bergeron et al., 1993; Wolfe et al., 1989). From the results
obtained in this study, DFT was found to have high

antineoplastic activity and was signi®cantly more active than
DFO.
Results from this investigation suggest DFT to be a broad

acting antineoplastic agent, inhibiting cell proliferation
similarly in all hepatomas at a low concentration
(IC50&40 mM). The other chelators tested were either
ine�ective (MAL) at inhibiting cellular proliferation, or less

e�ective (e.g. DFO) and showed more selective action to
particular cell lines. The mechanism of action of DFT was in
part related to its ability to deplete cells of Fe essential for

proliferation, as FT is much less active. It is also important
to note though that inhibition of Fe uptake did vary between
the cell lines despite having similar e�ects on proliferation,

indicating that the activity of DFT is only partly explained by
its ability to bind to Fe and inhibit uptake. Interestingly, Fe
complexes of both DFT and MAL (FT and MALF

respectively) appeared to show slight activity, whether by
general toxicity or some other mechanism (Baker et al.,
1992b; Bergeron et al., 1994). In addition, a wide di�erence in
activity of DFT and FT compared to that of MAL and

MALF was observed. Since these latter chelators were only
e�ective at the upper end of the concentration range
examined, they were eliminated from further investigation.

However, it is of interest that MAL has been shown to be
much more active in neuroblastomas (Hironishi et al., 1996)
than in HCC (Table 2).

Results obtained in this study show that DFT is more
e�ective than DFO, consistently inhibiting growth of all
tumour cells at a much lower concentration. In contrast,

DFO inhibited cellular proliferation to a varying extent in the
di�erent cell lines with higher IC50 values of 110 ± 210 mM
determined. These correspond with estimates obtained (by
extrapolation) by Hann et al. (1990) but are higher than

those obtained by Voest et al. (1993) (IC50&100 mM).
Reports using hepatoma cell lines suggest a lower IC50

varying between 20 ± 60 mM (Kim et al., 1993; 1994). DFO

has also been reported to be active in vitro in neuroblastomas
(IC50=2.5 ± 50 mM) (Becton & Bryles, 1988; Brodie et al.,
1993; Selig et al., 1993; Timeus et al., 1994), glioblastomas

(IC50=10 ± 20 mM) (Brodie et al., 1993; Renton & Jeitner,
1996), neuroepitheliomas (IC50=20 mM) (Timeus et al., 1994)
and leukaemic cells (IC50=5± 50 mM) (Bomford et al., 1986;

Kaplinsky et al., 1987). In this study, the activity of DFT is
signi®cantly greater than DFO which has already been shown
to be clinically e�ective, yet the level of activity of DFO
(110 ± 210 mM) is much higher than its activity reported in

other investigations. This variation in absolute activity
suggests that the MTT assay is fairly insensitive. It may also
explain why DFT appears only to inhibit growth to 75%. It

may also be possible that DFT is not a high potency growth
inhibitor over a 48 h incubation but may require longer for a
complete inhibition of growth. Further studies are required

using a more sensitive clonogenic assay as well as measuring
the e�ects of DFT on apoptosis and DNA synthesis in the
di�erent cell types.
To be an ideal chemotherapeutic agent, an Fe chelator

should have little or no e�ect on normal cells. In this
investigation selectivity of action of DFT for cancer cells was
assessed using two criteria: cell survival and Fe uptake. Both

DFT and DFO exhibited greater activity against hepatoma
proliferation than the proliferation of a normal non-
tumorigenic cell, normal ®broblasts. Other investigations

have found DFO to be carcinoma-speci®c in that the
antiproliferative activity of DFO was seen only in liver
cancer cells and not in normal proliferating human diploid

cell lines derived from embryonic lungs or newborn foreskin
(WI-38 and MRHF respectively) (Blatt & Stitely, 1987; Hann
et al., 1990). The antiproliferative activity observed in the
hepatoma cells could not be directly compared to that of

their normal cell counterpart due to the very slowly
proliferating nature of the normal adult hepatocyte. How-
ever, the viability of primary cultures of rat hepatocytes was

only slightly reduced even when incubated over long periods
with either DFT or DFO. Whilst the exact cause of DFT's
apparent selectivity for tumorigenic cells over normal cells

Figure 4 Comparison of the e�ects of Fe chelators on cell
proliferation and Fe uptake. Cells were incubated with the chelator
(500 mM) and a MTT assay conducted after 48 h incubation and 59Fe
internalization measured after 24 h. Results are the mean (of
triplicate samples for Fe uptake or mean of eight samples from
two separate experiments for MTT)+s.d. and are expressed as a
percentage of controls. #, { and * denote a signi®cant di�erence at
the 0.05, 0.01 and 0.001 con®dence levels, respectively.

Figure 5 The e�ect of DFO and DFT on Fe uptake by hepatocytes
compared to hepatomas. Cells were incubated with the chelators at
50, 100 or 500 mM for 24 h. Internalized 59Fe was then measured and
is expressed as a percentage of the control. Results are means+s.d. of
triplicates from at least two experiments. #, { and * denote a
signi®cant di�erence at the 0.05, 0.01 and 0.001 con®dence levels,
respectively. (a) denotes the di�erence between the e�ect of chelators
in hepatocytes and hepatomas.
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remains uncertain, the fact the ribonucleotide reductase (an

Fe-containing enzyme required for the conversion of
ribonucleotides into deoxynucleotides for DNA synthesis)
shows the greatest increase in activity in tumour cells
compared to normal cells, may partly explain the greater

sensitivity of neoplastic cells to Fe chelators in general
(Chitambar & Seligman, 1986; Cory et al., 1985; Weber,
1977; Witt et al., 1979).

From this study it was observed that DFT lacked any
selectivity for hepatomas over hepatocytes with respect to Fe
uptake. Although not identical, the extremely signi®cant

inhibitory e�ects of DFT observed on hepatoma Fe uptake
was paralleled in normal rat hepatocytes, under similar
conditions. DFO also inhibited Fe uptake in both hepato-

cytes and hepatomas, although a greater e�ect was observed
in hepatocytes. Despite this hepatocyte viability was only
slightly reduced. Although not an ideal Fe chelator, DFO is
used clinically long-term to treat iron overload, despite its

limitations. Short-term chemotherapeutic regimens have been
associated with transient increases in serum F3 levels (Bierer
& Nathan, 1990). Administration of DFT, DFO or any other

Fe chelator over similar periods should not signi®cantly
reduce body Fe stores resulting in clinically important
manifestations. Whilst to our knowledge attainable plasma

levels of DFT have not been measured, numerous studies
have measured marked increases in Fe clearance in its
presence in vivo. Although its level of chronic toxicity is

unacceptable, DFT has been shown to be a highly e�ective
ligand at clearing Fe from rodents and primates when
administered orally (Bergeron et al., 1990; 1994).
Signs of toxicity from any compound with potential clinical

application are of major concern. This aspect was addressed
by measuring the e�ect of the chelators on the proportion of
the intracellular enzyme AST released into the culture media.

Results showed that any observed toxicity was determined by
the cell type, length of exposure and chelator concentration.
Previous in vitro studies found DFT to be cytotoxic in, for

example, peripheral blood mononuclear cells, above concen-
trations of 350 mM (Stahel et al., 1988). Baker et al. (1992b)
observed that DFT was only toxic to rat hepatocytes at very

high concentrations (4500 mM). At these concentrations,
DFT caused membrane disruption of rat hepatocytes
resulting in the release of intracellular AST. A similar study
by Stahel et al. (1988) found no signs of DFT toxicity in

cultured rat hepatocytes using a concentration range between
50 ± 200 mM. It is important to note that toxicity in this study
was only observed at concentrations far above current

clinically acceptable and attainable levels. However in a
previous long-term in vivo study (Bergeron et al., 1993), DFT
given orally at a dose of 150 mmol kg71 per day over a 10

day period to rats was found to be nephrotoxic. This and a
subsequent study (Bergeron et al., 1996) suggested that both
concentration and length of exposure to DFT were critical

factors in¯uencing toxicity. Results from this study con®rm
this ®nding and need to be addressed when DFT is assessed
in vivo for antineoplastic activity.

Preliminary ®ndings made in this investigation examining

the e�ects of chelators on the cell cycle revealed that DFO
inhibited DNA synthesis in the S phase. DFT blocked cell
cycle progression in a similar fashion. Other investigations

have found that DFO prevents progression from the early S
phase of the cell proliferation cycle in several cell types (Brodie
et al., 1993; Dezza et al., 1989; Kim et al., 1994; Lederman et

al., 1984; Nocka & Pelus, 1988; Renton & Jeitner, 1996). Both
chelators may act by inactivating intracellular Fe pool(s)
essential for the function of ribonucleotide reductase, which is

rate limiting in DNA synthesis. The changes in S phase
distribution do not fully parallel results obtained in the cell
proliferation studies and may be due to timing di�erences in
experimental protocol, since growth inhibition (and Fe

uptake) studies were estimated at 48 h whereas e�ects on cell
cycle was conducted at 24 h.

In summary, this investigation has shown DFT to be a

highly e�ective antiproliferative agent, which functions
similarly to DFO but is much more potent. Although less
active than some other chelators currently under examination

(Darnell & Richardson, 1999; Richardson et al., 1995;
Richardson & Milnes, 1997), the large gap between the
concentration of DFT showing e�ective antineoplastic
activity and the concentration causing a decrease in viability

in normal cells suggests further investigation into DFT's
antineoplastic activity in vivo is warranted. In addition,
analogues of DFT are being assessed. Bergeron et al.

(1999a, b, c) in a series of studies have shown that speci®c
deletions and substitutions on the DFT molecule can alter its
e�cacy and toxicity in relation to its use in Fe overload

diseases. Hence DFT's activity as an antineoplastic agent
may be enhanced further with manipulation of its chemical
structure, as currently observed with PIH and its analogues

(Darnell & Richardson, 1999; Richardson et al., 1995;
Richardson & Milnes, 1997).
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Table 5 E�ect of Fe chelator on the cell cycle

G0 ±G1 S G2 ±M

Q7
Control 64.2+0.3 14.1+1.4 15.1+3.9
DFO 27.8+2.4 48.6+4.7 16.5+6.8
DFT 46.8+5.8 27.6+7.5 16.7+3.6

HTC
Control 68.2+1.6 12.8+2.4 13.9+1.8
DFO 50.2+4.2 23.7+3.5 11.5+1.9
DFT 45.6+6.6 33.0+6.5 16.3+2.8

HepG2
Control 62.9+4.9 16.7+1.8 18.8+2.6
DFO 52.8+3.6 26.7+2.1 13.2+0.5
DFT 50.8+5.7 22.8+1.7 25.3+2.1

HuH7
Control 65.3+1.9 12.4+1.4 13.7+0.6
DFO 55.8+0.6 18.2+1.3 11.1+1.7
DFT 53.6+1.0 19.2+1.9 15.6+2.3

Cells were incubated with the chelator (IC50mM-as shown in
Table 2) at 378C for 24 h. Cells in G0 ±G1, S, and G2 ±M
phase were then detected by propidium iodide staining.
Results are expressed as a percentage of the total number of
cells counted and are the means of triplicate samples+s.d.
from two experiments.
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