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Abstract-The effect of deferoxamine on nucleotide metabolism in HG60 leukemic cells was studied 
to explore the mechanism of its antiproliferation activity. It was found that in intact cells deferoxamine 
markedly inhibited the ribonucleotide reduction and incorporation of bases (adenine, hypoxanthine), 
ribonucleosides (inosine, guanosine) and deoxyribonucleosides (thymidine, deoxyadenosine, deoxy- 
guanosine) into nucleic acids. Although deferoxamine did not inhibit thymidine and uridine incorporation 
into free nucleotides, inhibition of hypoxanthine and adenine incorporation into nucleotides as well as 
inhibition of nucleotide biosynthesis de novo was found. Nucleotide catabolism, protein synthesis, and 
intracellular levels of ribonucleotides were not affected significantly by deferoxamine. These results 
showed that deferoxamine selectively affects several specific reactions of nucleotide metabolism. Inhi- 
bition of ribonucleotide reduction, inhibition of ribonucleotide and deoxyribonucleotide incorporation 
into nucleic acids, as well as inhibition of purine biosynthesis, may alter significantly cellular physiology 
and, therefore, contribute significantly to the antiproliferative activity of deferoxamine. 

Deferoxamine (Desferal) is a well-known chelator 
of ferric ion, used therapeutically to decrease the 
amount of iron in overload diseases [ 1,2]. Since iron 
plays an important role in cellular physiology, the 
ability of deferoxamine to bind iron could have a 
number of effects on cellular events. Indeed, it was 
suggested that deferoxamine inhibits iron uptake and 
arrests DNA synthesis in HeLa cells [3,4]. Although 
non-dividing cells are resistant to iron deprivation, 
decrease of extracellular iron levels in the mitotic 
stage of HeLa cells rapidly inhibits DNA synthesis 
and cell proliferation [4]. Also, in PHA-stimulated 
peripheral blood lymphocytes, deferoxamine mark- 
edly decreases thymidine incorporation [5-71. 
Recent studies have shown that this hydroxylamine 
exhibits strong anti-proliferative action for both B 
and T human lymphocytes [3]. It was shown that 
deferoxamine equally inhibits DNA synthesis in both 
B and T cells and decreases intracellular levels of 
deoxyribonucleotides but not ribonucleotides. 
Detailed study on the effect of deferoxamine on the 
cell cycle showed that it is a reversible S phase 
blocking inhibitor [8]. Since similar findings were 
demonstrated with hydroxyurea, a known inhibitor 
of ribonucleotide reductase, this enzyme was con- 
sidered as a possible target for deferoxamine action 
[5,8], especially because ribonucleotide reductase 
requires iron for its catabolic activity [9]. Since it has 
been suggested that deferoxamine could be used as 
an antileukemic drug [8], in this study the effect of 
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deferoxamine on nucleotide and nucleic acid metab- 
olism was studied in a leukemic cell line (HL-60) to 
explain its mechanism of inhibitory action. 

MATERIALS ANII METHODS 

Chemicals. Radioactive [&!H]adenine and [G- 
3H]hypoxanthine were purchased from Amersham 
International (Amersham, U.K.). Radioactive 
adenosine , uridine, thymidine , cytidine , deoxy- 
adenosine, deoxyguanosine, guanosine and glycine 
were obtained from ICN (Irvine, CA, U.S.A.). 
Radioactive [G-3H]-L-threonine, [3H-methyZjthymi- 
dine, and [G-3H]valine were purchased from New 
England Nuclear (Boston, MA, U.S.A.). Non-radio- 
active purine and pyrimidine bases, nucleotides and 
nucleosides were obtained from the Sigma Chemical 
Co. (St. Louis, MO, U.S.A.). Deferoxamine (Des- 
feral) was obtained from CIBA GEIGY (Canada). 
13255 Cellulose TLC sheets were obtained from the 
Eastman Kodak Co. (Rochester, NY, U.S.A.). Poly- 
ethyleneimine-cellulose TLC sheets were purchased 
from the Fisher Scientific Co. (Don Mills, Ontario, 
Canada). Alamine- was a gift from the Henkel 
Corp. (Mississauga, Ontario, Canada). RPM1 
medium was obtained from the Ontario Cancer Insti- 
tute (Toronto, Ontario, Canada) and fetal calf serum 
(FCS) from Gibco (Grand Island, NY, U.S.A.). 

Incubation of cell with deferoxamine. HL-60 leu- 
kemic cells were cultured in RPM1 medium con- 
taining 10% heat-inactivated FCS. Cells were col- 
lected by centrifugation and resuspended in RPM1 
medium containing 10% FCS to obtain 2 x lo6 cells/ 
ml. Samples (1 ml) of cell suspension containing 
increasing concentrations of deferoxamine from 0 to 
500 PM were incubated for 24 hr. After incubation, 
cells were collected and resuspended in 0.1 ml of 
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medium containing the appropriate concentration of 
deferoxamine and then incubated with respective 
radioactive precursors. The presence or absence of 
deferoxamine during labeling did not affect the 
results. Increased density of cells (2 x lo6 cells/ 
0.1 ml) for incubation with radioactive precursors 
did not affect cellular metabolism during l-3 hr of 
incubation (ATP/ADP ratio > 8). Although 24-hr 
incubation with deferoxamine was provided for all 
the experiments presented, 6-hr and 5-hr incubations 
were sufficient to inhibit 20% of ribonucleotide 
reductase activity and 30% of the incorporation of 
thymidine into nucleic acids. At lSOO@I deferox- 
amine, 50% inhibition of thymidine or adenine incor- 
poration into nucleic acid was reached after 3 and 
20 hr respectively. 

Purine andpyrimidine metabolism. Cells (2 x 106) 
were incubated in 0.1 ml with 1 ,Ki of radioactive 
precursors for l-3 hr. Samples were then centri- 
fuged, and cell pellets were extracted with 50~1 
of 0.4 perchloric acid (PCA). After 10min in ice, 
extracts were centrifuged. Pellets containing insol- 
uble fractions were washed five times with 2 ml of 
0.4M PCA, and its radioactivity was measured. 
Supernatant fractions containing free nucleotides, 
nucleosides and bases were neutralized with a mix- 
ture of Alamine 336-Freon [lo], and separation of all 
metabolites was done using TLC chromatography. 
Separation of ribonucleotides was done using modi- 
fied PEI-TLC chromatography and separation of 
nucleosides and bases was performed using Cell- 
ulose-TLC [ll]. However, in most cases incor- 
poration of radioactive precursors into total nucleo- 
tide fraction was measured. When radioactive 
ribonucleotides were separated from deoxyribo- 
nucleotides, modified PEI-cellulose TLC was used 
according to Ref. 12. 

For evaluation of ATP catabolism, samples con- 
taining 2 X lo6 cells in 1 ml were incubated with 
2 @i of radioactive adenine for 1 hr. Unincor- 
porated adenine was then washed out, and cells 
were incubated in 0.1 ml for 30 min with different 
concentrations of deferoxamine. Analyses of radio- 
active nucleotides in cell extracts and nucleosides 
and bases in medium were carried out. 

Measurements of intracellular nucleotide con- 
centrations. Cells (10 x 106) preincubated for 24 hr 
in 5 ml with or without deferoxamine were collected 
by centrifugation and extracted with 100 ~1 of 0.4 M 
PCA for 10 min at 0”. Then extracts were centrifuged 
down and neutralized with Alamine 336-Freon [6]. 
Ribonucleotides were separated and quantitated 
using HPLC on a Partisil-10&4X exchange column 
in 0.5 M ammonium phosphate (pH 3.4) [13]. Quan- 
titation of ribonucleotides was performed by auto- 
matic integration of absorption at 254 nm. 

All experiments presented in this paper were per- 
formed in duplicate and are typical of at least three 
experiments. 

RESULTS 

Effect of deferoxamine on thymidine metabolism. 
Incorporation of radioactive thymidine into DNA 
and free nucleotides in HL-60 leukemic cells was 
measured after 24-hr incubation of cells with deferox- 
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Fig. 1. Effect of deferoxamine on thymidine metabolism. 
Cells (2 x 106) were incubated for ‘24 hr with a range of 
deferoxarnine concentrations. Cells were washed and incu- 
bated with 2 ,uCi of radioactive thymidine for 3 hr. Incor- 
poration of radioactivity into DNA (A) and nucleotides 

(B) was analysed. 

amine. It was found that deferoxamine markedly 
inhibited incorporation of thymidine into DNA (Fig. 
1A) but not incorporation of thymidine into free 
nucleotides (Fig. 1B). Only a slight increase of radio- 
active thymidine incorporation into nucleotides was 
observed. 

Effect of deferoxamine on uridine metabolism. 
Incorporation of radioactive uridine into RNA and 
free nucleotides was studied in HL-60 cells after 
24-hr incubation with increased concentrations of 
deferoxamine. It was found that deferoxamine mark- 
edly inhibited uridine incorporation into RNA (Fig. 
2A), but incorporation of uridine into free nucleo- 
tides was affected only slightly. Only a small increase 
of radioactive uridine incorporation into nucleotides 
was observed (Fig. 2B). 

Effect of deferoxamine on adenine and hypo- 
xanthine metabolism. Incorporation of adenine into 
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Fig. 2. Effect of deferoxamine on uridine metabolism. 
Cells (2 x 106) were incubated for 24 hr with a range of 
deferoxamine concentrations. Cells were washed and incu- 
bated with 1 uCi of radioactive uridine for 3 hr. Incor- 
poration of radioactivity into RNA (A) and nucleotides 

(B) was analysed. 
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Fig. 3. Effect of deferoxamine on adenine metabolism. Cells (2 X 106) were incubated for 24 hr with a 
range of deferoxamine concentrations. Cells were washed and incubated with 1 @i of radioactive 
adenine for 1 hr. Incorporation of radioactivity into DNA (A), RNA (B), and nucleotides (C) was 

analyzed. 

DNA and RNA by HL-60 cells was also inhibited by 
deferoxamine (Fig. 3, A and B). However, the effect 
of deferoxamine on adenine incorporation into DNA 
was much more pronounced than that into RNA 
(Fig. 3, A and B). Deferoxamine at CnSOm con- 
centrations increased some incorporation of adenine 
to nucleotides, mainly ATP, but at increased con- 
centrations adenine incorporation into nucleotides 
was inhibited (Fig. 3C). Deferoxamine also inhibited 
incorporation of hypoxanthine into nucleic acids and 
nucleotides; however, inhibition into nucleic acids 
was more pronounced (Fig. 4, A and B). 

Effect of deferoxamine on ribonucleotide 
reduction. To evaluate the effect of deferoxamine on 
the ribonucleotide reductase activity in intact cells, 
radioactive adenine incorporation into both adenine 
ribonucleotides and deoxyribonucleotides was also 
measured. It was found that ribonucleotide reduction 
was inhibited markedly (Table 1) in intact cells by 
deferoxamine. 

Effect of deferoxamine on ATP and GTP intra- 
cellular concentrations. Deferoxamine only slightly 
affected intracellular nucleotide concentrations. 
Increased deferoxamine concentrations up to 300 PM 
did not change significantly the intracellular levels of 
ATP and GTP in HL-60 cells (Table 2). 

Effect of deferoxamine on purine biosynthesis de 
novo. Deferoxamine (O-500 PM) had a small inhibi- 
tory effect on glycine incorporation into both nucleic 
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Fig. 4. Effect of deferoxamine on hypoxanthine metab- 
olism. Cells (2 x 106) were incubated for 24 hr with a range 
of deferoxamine concentrations. Cells were washed and 
incubated with 1 ,uCi of radioactive hypoxanthine for 1 hr. 
Incorporation of radioactivity into nucleic acids (A) and 

nucleotides (B) was analysed. 

acid and free nucleotides (Fig. 5). High con- 
centrations of deferoxamine (1500 PM) caused only 
25% of inhibition in HL-60 cells (results not shown). 
No incorporation of radioactive glycine into nucleo- 
sides and bases was detected. 

Effect of deferoxamine on the metabolism of purine 
and pyrimidine nucleosides and bases. The effect of 

Table 1. Effect of deferoxamine on ribonucleotide reduction 

d ATP 
Deferoxamine ATP 

Substrate (PM) (cpm/106 cells) (% of control) (cpm/106 cells) 

Adenine 0 2250 100 47,040 
300 1080 48 59,220 

1500 870 39 42,480 

Cells (2 X 106/ml) were incubated with deferoxamine for 24 hr. Cells were washed and incu- 
bated with 2 $i of radioactive adenine for 3 hr. Incorporation of radioactivity into ribonucleotides 
and deoxyribonucleotides was analyzed. 
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Table 2. Effect of deferoxamine on intracellular ATP and 
GTP levels in HL-60 cells 

Deferoxamine 
(PM) 

ATP GTP 
( pmol/106 cells) 

0 948 242 

3: 
1109 251 
1147 27.5 

Cells (10 x 106/5 ml) were incubated with deferoxamine 
for 24 hr. Nucleotides were extracted and quantitated on 
HPLC. 
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Fig. 5. Effect of deferoxamine on purine biosynthesis de 
novo. Cells (2 x 103 were incubated for 24 hr with a range 
of deferoxamine concentrations. Cells were washed and 
incubated with 1 &i of radioactive glycine for 3 hr. Incor- 
poration of radioactivity into nucleic acids (A) and nucleo- 

tides (B) was analysed. 

deferoxamine on purine and pyrimidine nucleoside 
and base incorporation into nucleotides and nucleic 
acids was also studied. Incorporation of thymidine 
and deoxyguanosine into nucleic acids was inhibited 
by 50% or more, and incorporation of adenine, 
guanosine, and deoxyadenosine was inhibited 
between 10 and 50% (Table 3). On the contrary, 

Table 3. Effect on deferoxamine on the metabolism of 
purine and pyrimidine nucleoside and bases 

Nucleic acids Nucleotides 
Substrate (% of control) 

Adenine 71.1 124.7 
Guanosine 62.6 75.5 
Thymidine 40.8 122.2 
Cytidine 165.0 129.0 
Deoxyadenosine 76.4 108.8 
Deoxyguanosine 50.8 99.9 

Cells (2 x 106/ml) were incubated for 24 hr with 300 PM 
deferoxamine. Cells were then washed and incubated with 
radioactive substrates for 3 hr. Radioactivity incorporation 
into nucleic acids and nucleotides was measured. Radio- 
activity incorporated into nucleic acids and nucleotides in 
cells incubated as a control in the absence of deferoxamine 
was, respectively, in cpm/106 cells: for adenine 17,470 and 
34,210; for guanosine 3,420 and 2,850; for thymidine 24,980 
and 2,640; for cytidine 2,790 and 2,200; for deoxyadenosine 
22,080 and 24,510; for deoxyguanosine 54,330 and 85,250. 
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Fig. 6. Effect of deferoxamine on ATP catabolism. Cells 
(2 x 106) were incubated for 1 hr with 2 @i of radioactive 
adenine. Unincorporated adenine was washed out, and 
cells were incubated for 30 min in a range of deferoxamine 
concentrations. Radioactivity in nucleotides [ATP (O), 
ADP (0) and AMP (A)] and in nucleosides and bases 
[inosine (O), adenosine (A) and hypoxanthine (0)] was 

measured. 

cytidine incorporation into nucleic acids was 
increased. On the other hand, deferoxamine slightly 
increased incorporation of adenine, @dine, thy- 
midine and deoxyadenosine into the free nucleotide 
pool. 

Effect of deferoxamine on ATP catabolism. 
Deferoxamine at different concentrations had only 
a small effect on ATP catabolism. The small decrease 
in ATP level observed was associated with a minor 
increase of hypoxanthine excretion (Fig. 6), and no 
significant changes in inosine or adenosine excretion 
were found. 

Effect of deferoxamine on protein synthesis. Incor- 
poration of a radioactive valine, threonine and leu- 
tine mixture by I-IL-60 cells into protein was inhibited 
only slightly by increased concentrations of deferox- 
amine (Fig. 7). 
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Fig. 7. Effect of deferoxamine on protein synthesis. Cells 
(2 x 106) were incubated for 24 hr in a range of deferox- 
amine concentrations. Cells were washed and incubated 
with 2 @,i of a radioactive mixture of valine, treonine and 
leucine for 3 hr. Incorporation of radioactivity into the acid- 

insoluble pellet was measured. 
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DISCUSSION 

The findings that deferoxamine in low-micromolar 
concentrations can markedly inhibit cell prolifer- 
ation, and that the drug has minimal toxicity, make 
deferoxamine a very attractive subject for study as a 
possible immune regulator and potential anti- 
leukemic agent. Although deferoxamine has been 
known for years as the drug used to treat iron- 
overload patients [ 1,2], its antiproliferative action 
is not well defined yet. It has been reported that 
deferoxamine inhibits synthesis of nucleic acids [4], 
and RNA synthesis inhibition was probably secon- 
dary to inhibition of DNA formation. Indeed, the 
intracellular pool of deoxyribonucleotides decreased 
markedly after deferoxamine treatment, suggesting 
that deferoxamine likely affected the ribonucleotide 
reductase enzyme which contains iron [3]. To explain 
the mechanism of the antiproliferative action of 
deferoxamine, we studied in detail the effect of 
deferoxamine on particular pathways of nucleotide 
metabolism and nucleic acid synthesis. 

We have found that the iron-containing enzyme 
ribonucleotide reductase is likely the most important 
target for the antiproliferative action of deferox- 
amine. But our results also showed that the alteration 
of cellular metabolism by deferoxamine is more com- 
plex than can be explained by inhibition of ribo- 
nucleotide reductase activity alone (Table 1). 
Deferoxamine markedly inhibited the incorporation 
of deoxyribonucleosides and ribonucleosides into 
nucleic acids (Table 3, Figs. l-4). On the other hand, 
deferoxamine has shown only little or no inhibitory 
effect on such pathways as purine biosynthesis de 
nouo (Fig. S), salvage of nucleosides and bases to 
nucleotides (Table 3; Figs. l-4) ATP catabolism 
(Fig. 6) or intracellular concentrations of ribo- 
nucleotides (Table 2). 

Results presented in this paper indicate that the 
mechanism of deferoxamine action includes the inhi- 
bition of ribonucleotide reductase activity and, as a 
consequence, depletion of deoxyribonucleotides for 
DNA synthesis. Although this effect of deferox- 
amine on DNA synthesis is understandable because 
ribonucleotide reductase contains ferrous atoms, the 
inhibition of RNA synthesis, as well as inhibition of 
ribonucleoside and deoxyribonucleoside incorpor- 
ation, into nucleic acids and its effect on salvage 
pathways remain unexplained. 
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