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Abstract

Polyamines are ubiquitous molecules, which, like iron, are essential for cell growth. All eukaryotic cells are equipped with a specific
polyamine transport system (PTS). Polyamines have primary and secondary amino groups which chelate bivalent metal cations such as Fe
and Cu. In the present study, we investigated the potential contribution of naturally occurring polyamines and their active transport system
to iron uptake. In presence of subtoxic Fe(Ill) (10 uM), treatment of CHO cells with spermine, and to a lesser extent with spermidine (10—
100 uM), resulted in a marked cytotoxic effect. This cytotoxicity was prevented by the addition of an iron-chelator, deferioxamine, and
was not observed in CHO-MG cells, a mutant cell line devoid of polyamine transport activity. Experiments using '“C-polyamines and
33Fe(III) revealed that these toxic effects were related to polyamine-modulation of iron uptake, and were dependent on the presence of the
active PTS. These results demonstrated active uptake of polyamine—iron complexes via the PTS. The number of amino groups affected the
efficacy of the studied natural polyamines to transport iron via the PTS. Spermine, a tetramine, was more efficient than the triamine
spermidine. Co-transport of iron by the diamine putrescine was not observed. These results demonstrate that the cell polyamine transport
system is a potential cell entry pathway for iron. The studied polyamines, spermine and spermidine, may be components of the pool of

transferrin-independent iron-chelating vectors, which have recently attracted the attention of many investigators.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Polyamines such as putrescine, spermidine and sper-
mine (Fig. 1) are ubiquitous cell components, essential for
cell growth and differentiation (for a review [1]). Exchange
between the intracellular polyamine pools and the cellular
environment occurs via an active transport system.
Although the polyamine transport system (PTS) remains
to be characterized at the molecular level, its biochemical
properties are well established (for a review [2,3]). The
PTS provides a saturable and energy-dependent uptake

Abbreviations: DAPI, 4',6'-diamino-2-phenylindole; DFMO, a-difluor-
omethylornithine; HVA, homovanillic acid; LDH, lactate dehydrogenase;
MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide;
NTBI, non-transferrin-bound iron; PTS, polyamine transport system;
TBARS, thiobarbituric acid-reactive substances.
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mechanism for exogenous polyamines. It is noteworthy
that the low stringency of PTS for structural features
authorizes the uptake of various synthetic polyamine deri-
vatives and analogues [4,5]. This is particularly of interest
for the development of pharmacological strategies for
cancer therapy. PTS activity is regulated by intracellular
levels of polyamines [6]. Polyamine depletion (e.g. with a-
difluoromethylornithine, DFMO) greatly stimulates this
activity [7-9].

Due to their amino groups, polyamines are able to
chelate metallic cations [10]. The stability constants of
these chelates increase with the number of amino groups
(Fig. 1) and with the chain length of the polyamine [11].
This chelating efficiency, that remains to be fully investi-
gated, might be a basis of their antioxidant and anti-
inflammatory activities [10,12,13].

Iron is vital for all living organisms. Mammalian cells
use the iron-binding protein transferrin for their iron uptake
(for a review [14]). Iron is also provided by low molecular
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Fig. 1. Chemical structures of natural polyamines.

weight iron chelates included in the pool of non-transfer-
rin-bound iron (NTBI), taken up by saturable and tem-
perature-dependent transport systems [15-18]. In the
absence of transferrin, the iron delivered from NTBI,
including ferric-citrate, supports the growth of various
normal and neoplastic cell lines [19,20]. In iron overload
diseases, such as hemochromatosis, the increase in plasma
NTBI leads to iron deposition in various tissues including
liver and triggers biological damages through free radical
formation [21]. Normal serum concentration of NTBI is
below 1 pM while it can reach 15 pM or even higher levels
in iron overload diseases such as hemochromatosis [21].
The composition of NTBI, a heterogeneous mixture of
iron—anion complexes, and the mechanisms responsible for
its uptake are poorly characterized. Due to their metal-
chelating capacity, the naturally occurring polyamines,
spermine, spermidine and putrescine (Fig. 1), were
assumed to be potential NTBI components.

In the present study, we analyzed the ability of these
polyamines to deliver iron into eukaryotic cells via the
PTS, in iron overload conditions. Two Chinese hamster
ovary cell lines, CHO (cells equipped with an active PTS)
and the mutant CHO-MG (cells devoid of PTS activity)
[22] provide a useful model to study the involvement of
polyamines and their active transport in transferrin-inde-
pendent iron uptake. Cytotoxic effects of the co-transport
of iron by polyamines in conditions where the PTS is
activated (DFMO-treated cells) or reduced (confluent
cells) as well as cellular uptake of both radiolabeled
polyamines and ferric chloride were evaluated. Membrane
damages and the effect of the co-transport of iron by
polyamines on the cell cycle are also reported.

2. Experimental procedures
2.1. Chemicals

['4C]-Putrescine  dihydrochloride (107 mCi/mmol),
['4C]-spermidine  trihydrochloride (112 mCi/mmol),
['*C]-spermine tetrahydrochloride (110 mCi/mmol) and
[>°Fe]-iron chloride (1.7 Ci/pmol) were provided by Amer-

sham (Les Ulis, France) and Microscint™ 20 by Packard
(IL, USA).

Unless stated otherwise, all other chemicals were pur-
chased from Sigma Chemical Co. (La Verpilliere, France)
or Merck (Darmstadt, Germany). DFMO was obtained
from ILEX Oncology (San Antonio, TX). All chemicals
were of first-grade purity and were used without further
purification.

2.2. Cells

2.2.1. Cell culture

The mutant cell line, deficient for PTS (CHO-MG) was
previously selected by Mandel and Flintoff [22] for resis-
tance to the cytotoxicity of methylglyoxal-bis-guanylhy-
drazone, an inhibitor of S-adenosyl-L-methionine
decarboxylase. This resistance has been shown to result
from a decrease in the activity of the PTS that is respon-
sible for uptake of this inhibitor. Comparison of cytotoxi-
city and iron uptake in these two cell lines provides a useful
test to demonstrate the involvement of the PTS in iron co-
transport by polyamines. CHO and CHO-MG cells were
grown in RPMI 1640 medium, supplemented with 10%
fetal calf serum (Eurobio, Les Ulis, France), 2 mM gluta-
mine (Bio Media, Boussens, France), 100 units/ml peni-
cillin and 50 pg/ml streptomycin, at 37 °C in 5%
humidified CO,. L-Proline (2 pg/ml) was added to the
culture medium for CHO-MG cells.

2.2.2. Cell treatment

For experiments, cells were harvested with trypsin and
seeded 48 h before the polyamine treatment in 96-well
microplates (Becton Dickinson, Oxnard, CA) at a density
of 10° cells per well. In these conditions, cells reached
confluency in 4-5 days. To test the effect of cell growth
status on cytotoxicity, the 96-well microplates were seeded
at various cell densities (250, 500, 1000, 1500, 2000 cells
per well). For cell cycle analysis by flow cytometry and for
peroxidative index measurements (TBARS), the cells were
seeded in 25 cm? culture flasks at a density of 7.5 x 10*
cells in 5 ml of complete medium.

Cytotoxicity of the treatment with iron in the presence or
in the absence of polyamines was also tested in the
presence of DFMO (5 mM), a selective inhibitor of
ornithine decarboxylase (ODC) which induced a depletion
of intracellular putrescine and spermidine and leads to an
activation of the PTS. In this assay, the cells were seeded at
2 x 10% cells per well in the presence of the inhibitor.
Aminoguanidine (1 mM) was added to the medium to
prevent polyamine oxidation by serum amine oxidase
present in fetal calf serum.

Cells were treated at 37 °C for 48 h with the required
concentrations of polyamines (1-200 pM) with or without
10 uM ferric chloride (FeCl;). Each concentration was
tested in triplicate. Supernatants were then collected for
lactate dehydrogenase (LDH) release or TBARS assay and
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cells were rinsed twice with 100 pl of culture medium
before the viability assay or the protein determination.

2.2.3. Invitro evaluation of drug cytotoxicity (MTT assay)

Effect of treatment on cell growth rate was determined in
96-well plates by measuring formazan formation from 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bro-
mide (MTT) [23]. Absorbance readings at 540 nm were
performed on a Multiscan RC microreader (Labsystem,
Les Ulis, France).

2.2.4. Lactate dehydrogenase (LDH) analysis

LDH release is a permeability assay providing a non-
invasive means of documenting membrane damage and
cell integrity. The LDH activity released in supernatants
was determined by measuring the rate of NADH disap-
pearance during LDH-catalyzed conversion of pyruvate to
lactate [24]. The various effectors added to the super-
natants were checked in preliminary tests and found to
have no effect on NADH measurements. Kinetic data,
which were recorded with a microreader, were deduced
from the linear part of the curves for times less than 3 min.
Data, expressed as micromoles of NADH oxidized per
minute, are the mean of three independent measurements.
They are reported as a percentage of released activity with
respect to the control value.

2.2.5. Thiobarbituric acid-reactive substances
(TBARS) assay

Peroxidation of membrane polyunsaturated fatty acids
was assayed by measuring the amount of TBARS released
into the supernatant and in the cell extracts. Folin phenol
reagent was used to determine cell protein content [25].
Quantity of TBARS, expressed in malondialdehyde
(MDA) equivalents can be considered as a reliable evalua-
tion of lipid peroxidation [26,27].

Immediately after supernatant collection, 10% (v/v)
butylated hydroxytoluene (2%, w/v in ethanol) was added
and samples were kept frozen (—20 °C) until TBARS
measurements. Cells were washed twice with ice-cold
NaCl solution (9 g/1) and scraped in 500 pl of water. Five
hundred microliters of sodium dodecyl sulfate (SDS 1%,
w/v in water) were added to this solution, which was used
for protein determination [25]. These cell samples were
kept frozen (—20 °C) until TBARS measurements.

Defrosted samples were fluorometrically assayed for
TBARS according to a previously described procedure
[28]. Briefly, to 500 pl of the defrosted sample were added
50 pl of butylated hydroxytoluene (2%, w/w in ethanol).
Then 1 ml of a 0.375% (w/v) thiobarbituric acid solution in
0.25 M HCl containing 15% (w/v) trichloroacetic acid was
added. The mixture was heated at 80 °C for 15 min, cooled
on ice and extracted with 2 volumes of n-butanol. The
organic phase was collected for fluorescence analysis
(Lexe = 515 nm; Aey, = 550 nm) with a SPEX 112 spectro-
fluorometer (Jobi-Yvon, Longjumeau, France).

In the acidic conditions of the TBARS test, tetracthox-
ypropane was quantitatively transformed into malondial-
dehyde that reacted with the thiobarbituric acid [28].
Malondialdehyde was used for calibration. TBARS values
were normalized to cell protein content.

2.2.6. Nuclear fragmentation visualized by DAPI staining

This detection is based on DNA staining by 4’,6'-dia-
mino-2-phenylindole (DAPI), a double-strand DNA inter-
calating fluorescent probe. Cells were seeded in 2-well
Lab-Tek™ chamber slides (Nunc Inc, Naperville, IL) at a
cell seeding density of 2000 cells/cm?® in complete culture
medium. After 2 days incubation, cells were treated at
37 °C for 48 h with 10 uM ferric iron in the absence or
presence of 100 pM spermine. Supernatants were dis-
carded and cells were washed three times with ice-cold
NaCl solution (9 g/l) and fixed for 25 min with 3% para-
formaldehyde. After washing in PBS, the cells were incu-
bated at room temperature for 15 min with a 0.5 pg/ml
DAPI solution in 10 mM Tris—HCI, 10 mM NaCl and
100 mM EDTA (pH 7.4). Cells were washed twice with
PBS and covered with a drop of DAKO® fluorescent
mounting medium (Glostrup, Denmark), containing
15 mM NaNj. Cells were analyzed by phase contrast
microscopy and nuclei were visualized under UV light
(Zex = 360 nm, Aep, = 460 nm) with a Zeiss microscope.

2.2.7. Flow cytometry analysis of DNA content

The cells were seeded in 25 cm? culture flasks at a density
of 7.5 x 10* cells in 5 ml of complete medium and treated
for 48 h with 10 pM ferric iron in the absence or presence of
100 uM spermine. At the end of the incubation period, the
medium was discarded and the culture dishes were washed
three times with ice-cold PBS and scraped in 4 ml of PBS.
After centrifugation, ethanol (70%) was added to the cell
pellets, and the cells were kept at 4 °C until flow cytometry
analysis. DNA was stained by adding 500 pl of propidium
iodide in PBS (50 pg/ml) after cell digestion in 50 pg/ml of
RNase A. DNA content was analyzed using an EPICS Elite
flow cytometer (Coultronics, Hialeah, FL) equipped with an
argon laser (488 nm). Data analysis was carried out using
Multicycle software (Phcenix Flow Systems, San Diego,
CA).

2.2.8. [’Fe] and ["*C]-polyamines uptake by
CHO cultures

CHO and CHO-MG cells were plated in 24-well micro-
plates (Becton Dickinson, Oxnard, CA) with initial den-
sities of 2 x 10* cells per well with 1 mM aminoguanidine
in the absence or presence of 5 mM DFMO.

The cells were pulsed for 3 h with 10 pM [»Fe]-iron
chloride in the presence or absence of 100 UM unlabeled
polyamines (Put, Spd or Spm) as well as with 100 uM
['*C]-polyamine in the presence or absence of unlabeled
iron chloride (10 pM). At the end of the incubation period,
the medium was discarded and the culture dishes were
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washed three times with ice-cold NaCl solution (9 g/1) to
count intracellular radioactivity. The cells were dissolved
in 100 pl of 0.1N sodium hydroxide under vigorous shak-
ing for 30 min. Aliquots (20 pul) of this cell extract were
transferred to 96-well microplates for protein determina-
tion [25]. Eighty microliters of the cell extract were added
to 1.25 ml of Microscint™ 20 scintillator (Packard) in 24-
well microplates and the radioactivity was measured on a
Topcount NXT microplate scintillation counter (Packard
Instrument Co., Meriden, USA). Quantities of transported
polyamines and iron were deduced from calibration curves
and corrected for protein content.

3. Results

3.1. Iron(Ill)-induced decrease in viable cell number in
the presence of polyamines

The effect of 10 uM ferric chloride in the absence or in
the presence of spermine on the CHO and CHO-MG cell
density was evaluated using the MTT assay. Incubation of
CHO and CHO-MG cells for 48 h, in the presence of
spermine alone (0 up to 100 uM) did not significantly
affect the number of living cells (Fig. 2). Treatment of
CHO cells with 10 pM ferric iron plus increasing concen-
trations of spermine (0 up to 100 uM) decreased the
number of viable cells in a dose-dependent manner
(Fig. 2). However, treatment of CHO-MG cells with
10 uM ferric iron in the presence of spermine had no effect
on cell viability.
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Fig. 2. Decrease in the viable cell number induced by iron(Ill) in the
presence of spermine, in CHO cells and in polyamine transport-deficient
CHO-MG cells. Cells were treated for 48 h, in the presence (plain lines) or
absence (dotted lines) of sub-toxic ferric chloride concentrations (10 uM),
with various spermine concentrations. Cell viability was determined by
MTT assay. Data expressed as a percent of the control (untreated cells) are
the mean £ S.D. of three independent measurements.

The doubling times of CHO and CHO-MG cells were
similar (+ = 23 h, data not shown). After 96 h of culture
both control CHO and CHO-MG cells reached confluency
when they were seeded at an initial cell density above
1500-2000 cells per well while they were exponentially
growing for lower initial cell density (data not shown).
After 48 h culture, they were treated for 48 h with 10 uM
ferric chloride in the presence or absence of 100 uM
spermine. The MTT values were expressed as percentage
of the values obtained with spermine alone. The decrease
in the viable cell number after incubation with iron and
spermine was high in exponentially growing CHO cultures,
while it was low in CHO cultures reaching confluency,
which were practically growth arrested (Fig. 3). In CHO-
MG cells, deficient in polyamine transport activity, the
treatment with iron and spermine did not reduce the cell
number whatever the growth conditions (Fig. 3).

In the absence of polyamine, treatment with 10 uM iron
induced a 9% decrease in the viable cell number (Table 1).
The decrease in the viable cell number induced by the
treatment with 10 pM iron in the presence of 100 M
polyamines, was shown to be slightly higher for spermine
(65% MTT), than for spermidine (78%); putrescine did not
modify significantly this iron effect. Depletion of intracel-
lular putrescine and spermidine by pre-treatment with
5 mM DFMO for 48 h, enhances polyamine uptake [6].
The DFMO pre-treatment amplified the decrease in the
viable cell number induced by iron in the presence of
spermine (32%) and spermidine (53%) in CHO cells while
it remained inefficient in the presence of putrescine (8§89%).
In the CHO cultures, the decrease in the viable cell number
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Fig. 3. Effect of growth phase on decrease in viable cell number induced
by iron(IIl) in the presence of spermine. CHO and CHO-MG cells were
seeded at an initial cell density ranging from 250 to 2000 cells per well and
were grown in complete RPMI medium (10% FCS) for 48 h. They were
treated for 48 h with 100 UM spermine in the presence or absence of
10 pM ferric chloride. The MTT values observed in the presence of both
iron(IIl) and spermine were expressed as percentages of the values
obtained with spermine alone.
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Table 1
Increase in the iron toxicity induced by spermine, spermidine and putrescine in CHO cells and in its mutant cell line CHO-MG, deficient for the polyamine
transport system

No polyamine Spermine 100 pM Spermidine 100 pM Putrescine 100 pM

CHO
Fe 10 uM 91 +3 65 + 2° 78 +2° 92+ 6
Fe 10 uM + DFMO 5 uM 85+ 5 32 + 6° 53+ 1° 89 +3
Fe 10 uM + DFO 25 uM 88 + 5 85 + 1 89 + 4 84 +3

CHO-MG"™
Fe 10 uM 90 + 7 9% +6 91 +£2 92 +4

After 48 h growth, cells were treated for 48 h, in the presence or absence of sub-toxic ferric chloride concentrations (10 uM), with various polyamines
(100 pM). Depletion of intracellular putrescine and spermidine as well as activation of the polyamine transport system were obtained when cells were seeded
in the presence of 5 mM DFMO, a selective inhibitor of ODC. The protective effect of the iron chelator, deferrioxamine (DFO, 25 uM), was also investigated
in the presence or absence of 10 uM Fe(III). Cell viability was determined by MTT assay. Data from triplicate runs were expressed as percentage with respect

to the MTT values measured in the presence of the polyamine alone (100 pM) or compared to the control without polyamine.
 Significantly different from the cells incubated in absence of polyamine, according to the non-parametric Mann—Whitney test (P < 0.01).

induced by iron plus spermine or spermidine was inhibited
by 25 uM of the metal chelator desferrioxamine (Table 1).
The MTT values that were close to that obtained with iron
alone (88%) suggested this chelator provided efficient
protection against the decrease in viable cell number
induced by the treatment with iron in the presence of
spermine or spermidine. Competition between desferriox-
amine and spermine (or spermidine) to form iron-chelates
was probably the mechanism of this inhibitory effect. In
the CHO-MG cells, no decrease of the viable cell number
was observed with 10 uM iron in the presence of 100 uM
of any polyamines (Table 1).

3.2. Morphological analysis of cells treated with
iron(Ill) and spermine

Cytological analysis after cell treatment was performed
by phase contrast microscopy and nuclei were visualized
under UV light after DNA staining with DAPI. Treatment
with 10 uM FeCl; or 100 pM spermine alone did not
change the morphology of CHO and CHO-MG cells (data
not shown). Treatment of CHO cells with iron and spermine
(Fig. 4b) reduced the cell density in comparison to the
control (Fig. 4a). It led to membrane damage (blebbing) and
to an increase in the nucleo-cytoplasmic ratio without any
nuclear fragmentation. In contrast, CHO-MG cells treated
with 10 uM FeCl; and 100 pM spermine (Fig. 4d) remained
quite similar to the control cells (Fig. 4c).

3.3. Cell membrane damage induced by iron(Ill) and
spermine treatment

Treatment of CHO cells with 10 uM FeCl; in the pre-
sence of 100 uM spermine led to a significant increase in
TBARS formation in cells extracts which reflects lipid
peroxidation (Fig. 5A). In contrast, the same treatment did
not amplify TBARS formation in CHO-MG cells.

As deduced from LDH release in cell supernatants
(Fig. 5B), treatment of CHO and CHO-MG cells with iron
alone induced low-level membrane damages (20%

increase over controls) while no effect was observed with
100 pM spermine alone. In contrast, a 90% increase in
LDH leakage was observed in CHO cells incubated with
iron in the presence of spermine whereas this treatment did
not damage the CHO-MG cell membranes.

3.4. Cellular uptake of polyamines and iron(IIl)

Polyamine transport into CHO and CHO-MG cells was
analyzed after a 3 h incubation with radiolabeled spermine,
spermidine or putrescine. In the absence of iron, spermine,
spermidine and putrescine uptake was respectively 13, 7
and 18 times higher in CHO than in CHO-MG cells
(Table 2). This confirmed the deficient polyamine transport

CHO

‘\‘\,Q :

@ Spm 100puM + Fe(III)10pM

Fig. 4. Effect of treatment with spermine 100 pM + Fe(III) 10 uM in
CHO and CHO-MG cells. After 48 h growth, cells were treated at 37 °C
for 48 h. Cytological analysis was performed by phase contrast microscopy
and nuclei were visualized under UV light after double-strand DNA
staining by DAPI.
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Fig. 5. CHO and CHO-MG cell membrane damage induced by treatment
with iron(IIl) and spermine. After 48 h growth, cells were treated at 37 °C
for 48 h. (A) Quantities of thiobarbituric acid-reactive substances
(TBARS) released into supernatants and cell extracts, evaluated as an
index of lipid peroxidation, were corrected for protein content. (B) Lactate
dehydrogenase (LDH) leakage into supernatants as an index of cell
membrane damage. Data, expressed as a percent of the control (untreated
cells) are the mean £ S.D. of three independent measurements.

in CHO-MG cells and validated our experimental models.
The presence of 10 uM iron(Ill) did not affect ['4C]-
polyamine uptake in these cells.

Iron uptake into CHO and CHO-MG cells was analyzed
after a 3 h incubation with YFe(IIl) in the absence of
polyamine or in the presence of 100 UM spermine, sper-
midine or putrescine. In the absence of polyamine, low iron
uptake was observed in the CHO and CHO-MG cells
(Table 2). Incubation of the cells in the presence of
spermine or spermidine induced respectively a 4.6- and
1.5-fold increase in iron uptake in CHO cells but not in
CHO-MG cells. Putrescine, the most efficiently trans-
ported polyamine in CHO cells, had no effect in the two
cell models (Table 2).

In CHO cells, spermine transport-induced iron uptake
was temperature-dependent. At 4 °C, ['*C]-spermine
uptake was reduced by 78% (data not shown) and the
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Fig. 6. Involvement of spermine and the polyamine transport system in the
transport of Fe(Ill) into CHO cells. After 48 h growth in 24-well
microplates, cells were treated for 3 h at 37 °C or 4 °C in the presence of
10 uM S3Fe(Ill) with or without 100 uM unlabeled spermine. 3>Fe(III)
radioactivity was counted in cell extracts and Fe(IIl) uptake, which was
deduced from calibration curves, was corrected for cell protein content.
Data are the mean £ S.D. of three independent measurements.

3SFe(III) uptake in the presence of 100 pM spermine was
decreased by 85% (Fig. 6). Iron uptake was inefficient in
CHO-MG cells lacking active transport system or in
polyamine transport competent cells whose PTS was
inhibited at low temperature.

4. Discussion

In iron-overloaded patients, the iron-binding capacity of
plasma transferrin is often exceeded, leading to an increase
in plasma NTBI. This favors iron deposition in various
tissues including the liver and triggers biological damage
through free radical formation [21]. An understanding of
the chemical nature of NTBI appears to be essential for
preventing its occurrence. Its composition probably
depends on the severity and on the type of iron overload.
The role of polyamines, as potential NTBI components,
was investigated in the present study.

Treatment of CHO cell cultures with spermine and to a
lesser extent with spermidine (10-100 pM) in the presence
of a subtoxic concentration of iron (10 uM) resulted in
membrane peroxidation and to a marked increase in cyto-
toxicity resulting from necrosis rather than apoptosis. It
was prevented by the iron chelator desferrioxamine and
was not observed in PTS-deficient CHO-MG cells. Further
evidence for the involvement of the PTS in the cytotoxicity
of the spermidine— and spermine—iron complexes was
deduced from its increase after PTS activation by DFMO
and from its decrease in cells reaching confluency (con-
fluent cells are known to exhibit reduced polyamine uptake
capacity).
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Table 2

Involvement of the polyamine transport system in '*C-polyamine (A) and *Fe(III) (B) uptake

1635

(A) C-Polyamine uptake (nmol/mg protein)

[Spermine] [Spermidine] [Putrescine]
CHO
14C-PA 6.33 £+ 0.31 7.28 + 0.47 12.72 + 073
4C-PA + Fe 10 uM 573 +£1.92 7.14 £ 0.56 12.95 + 1.42
CHO-MG®™
14C-PA 0.46 + 0.02 1.00 £+ 0.13 0.71 +0.03
14C-PA + Fe 10 pM 0.69 + 0.24 091 £ 0.13 0.77 £ 0.11

(B) >Fe(III) uptake (nmol/mg protein)

No polyamine

Spermine 100 pM

Spermidine 100 pM

Putrescine 100 uM

3.82 £ 0.59*
0.57 £0.14

CHO ) 0.59 £ 0.27
CHO-MG™ 0.36 £ 0.15

0.97 £ 0.21*
0.43 +0.12

0.33 £ 0.04
0.27 £ 0.13

After 48 h growth in 24-well microplates, cells were incubated for 3 h at 37 °C, in the presence of 100 pM *C-polyamine with or without 10 uM of
unlabeled Fe(III) (A) as well as in the presence of 10 uM *Fe(IIl) with or without 100 uM of unlabeled polyamine (B). Data from triplicate runs are
expressed in nanomoles of Fe(IIl) or polyamine with respect to the protein content.

“ Significantly different from the cells incubated in presence of Fe(IIl) alone, according to the non-parametric Mann—Whitney test (P < 0.01).

Double labeling experiments (['*C]-polyamines and
[>>Fe(Il)]) revealed that these toxic effects were related
to the modulation of cellular iron uptake by polyamines,
itself PTS-dependent. Iron uptake by spermine— and sper-
midine—iron complexes and PTS was not observed in
CHO-MG cells lacking PTS and was inhibited in CHO
cells at 4 °C. The efficacy of the different polyamines to
transport iron via the PTS was dependent on their number
of amino groups, with spermine being more effective than
spermidine. Iron transport by diamine putrescine was not
observed.

The relative efficiency of polyamines to co-transport
iron could be related to their metal chelating ability.
Polyamines are able to form complexes with metal ions,
including Zn*", Cu?*, Co®" and Ni*" [11,29,30]. It is
generally assumed that their antioxidative and anti-inflam-
matory actions are mainly due to their metal-chelating
properties that depend on the number of nitrogen atoms
and on their position along the molecule [10]. As deduced
from X-ray crystallography analysis [31], the structure of a
Cu(II)-spermine complex resembles that of iron—por-
phyrin complexes. Metal binding involves charge transfer
with the nitrogen donor atoms positioned in a square plane
around the central copper ion.

A correlation has been reported between the binding
constant for divalent metal ions such as Cu2+, the anti-
oxidative efficacy of polyamines [10,12] and their inhibi-
ting effect on Cu’*-induced HVA autoxidation [32]. The
metal dependence of the HVA autoxidation reaction, which
was also previously shown to be activated by ferrous ions
[32] and to a lesser extent by ferric ions, was used to
compare the chelating efficiency of natural polyamines. A
50% inhibition of HVA autoxidation rate has been
observed to occur in the presence of micromolar spermine
and with about 100-fold higher spermidine concentrations
(Gaboriau, unpublished data). While no affinity constant

data have been reported in the literature, our data suggest
that the binding constant of spermine with ferrous ions is
higher than that of spermidine and that these two poly-
amines weakly interact with ferric ions and probably
modify their solubility (data not shown). Studies on the
interaction of polyamines with iron(IIl) are under progress
in our laboratory.

Further indirect evidence for the interaction of spermine
with iron comes from the reports of Tadolini and co-
workers [33,34]. Binding of spermine to liposomes
decreased the reactivity of both ferrous and ferric ions
and inhibited lipid peroxidation whereas free spermine had
no effect. This inhibition was suggested to be due to the
ability of spermine to form a ternary complex with the
phospholipid polar head and the iron ion. This type of
complex could be recognized by the PTS.

In the absence of experimental data clearly showing the
formation of spermine—iron complexes, one cannot
exclude the involvement of a spermine—Fe(II) complex
in the PTS-dependent increase in iron uptake. The reduc-
tion of ferric ions by an active system present at the plasma
membrane surface of CHO and CHO-MG cells could favor
the formation of such spermine—Fe(II) complexes. Dcytb, a
cytochrome b highly expressed in duodenal brush-border
membrane, was previously shown to be implicated in
dietary iron absorption by reducing dietary ferric iron to
the ferrous form for transport via the divalent metal-
transporter 1 (DMT1) [35]. This ferric reductase is also
expressed in other tissues [36] and may be present at the
plasma membrane of CHO and CHO-MG cells.

Finally, other mechanisms independent of the chelating
properties of polyamines have to be considered. In parti-
cular, the endocytosis pathway, which was suggested to be
an integral part of the PTS in CHO cells [37], could play an
important role in this iron uptake. The internalization of
fluorescent-spermidine analogues in granular structures
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within the cytoplasm, by a mechanism involving receptor-
mediated endocytosis, was inhibited in the transport-defi-
cient CHO-MG cell line [38,39]. A further experimental
argument dealing with the decrease in the endocytosis
efficiency of these cells can also be deduced from our
own unpublished observations. The fluorescent hydropho-
bic plasma membrane probe, trimethylamino-diphenyl-
hexatriene (TMA-DPH) was previously shown to follow
the plasma membrane throughout its internalization and
recycling process and thus to behave as a marker for
endocytosis in living cells [40]. Our comparison of the
TMA-DPH internalization in CHO and CHO-MG cell lines
showed that the fluid phase endocytosis of CHO-MG cells
was lower than that of CHO cells (data not shown). Such
deficiency of CHO-MG cells could also explain their
inability to internalize the iron(IIl)-spermine complexes.
Further experiments to test this hypothesis are now in
progress.

The apparent Michaelis—Menten constants (K,) for
spermidine and spermine uptake by the polyamine trans-
port system in CHO cells were 3.7 and 1.8 uM, respec-
tively [6]. We observed in the present study that the co-
transport of iron through the PTS requires higher spermine
and spermidine levels. Assuming that polyamine—Fe(III)
complexes are formed, this suggests that high spermidine
or spermine concentration are required for their formation.
In CHO cells, the ratios of co-transported iron (corrected
from the iron uptake in the absence of polyamine) versus
polyamine uptake, provides an estimation of these cells
molecular iron/polyamine uptake ratios. These ratios were
0.50 and 0.045 for spermine and spermidine, respectively,
suggesting that the stoichiometries of the iron—spermine
and iron-spermidine interactions were 1/2 and 1/20,
respectively.

Our study was conducted with relatively high concen-
trations of both polyamines (10-100 uM) and iron
(10 pM). High iron concentration may be encountered
in iron overload diseases such as hemochromatosis [21].
Polyamine concentrations in easily accessible biological
fluids like blood, cerebrospinal fluid, exocrine glandular
secretions or urine, are generally lower than that used in the
present study; however, we have no accurate data related to
interstitial fluid. Some exocrine glands produce large
quantities of polyamines and millimolar concentrations
of polyamines have been reported in human seminal
plasma [41]. In exocrine glands as well as in the intestinal
lumen, cells are exposed to polyamine concentrations
higher than those used in this work [1]. Moreover, in
cancer tissues, cell necrosis may lead to high local poly-
amine levels and an interstitial fluid exceptionally rich in
polyamines surrounding cancer cells would be a reason-
able postulate.

The present study demonstrates that polyamines, such as
spermine and spermidine, and their active transport system
could participate in transferrin-independent iron(IIl)
uptake. These polyamines may be components of the pool

of transferrin-independent iron-chelating vectors, which
have recently attracted the attention of many investigators.

Uptake of polyamine—iron(IIl) complexes appears to be
an important mechanism of iron accumulation and result-
ing toxicity in cultured CHO cells. In the present study, this
uptake was documented for high concentrations of poly-
amines (10-100 uM) and iron (10 uM) similar to those
observed in pathological iron- and polyamine-overload
conditions. The biological relevance of polyamine—iron-
(IIT) complex uptake in physiological situations requires
further investigation.
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