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Abstract

We studied the effects of Ca2� and K� on non-transferrin iron uptake from ferric citrate complex by HeLa and K562 cells.
Uptake experiments in Na-HEPES buffer (137 mM NaCl, 4 mM KCl) showed that extracellular Ca2� stimulated the iron
uptake. The rate of iron uptake in 4 mM Ca2� was about 3^5 times higher than without Ca2�. The iron uptake in K-HEPES
buffer (68 mM NaCl, 75 mM KCl) with a high K� level was transiently stimulated during the first 10 min. The rate of iron
uptake for 0.4 mM Ca2� was approximately 3 times higher in K-HEPES buffer than in Na-HEPES buffer. The calcium
channel blockers verapamil (50 WM) and nifedipine (5 WM) had no effect on the uptake either in control Na-HEPES buffer or
after K� stimulation in K-HEPES buffer. The sodium channel blocker lidocaine (50 WM) also had no effect on the uptake of
iron in Na-HEPES buffer as well as after K� stimulation. Furthermore, the iron uptake was not significantly affected when
Na� in the Na-HEPES and K-HEPES buffers was replaced by isotonic saccharose. We conclude that extracellular calcium
per se, and not intracellular calcium or Ca2� transport, stimulates ferric iron uptake by both HeLa and K562 cells. A high
level of extracellular K� also stimulates the uptake, probably via cell membrane depolarization. Na� is not involved in these
stimulations of iron uptake. The transient K� effect and continuous Ca2� effect seem to be additive. ß 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Iron is indispensable for nearly all organisms.
Mammalian cells usually acquire iron from the plas-
ma iron carrier transferrin by the relatively well de-
scribed mechanism of receptor-mediated endocytosis

of transferrin^transferrin receptor complex [1,2].
However, there is also iron present in mammalian
plasma in a non-transferrin, low-molecular-mass
form. The plasma level of this low-molecular-mass
form of iron is usually below 1 WM. However, some-
times it can reach values over 20 WM [3]. Most of the
plasma low-molecular-mass iron is bound to citrate
[4]. Cells acquire iron from low-molecular-mass sour-
ces via an alternative transferrin-independent mech-
anism(s) [5^19]. The process of non-transferrin iron
uptake has been shown to be of physiological signi¢-
cance [6,10,11,20,21]. Recently, signi¢cant progress
has been made in describing molecules involved in
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transport of free iron across biological membranes.
It concerns molecules such as NRAMP2/DMT1
(natural resistance-associated macrophage protein
2/divalent metal transporter 1) or SFT (stimula-
tor of Fe transport) [22]. Despite this progress,
the mechanism(s) of non-transferrin iron up-
take by mammalian cells has not yet been eluci-
dated.

Studies concerning non-transferrin iron uptake by
mammalian cells have shown that there are at least
two uptake mechanisms, or groups of mechanisms:
(1) high-a¤nity transport with Km lower than 1 WM
and (2) low-a¤nity transport with Km around 5 WM
and higher [7,23^26]. We have demonstrated previ-
ously that iron uptake from ferric citrate by both
HeLa and K562 cells has the character of low-a¤nity
transport (Km = 16^17 WM) [27]. There are data in
the literature showing that at least the low-a¤nity
transport of non-transferrin iron is calcium-depen-
dent [9,10,14,18,28,29]. However, it is not clear yet
whether extracellular or intracellular calcium is re-
quired. Sturrock et al. [9] and Kaplan et al. [10]
assume that iron uptake is a¡ected by the intracellu-
lar calcium level. There are also data indicating that
low-a¤nity transport of non-transferrin iron is
stimulated by a high potassium level [23,25,26]. The
authors suggest that the iron transport is associated
with Na� exchange.

Despite the fact that ferric citrate represents the
most relevant form of low-molecular-mass iron in
mammalian plasma, there is relatively little informa-
tion on the mechanism of iron uptake from this form
of iron. In a previous study [19] we have demon-
strated that the ¢rst step in the uptake of iron
from ferric citrate by HeLa cells is the binding of
ferric iron in a complex with citrate to speci¢c bind-
ing sites in the plasma membrane. The present study
deals with the e¡ect of calcium and potassium on this
iron uptake from ferric citrate by HeLa and K562
cells. We found that extracellular Ca2� as well as K�

stimulated the iron uptake. The e¡ect of Ca2� and
the e¡ect of K� are additive. The e¡ect of extracel-
lular calcium does not appear to be related to the
change in the intracellular calcium level or to the
transport of Ca2� across the plasma membrane.
The e¡ect of K� appears to be related to cell mem-
brane depolarization.

2. Materials and methods

2.1. Materials

Fetal bovine serum was obtained from J. Kysilka
(Brno, Czech Republic) and 55FeCl3 for [55Fe]ferric
citrate preparation was from DuPont NEN (Boston,
MA, USA). All other chemicals used were purchased
from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Cells and culture conditions

The human tumor cell lines HeLa (cervical carci-
noma) and K562 (erythroleukemia) were obtained
from J. Kaplan (University of Utah School of Med-
icine, Salt Lake City, UT, USA) and from M. Wess-
ling-Resnick (Harvard School of Public Health, Bos-
ton, MA, USA), respectively. Cells were maintained
in the basic medium supplemented with 10% fetal
bovine serum (FBS medium) at 37³C in a humidi¢ed
atmosphere of 5% CO2 in air. RPMI 1640 medium
containing extra L-glutamine (300 Wg/ml), sodium py-
ruvate (110 Wg/ml), HEPES (15 mM), penicillin
(100 U/ml), and streptomycin (100 Wg/ml) was used
as a basic medium. The calcium concentration in the
basic medium was approximately 0.4 mM.

Iron uptake experiments with the cells were in
most cases carried out in Na-HEPES bu¡er or in
K-HEPES bu¡er. Na-HEPES bu¡er represents 20
mM HEPES (pH 7.4) with 137 mM NaCl and
4 mM KCl. K-HEPES bu¡er represents 20 mM
HEPES (pH 7.4) with 68 mM NaCl and 75 mM
KCl. The viability of cells in both Na-HEPES bu¡er
and K-HEPES bu¡er was tested after 60 and 90 min
of incubation. Nearly 100% of the cells were alive
after the incubation period, independent of the
Ca2� concentration. The viability of cells was deter-
mined by hemacytometer counting after staining with
trypan blue. Experiments testing the e¡ect of the A
23187 ionophore were carried out in the basic me-
dium supplemented with 20 WM ethanolamine, 20
WM ascorbic acid, 5 nM hydrocortisone, and 11 trace
elements as described previously [30,31], without any
source of iron added (iron-free medium).

2.3. Iron uptake measurement

For measurement of iron uptake we employed a
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modi¢ed method originally used by Olakanmi et al.
[16]. Cells grown in FBS medium were harvested by
low-speed centrifugation (10 min at 1000Ug) and
washed twice with either the basic medium (experi-
ments with A 23187 ionophore), or Na-HEPES bu¡-
er where Na� was replaced by isotonic saccharose
(experiments with saccharose), or with Na-HEPES
bu¡er (all other experiments). Washed cells were di-
luted with iron-free medium (experiments with A
23187) or with corresponding bu¡er (all other experi-
ments), containing tested additives at relevant con-
centrations, to a density of 10U106 cells/ml and
transferred to wells (50 Wl per well) of 96-well poly-
propylene U plates (Costar, Cambridge, MA, USA).
The cells were then preincubated at 37³C for 20 min
in the incubator.

The iron uptake was started by the addition of 50
Wl of [55Fe]ferric citrate dissolved in iron-free me-
dium (experiments with A 23187), or in Na-HEPES
bu¡er where Na� was replaced by isotonic saccha-
rose (experiments with saccharose in Na-HEPES
bu¡er), or in Na-HEPES bu¡er (all other experi-
ments in Na-HEPES bu¡er), or in KCl solution
(all other experiments in K-HEPES bu¡er). The ¢nal
concentration of [55Fe]ferric citrate was 1 WM (80.1
MBq/Wmol Fe) and the Fe/citrate molar ratio was
1:1.5. A 1.5-fold molar excess of citrate was su¤cient
as demonstrated previously [32]. The KCl solution
produced a ¢nal KCl concentration of 75 mM (K-
HEPES bu¡er). After the required uptake period (0^
30 min) at 37³C, the iron uptake was stopped by
transferring the plate to ice while simultaneously
adding 100 Wl of ice-cold 500 WM non-radioactive
ferric citrate in basic medium (experiments with A
23187) or 1 mM non-radioactive ferric citrate in
Na-HEPES bu¡er (all other experiments). Plates
were spun at 2300Ug and radioactive supernatant
was discarded. In order to remove iron adherent to
the cell surface, cells in individual wells were washed
twice with 200 Wl of the same solution containing a
high level of non-radioactive ferric citrate that was
used for the stopping of uptake. Washing more than
twice was found to be without any other e¡ect. After
washing, the cell pellets in the wells were resuspended
in 100 Wl distilled water and transferred to scintilla-
tion vials. Radioactivity incorporated into the cells
was measured by liquid scintillation in a Beckman
LS 7800 counter.

Control experiments in the absence of cells showed
that the radioactivity measured for individual wells
was negligible when polypropylene plates were used.
As demonstrated previously [19], the saturation of
iron binding to the plasma membrane is very rapid
(1.5^3 min) at 37³C and thus iron binding to the
plasma membrane does not signi¢cantly in£uence
iron uptake measured during a 30-min time interval.

3. Results

3.1. E¡ect of Ca2+ on iron uptake in Na-HEPES
bu¡er

We measured the time dependence of iron uptake
from ferric citrate (1 WM [55Fe]ferric citrate) in the
presence of various concentrations of added CaCl2
(0, 0.04, 0.4, 1.2, and 4.0 mM) by HeLa and K562
cells in Na-HEPES bu¡er (137 mM NaCl, 4mM
KCl). The concentration of 0.4 mM represents
Ca2� concentration in the culture medium used for
cell maintenance. When no CaCl2 was added, the
real Ca2� concentration in the bu¡er probably dif-
fered from zero due to Ca2� transport across the
plasma membrane by living cells.

The iron uptake increased linearly during 30 min
of incubation for both cell types, probably with the
exception of incubation periods longer than 15 min
in 4 mM CaCl2. The rate of iron uptake increased
with increasing concentration of Ca2�. The rate of
iron uptake in 4 mM CaCl2 was about 3^5 times
higher than it was in the bu¡er without CaCl2 addi-
tion. The increase in the rate of iron uptake with
increasing Ca2� concentration was more dramatic
for Ca2� concentrations over 0.4 mM than for
Ca2� concentrations below 0.4 mM (Figs. 1 and 2).
However, the increase in the rate of iron uptake in
CaCl2 concentrations higher than 4 mM was less
pronounced than the increase for 0.4^4 mM CaCl2
(data not shown).

3.2. E¡ect of Ca2+ on iron uptake in K-HEPES bu¡er

Similarly, we measured the time dependence of
iron uptake from ferric citrate (1 WM) in the presence
of various CaCl2 concentrations (0, 0.04, 0.4, 1.2,
and 4.0 mM) by HeLa and K562 cells in K-HEPES
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bu¡er (68 mM NaCl, 75 mM KCl). KCl at a con-
centration of 75 mM was supposed to cause depola-
rization of the cell membrane.

Iron uptake in K-HEPES bu¡er was higher than
the uptake observed in Na-HEPES bu¡er for both
HeLa and K562 cells. The initial sections of the time

dependence curves were apparently steeper than later
parts. Again, the rate of iron uptake increased with
increasing Ca2� concentration (Figs. 1 and 2).

Detailed comparison of iron uptake in Na-HEPES
bu¡er with the uptake in K-HEPES bu¡er, when 0.4
mM concentration as well as other concentrations of

Fig. 1. Time dependence of iron uptake from [55Fe]ferric citrate (1 WM) in Na-HEPES bu¡er and in K-HEPES bu¡er (see Section 2)
by HeLa cells at 37³C incubated in the presence of various concentrations of added CaCl2 : 0 mM (b), 0.04 mM (a), 0.4 mM (R),
1.2 mM (E), 4.0 mM (F). Each point represents the mean of at least six experimental values. S.E.M. (not shown) represents less than
15% of the mean for most of the points. The uptake within 15 min in Na-HEPES bu¡er with 0.4 mM CaCl2 was used as a control
(3.98 pmol Fe/106 cells).

Fig. 2. Time dependence of iron uptake from [55Fe]ferric citrate (1 WM) in Na-HEPES bu¡er and in K-HEPES bu¡er (see Section 2)
by K562 cells at 37³C incubated in the presence of various concentrations of added CaCl2 : 0 mM (b), 0.04 mM (a), 0.4 mM (R),
1.2 mM (E), 4.0 mM (F). Each point represents the mean of at least six experimental values. S.E.M. (not shown) represents less than
15% of the mean for most of the points. The uptake within 15 min in Na-HEPES bu¡er with 0.4 mM CaCl2 was used as a control
(4.02 pmol Fe/106 cells).

BBAMEM 78135 3-8-01
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Ca2� were present, showed that after approximately
the initial 10 min of a high rate of iron uptake in K-
HEPES bu¡er the rate in K-HEPES bu¡er became
similar to the rate in Na-HEPES bu¡er, i.e., the
time dependence curves for both bu¡ers became
more or less parallel (Fig. 3). It appears that there
were two additive e¡ects in play, i.e., an initial
short-term e¡ect of K� and a continuous e¡ect of
Ca2�.

3.3. E¡ect of calcium ionophore A 23187 on iron
uptake

We tested the e¡ect of various concentrations of
the calcium ionophore A 23187 on iron uptake from
ferric citrate (1 WM) in iron-free medium containing
approximately 0.4 mM calcium. Preliminary £uoro-
metric measurements showed that a 10 WM concen-
tration of the ionophore was su¤cient to produce a
pronounced increase in the intracellular calcium level
(data not shown). Concentrations of the ionophore
up to 10 WM, i.e., concentrations usually used for
calcium transport across membranes, did not change
iron uptake by either HeLa or K562 cells. Higher
ionophore concentrations increased the uptake sig-
ni¢cantly (Table 1). However, it is possible that the
ionophore e¡ect at high concentrations was not re-

lated to the ionophore's ability to increase the intra-
cellular calcium level but to other e¡ect(s) of the
ionophore (see Section 4).

3.4. E¡ect of calcium channel blockers verapamil and
nifedipine on iron uptake

Iron uptake from ferric citrate (1 WM) was assessed
in the presence of the L-type calcium channel block-
ers verapamil (50 WM) and nifedipine (5 WM). Iron

Fig. 3. Comparison of the time dependence of iron uptake from [55Fe]ferric citrate (1 WM) in Na-HEPES bu¡er (b) and in K-HEPES
bu¡er representing K� stimulation (F) by HeLa and K562 cells at 37³C in the presence of 0.4 mM CaCl2. Each point represents the
mean þ S.E.M. of ten experimental values. The uptake within 15 min in Na-HEPES bu¡er was used as a control (HeLa: 3.98 pmol
Fe/106 cells ; K562: 4.02 pmol Fe/106 cells).

Table 1
E¡ect of the calcium ionophore A 23187 on iron uptake by
HeLa and K562 cells

Ionophore (WM) Fe uptake (% of control)

HeLa K562

0 100 þ 4 100 þ 8
3 104 þ 2 98 þ 3

10 104 þ 5 109 þ 5
30 147 þ 14 234 þ 27

100 233 þ 12 438 þ 33

The uptake from [55Fe]ferric citrate (1 WM) was measured with-
in 30 min of incubation at 37³C in the presence of various con-
centrations of A 23187 in iron-free medium containing approxi-
mately 0.4 mM calcium. Each value represents the mean
þ S.E.M. of at least six experimental values. The uptake within
30 min without the ionophore was used as a control (HeLa:
5.98 pmol Fe/106 cells ; K562: 2.86 pmol Fe/106 cells).
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uptake by K562 cells in Na-HEPES bu¡er with 0.4
mM of Ca2� was not signi¢cantly a¡ected by the
presence of verapamil or nifedipine. Under the stim-
ulation of iron transport by K� in K-HEPES bu¡er
with 0.4 mM Ca2�, neither verapamil nor nifedipine
eliminated the e¡ect of K� stimulation (Fig. 4). Sim-

ilar results were obtained with HeLa cells (data not
shown).

The data demonstrated that blockage of L-type
calcium channels did not a¡ect iron uptake, even
after the stimulation of the uptake in K-HEPES bu¡-
er. Thus, an increase in the intracellular calcium level

Fig. 4. E¡ect of 50 WM verapamil and 5 WM nifedipine on iron uptake from [55Fe]ferric citrate (1 WM) in Na-HEPES bu¡er (b) and
in K-HEPES bu¡er representing K� stimulation (F) by K562 cells at 37³C in the presence of 0.4 mM CaCl2. Parallels without the in-
hibitor in Na-HEPES bu¡er (a) and in K-HEPES bu¡er (E) are shown. Each point represents the mean þ S.E.M. of at least four ex-
perimental values. The uptake within 15 min in Na-HEPES bu¡er without the inhibitor was used as a control (verapamil: 3.65 pmol
Fe/106 cells ; nifedipine: 4.15 pmol Fe/106 cells).

Fig. 5. E¡ect of 50 WM lidocaine on iron uptake from [55Fe]ferric citrate (1 WM) in Na-HEPES bu¡er (b) and in K-HEPES bu¡er
representing K� stimulation (F) by HeLa and K562 cells at 37³C in the presence of 0.4 mM CaCl2. Parallels without the inhibitor in
Na-HEPES bu¡er (a) and in K-HEPES bu¡er (E) are shown. Each point represents the mean þ S.E.M. of four experimental values.
The uptake within 15 min in Na-HEPES bu¡er without the inhibitor was used as a control (HeLa: 3.66 pmol Fe/106 cells ; K562:
4.16 pmol Fe/106 cells).
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or an increased transport of Ca2� across the plasma
membrane through calcium channels itself did not
seem to mediate the stimulatory e¡ect of increasing
levels of extracellular calcium. Furthermore, opening
of at least voltage-dependent L-type Ca2� channels
and subsequent in£ux of Ca2� ions resulting from
depolarization by K� did not mediate iron uptake
stimulation by K�.

3.5. E¡ect of sodium channel blocker lidocaine on
iron uptake

Iron uptake from ferric citrate (1 WM) was also
assessed in the presence of the sodium channel block-
er lidocaine (50 WM). Iron uptake by HeLa as well as
by K562 cells in Na-HEPES bu¡er containing 0.4
mM Ca2� was not a¡ected by the presence of lido-
caine and, under the stimulation of iron uptake by
K� in K-HEPES bu¡er, lidocaine did not eliminate
the e¡ect of K� stimulation (Fig. 5).

The data demonstrated that blockage of sodium
channels did not a¡ect iron uptake. Even after the
stimulation in K-HEPES bu¡er the uptake was not
a¡ected. Thus, it appeared that transport of Na�

across plasma membrane through sodium channels
was not involved in uptake stimulation by extracel-
lular calcium. Neither did the opening of relevant
channels and subsequent in£ux of Na� ions resulting
from depolarization play any role in the iron uptake
stimulation by K�.

3.6. E¡ect of Na+ replacement by saccharose on
iron uptake

When Na� in Na-HEPES bu¡er was replaced by
isotonic saccharose, the time course of iron uptake
from ferric citrate (1 WM) in the presence of 0.4 mM

Fig. 6. E¡ect of 1 mM LiCl on iron uptake from [55Fe]ferric citrate (1 WM) in Na-HEPES bu¡er (b) and in K-HEPES bu¡er repre-
senting K� stimulation (F) by K562 cells at 37³C in the presence of 0.4 mM CaCl2. Parallels without LiCl in Na-HEPES bu¡er (a)
and in K-HEPES bu¡er (E) are shown. Each point represents the mean þ S.E.M. of three experimental values. The uptake within 15
min in Na-HEPES bu¡er without LiCl was used as a control (4.10 pmol Fe/106 cells).

Table 2
E¡ect of NaCl replacement by isotonic saccharose on iron up-
take by HeLa cells

Time (min) Fe uptake (% of control)

NaCl present NaCl replaced by isotonic
saccharose

Na-HEPES K-HEPES Na-HEPES K-HEPES

0 2 þ 0 2 þ 0 2 þ 0 2 þ 0
2 17 þ 1 60 þ 4 17 þ 2 75 þ 5
5 40 þ 4 104 þ 7 37 þ 5 125 þ 1

15 100 þ 1 204 þ 10 118 þ 12 248 þ 11

The time dependence of iron uptake from [55Fe]ferric citrate
(1 WM) was measured in Na-HEPES bu¡er (137 mM NaCl,
4 mM KCl) and in K-HEPES bu¡er (68 mM NaCl, 75 mM
KCl) representing K� stimulation at 37³C in the presence of
0.4 mM CaCl2 when NaCl was present and when NaCl was re-
placed by isotonic saccharose. Each value represents the
mean þ S.E.M. of 2^3 experimental values. The uptake within
15 min in Na-HEPES bu¡er with NaCl was used as a control
(2.85 pmol Fe/106 cells).
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Ca2� did not di¡er signi¢cantly from the uptake seen
in regular Na-HEPES bu¡er. Similar data, or even
rather higher uptake under sodium replacement,
were obtained after uptake stimulation by K� in
K-HEPES bu¡er (Table 2). This demonstrated that
iron uptake was more or less independent of extra-
cellular sodium as well as of Na� transport into the
cells.

3.7. E¡ect of LiCl on iron uptake

We tested the e¡ect of LiCl, which represented a
substance increasing depolarization of the cell mem-
brane. Iron uptake from ferric citrate (1 WM) was
measured in the presence of 1 mM LiCl. The uptake
by K562 cells in Na-HEPES bu¡er with 0.4 mM
Ca2� was signi¢cantly stimulated by LiCl. After the
stimulation of iron transport by K� in K-HEPES
bu¡er, LiCl displayed an additional stimulatory ef-
fect on the uptake (Fig. 6).

4. Discussion

Our experiments proved that calcium ions a¡ect
ferric iron transport across the plasma membrane
of HeLa as well as K562 cells. An increase in the
extracellular calcium level leads to an increase in
iron uptake by the cells. To assess whether the in-
crease in iron uptake is a result of the increased level
of extracellular or intracellular calcium or is a result
of increased calcium transport into cells, experiments
with the calcium channel blockers verapamil and ni-
fedipine as well as experiments with the calcium ion-
ophore A 23187 were employed.

Experiments with the L-type calcium channel
blockers verapamil and nifedipine in Na-HEPES
bu¡er showed that iron uptake was not a¡ected by
the blockers at concentrations su¤cient for blocking
the channels. Furthermore, the presence of the cal-
cium channel blockers did not prevent the increase of
iron uptake after K� stimulation in K-HEPES bu¡er
when voltage-dependent Ca2� channels were opened
after depolarization by K� (see Fig. 4). These ¢nd-
ings support the suggestion that the intracellular cal-
cium level, as well as calcium transport across the
plasma membrane via at least L-type voltage-depen-
dent calcium channels, do not a¡ect iron uptake.

Such a suggestion is also supported by our ¢nding
that the calcium ionophore A 23187, at a concentra-
tion (10 WM) elevating the intracellular calcium level,
did not a¡ect iron uptake. The stimulatory e¡ect of
higher ionophore concentrations (30^100 WM) on
iron uptake can be explained by the ionophore's abil-
ity to bind weakly and transport iron, or by the
production of some relevant changes in the plasma
membrane [33,34].

Thus, we suggest that extracellular calcium per se,
rather than intracellular calcium or calcium transport
across the plasma membrane via calcium channels,
a¡ects the transport of ferric iron into cells. We have
also shown that transport of Na� via sodium chan-
nels is not involved in the e¡ect of extracellular cal-
cium. Sturrock et al. [9] and Kaplan et al. [10] spec-
ulate that the stimulatory e¡ect of extracellular
calcium on ferric iron uptake by HeLa cells and hu-
man ¢broblasts may be a consequence of an in-
creased intracellular calcium level. However, there
is insu¤cient experimental evidence for such a con-
clusion in their papers.

There is a possibility that extracellular calcium
could a¡ect the iron uptake via its interaction with
the iron^citrate complex. Recently, it has been shown
that calcium stimulates ferrous iron uptake from the
complex with NTA due to competitive calcium bind-
ing to NTA and thus producing an increased level of
free iron [35]. However, such competitive calcium
binding to a chelator is probably applicable only to
ferrous complexes. Similarly as in the case of NTA,
stability constants for Fe2� and Ca2� binding to cit-
rate are relatively comparable but ferric iron forms a
much more stable complex with citrate than ferrous
iron. The stability constant is about seven orders of
magnitude higher [36]. Therefore, we do not suppose
that extracellular calcium signi¢cantly a¡ects iron
uptake from ferric citrate by competitive binding to
citrate. Furthermore, we have demonstrated previ-
ously [19] that the ¢rst step of ferric iron uptake
from ferric citrate is binding of ferric citrate to spe-
ci¢c binding sites in the plasma membrane. Free iron
does not seem to be involved.

Experiments with K-HEPES bu¡er showed that
not only calcium ions but also potassium ions af-
fected ferric iron transport into the cells. A high po-
tassium level (75 mM) stimulates the uptake of iron.
Such a K� level is commonly used for depolarization

BBAMEM 78135 3-8-01
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of the cell membrane by the opening of voltage-de-
pendent channels. Opening of voltage-dependent
channels leads to a signi¢cant in£ux of ions such as
Ca2� or Na� into the cell. However, the e¡ect of
calcium transport across the plasma membrane via
L-type calcium channels was excluded in the experi-
ments with the calcium channel blockers discussed
above. To assess whether an increase in the intra-
cellular Na� level (due to the opening of voltage-de-
pendent Na� channels) or Na� transport into the cell
per se are involved, we employed the Na� channel
blocker lidocaine.

The employment of lidocaine at a concentration
su¤cient to block Na� channels showed that the
blocker did not prevent iron uptake stimulation by
K� in K-HEPES bu¡er. Neither did lidocaine a¡ect
iron uptake in Na-HEPES bu¡er (see Fig. 5). To
decide whether Na� is somehow involved in ferric
iron uptake, we tested the e¡ect of Na� replacement
by isotonic saccharose in both Na-HEPES and K-
HEPES bu¡ers. It was found that Na� replacement
did not signi¢cantly change the uptake (see Table 2).

Thus, we suggest that Na� is not involved in ferric
iron transport into the cells or in the stimulation of
ferric iron transport by K�. Low-a¤nity ferrous iron
uptake by erythroid cells shares some similarities
with ferric iron uptake by HeLa and K562 cells,
i.e., the stimulation by K� and Li�. However, there
is a discrepancy concerning Na� e¡ects. Ferrous iron
uptake by erythroid cells is stimulated by intracellu-
lar sodium and inhibited by extracellular sodium.
Thus it is suggested that the iron uptake is associated
with Na� exchange [23,25,26]. This discrepancy
could re£ect di¡erences in the experimental systems
employed.

Iron uptake stimulation by K� occurred during
the initial 10 min in K-HEPES bu¡er. Subsequently,
the rate of iron uptake in K-HEPES bu¡er became
similar to the rate of iron uptake in Na-HEPES bu¡-
er (see Fig. 3). The timing of the K� stimulation
corresponds with short-term membrane depolariza-
tion and opening of voltage-dependent channels by
K�. In a con¢rming experiment (data not shown)
where the cells were washed and preincubated in
K-HEPES bu¡er instead of in Na-HEPES bu¡er,
subsequent K� stimulation was not observed. Thus,
we suggest that the stimulation of iron uptake by a
high potassium level is a result of depolarization of

the cell membrane and we propose that a certain
degree of depolarization can also be achieved by
extracellular LiCl. This could explain the iron uptake
stimulation by LiCl.

In summary, we can conclude that extracellular
calcium per se stimulates ferric iron uptake by Hela
as well as K562 cells. Intracellular calcium or Ca2�

transport across the plasma membrane via calcium
channels do not seem to a¡ect the iron uptake. A
high extracellular level of K� also stimulates ferric
iron uptake. Iron uptake stimulation in this case
seems to be a consequence of plasma membrane de-
polarization by K�. Na� is not involved in the stim-
ulation seen after membrane depolarization or in the
stimulation by calcium. Thus, we consider two di¡er-
ent mechanisms of ferric iron uptake stimulation:
(1) short-term potassium stimulation resulting
from transient plasma membrane depolarization
and (2) continuous calcium stimulation resulting
from the presence of extracellular calcium. The ef-
fects of potassium stimulation and calcium stimula-
tion appear to be more or less additive. When spec-
ulating about the nature of the ferric iron transport
mechanism, one can imagine the possible involve-
ment of a calcium-dependent ion channel.
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