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ABSTRACT. The effects of five Ca?* channel antagonists on iron uptake by erythroid cells were investigated
using rabbit reticulocytes and erythrocytes, and transferrin-bound iron and non-transferrin-bound iron (Fe(II)).
All of the antagonists except nifedipine inhibited iron uptake, but only at relatively high concentrations
(10-100 pM). Nifedipine markedly stimulated the uptake of Fe(II) but not transferrin-bound iron, but only after
it had been photodegraded to its nitrosophenylpyridine derivative. This compound was found to mediate Fe(II)
exchange between the cytosol and extracellular medium in both directions with both reticulocytes and eryth-
rocytes, but not by the known iron transport processes. The effect could be reversed by washing the cells with
ice-cold NaCl solution. It appeared to be relatively specific for Fe(II) since photodegraded nifedipine had little
effect on the uptake of Fe(IlI) or Mn®". It is suggested that the nitrosopyridine derivative of nifedipine can act
as an Fe(II) ionophore and may be of use as an adjuvant in chelator therapy with desferrioxamine in conditions
of iron overload. BIGCHEM PHARMACOL 51;12:1701-1709, 1996.
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[ron uptake by erythroid cells can occur by at least three
saturable transport mechanisms, one involving transferrin-
bound iron and the other two, non-transferrin-bound Fe(11)
[1-3]. The uptake of transferrin-bound iron is dependent on
transferrin receptor-mediated endocytosis, and in erythroid
cells it occurs only in immature cells such as the erythro-
blasts of the bone marrow or circulating reticulocytes [1].
During this process, the iron is released from transferrin
within endosomes and then passes through the lining mem-
brane of these organelles into the cytosol. The uptake of
non-transferrin-bound iron may occur by a high and low
affinity mechanism of iron transport across the plasma
membrane. The high affinity mechanism has a low K,
(about 0.2 mM in rabbit reticulocytes) and, like the recep-
tor-mediated process, occurs only in immature erythroid
cells. It can be demonstrated most clearly by incubation of
the cells with *?Fe-labelled Fe(Il) in media of low ionic
strength, such as isotonic sucrose {Z]. The low affinity pro-
cess has a higher K, (15 uM in rabbit cells) and is present
in both mature and immature erythroid cells, although it is
more active in reticulocytes than in mature erythrocytes.
This process is most active in Na*-free electrolyte media
such as isotonic KCl or RbCl, and, like high-affinity trans-
port, is inhibited by NaCl [3].

Calcium affects iron uptake by erythroid cells in a variety
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of ways. Depletion or increases of cellular Ca** both sup-
press the uptake of transferrin-bound iron by inhibition of
receptor-mediated endocytosis of transferrin [4, 5]. Ca’*
also inhibits iron uptake by both of the non-transferrin-
bound iron transport mechanisms ([2] and unpublished ob-
servations). Moreover, Fe(Il) can block voltage-gated Ca®*
currents [6]. Hence, the question was asked whether either
of the non-transferrin-bound iron transport pathways in-
volves Ca®* channels and, if so, whether Fe(Il) transport is
inhibited by Ca’* channel antagonists. Although these
drugs are best known for their effects on voltage-gated L-
type Ca®* channels [7], they can also inhibit other types of
Ca?" channels as well as the membrane transport of other
substances, such as nucleosides, in erythrocytes [8, 9]. Five
calcium channel antagonists were studied. With the excep-
tion of nifedipine, they all inhibited iron uptake, but only
at relatively high concentrations. Nifedipine, by contrast,
accentuated the uptake of non-transferrin-bound but not
transferrin-bound iron even at low concentrations. The
mechanism of this effect was investigated in some detail
and was shown to be dependent on photodegradation of
nifedipine.

MATERIALS AND METHODS
Materials

Iron-59 (FeCl;) and 5*Mn (MnCl,) were purchased from
Amersham International (Amersham, U K.). Rabbit trans-
ferrin was isolated from plasma and labelled with *°Fe as in
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earlier studies [10]. The Ca®* antagonists were obtained
from the Sigma Chemical Co. (St. Louis, MO, U.S.A.).
They were dissolved in DMSO at 200 times the desired

final concentrations and were stored at —20°.

Cells

Reticulocyte-rich blood was obtained from rabbits with
phenylhydrazine-induced haemolytic anaemia [10] 4-6 days
after the last injection of phenylhydrazine. Blood with a low
reticulocyte count was obtained from untreated rabbits.
The cells from the blood samples were washed and centri-
fuged as described previously [10]. The cells from anaemic
rabbits contained 40-70% reticulocytes and those from un-
treated rabbits, 1-3% reticulocytes. For brevity, they will be
referred to as reticulocytes and erythrocytes, respectively.

Iron Solutions

The radioactive iron solutions used in most experiments
were either 12°]-°%Fe-labeled differic rabbit transferrin [10]
or Fe(Il)—sucrose, prepared by mixing **FeCl; and *°FeSO,
in a ratio of approximately 1:100 and diluting with 0.27 M
sucrose to the desired concentration. The iron—sucrose so-
lution was prepared just before commencing the cell incu-
bations and was used between 5 and 15 min after prepara-
tion. As shown by its reaction with a,a’-bipyridine, the
iron remains in the ferrous state during this time and the
subsequent period of incubation with the cells. Also, due to
the very rapid rate of self-exchange of Fe(ll) and Fe(III)
that occurs in aqueous solutions, all of the iron would be
uniformly labelled with *°Fe by the time the incubations
were begun. For one set of experiments >FeCl; was substi-
tuted for ®FeSO, in this solution so that the iron was
present as Fe(IIl). It was used either in this form or after
addition of 100-fold molar excess of sodium citrate.

Measurement of Iron Uptake

Samples of the cell mixtures (usually 0.1 mL at a packed
cell volume of 30-40%) were suspended in 1.9 mL of the
incubation media buffered to the desired pH with 4 mM
HEPES. The media were isotonic (290-300 Osmol/kg) so-
lutions of sucrose, NaCl, or KCl. Ten microliters DMSO
(controls) or the calcium antagonists in 10 wL DMSO were
then added to the cell suspensions which were mixed and
allowed to stand for 10 min at room temperature. After this,
0.1 mL of > Fe-labelled solutions of Fe,-transferrin or Fe(II)
or, in one set of experiments, Fe(Ill), was added, mixed
with the cells, and incubated in an oscillating water bath at
37°. The incubation time usually was 15 min, but this was
changed in a few experiments as indicated below. After
incubation the reaction was stopped by the addition of 4
mL of ice-cold 5 mM EDTA-0.15 M NaCl (pH 7.4}, and
the cells were washed a further three times in ice-cold 0.155
M NaCl, haemolysed, and separated into cytosolic and stro-
mal fractions by centrifugation as described previously [2].
Radioactivity was counted in these fractions. All of the
experiments were performed at least three times, with re-
sults similar to those described below.
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Analytical Methods

The reticulocyte count was determined by staining with
new methylene blue and the packed cell volume by the
microhaematocrit method. Haem was extracted by the
method of Thunell [11]. Radioactivity was measured in a
3-channel vy-scintillation counter (LKB-Wallac 1282
Compu-gamma). Thin-layer chromatography of nifedipine
and its photodegradation products was performed on Merck
silica gel 60 F,s4 HPTLC aluminum sheets (art. 55600)
using petroleum ether:chloroform:acetone (50:30:20), and
on a preparative scale by flash chromatography on silica gel
using petrol:ethyl acerate (80:20). The active product of
nifedipine photodegradation was isolated by the latter tech-
nique and examined by mass spectroscopy and NMR spec-
troscopy. The electron impact mass spectrum was recorded
on a Hewlett—Packard model 5986 GC/MC system at 70
eV. The proton NMR spectrum was measured at 200 MHz
with CDCl; as the solvent on a Varian Gemini 200 NMR

spectrometer.

RESULTS

The effects of the calcium antagonists on iron uptake were
determined using three incubation media that were de-
signed to study uptake of transferrin-bound iron by recep-
tor-mediated endocytosis and of Fe(Il) by the high and low
affinity transport mechanisms. These were NaCl (pH 7.4),
sucrose (pH 6.5), and KCI (pH 7.0), respectively. Reticu-
locytes were examined using all three media and erythro-
cytes with the third medium only, since these cells take up
negligible amounts of iron in the other two media [2, 3].
With one exception the calcium antagonists inhibited iron
uptake in all three incubation systems (Table 1). However,
the sensitivity to inhibition was relatively low, marked in-
hibition occutring only at drug concentrations of 10-100
puM. Also, there was little difference in the sensitivity of
the different systems to the inhibitors. A calcium channel
agonist, Bay K 8644 (ICN Pharmaceuticals, Costa Mesa,
CA, US.A)), was also found to have no significant effect
on iron uptake at concentrations of 0.1-10 uM, but to
produce 25-60% inhibition at 100 pM (data not shown).

The exception to the above pattern of results was ob-
tained with nifedipine. This reagent had little effect on iron
uptake from transferrin but markedly stimulated iron up-
take in the other incubation systems, even at a concentra-
tion as low as 1 WM. This was an unexpected result that was
investigated in a series of experiments aimed at determining
the mechanism responsible for the increase in iron uptake.
The effects of the other antagonists were considered to be
of less interest and probably due to non-specific effects on
the cell membranes, since they were apparent only at the
higher concentrations of the drugs and did not differentiate
among the three uptake mechanisms.

Investigation of the effects of nifedipine on iron uptake
was performed using reticulocytes or erythrocytes incubated
with Fe(Il). First, the effects of the pH of the incubation
solution were examined using cells incubated with 20 uM
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TABLE 1. Effects of Ca®* antagonists on iron uptake into the cytosol of reticulocytes

and erythrocytes
Iron uptake (% of control)

Concentration Reticulocytes Erythrocytes

Antagonist (nmol/L) Tf-Fe Fe(Il)-sucrose  Fe(I1)-KCl Fe(11)-KC1
Nifedipine 1 102+24 201 + 37 129 £ 3.1 231 +£31
10 105+1.9 260 + 24 210+ 4.1 424 + 57
100 89+33 182 + 21 287+ 20 477 + 33
Nicardipine 1 99+ 1.5 101 £ 2.6 97 +3.2 98 + 3.6
10 8823 86 + 2.1 74 +5.8 89+3.2
100 43+ 2.2 36+2.7 24+ 69 29+29
Diltiazem 1 100+1.5 97+ 2.1 105 + 3.7 96+ 3.9
10 100+ 1.7 98 + 3.0 101 £ 4.5 95+ 2.6
100 95+ 1.7 92+49 84 £ 4.0 93+3.2
Verapamil 1 97+19 105+ 4.5 101225 9729
10 96 + 2.5 90 + 8.9 90 + 4.0 96 + 3.1
100 7715 69 + 5.7 40+ 34 8129
Cinnazarine 1 99+ 2.1 95 +6.1 94 + 1.5 85+ 4.1
10 87 +4.1 62 +5.1 48+ 2.5 39+2.6
100 13+£1.5 30+23 24+39 29 £45

Cells were incubated at 37° for 15 min with (1) 1 M transferrin-bound Fe (Tf-Fe), in NaCl, pH 7.4, (2) 1 pM Fe(II} in sucrose,
pH 7.0 (Fe(Il)-sucrose), and (3) 20 uM Fe(Il) in KCL, pH 7.0 (Fe(II)-KCl). The results are expressed as percentages of the
values obtained in the absence of the antagonists (percent control) and are means + SEM of 3—4 determinations. The control
values for iron uptake were (1) 0.96 + 0.12, (2) 1.30 + 0.22, (3) 12.7 + 0.57 (reticulocytes), and 9.3 + 5.6 (erythrocytes)

nmol/mL cells/min.

Fe(II) in isotonic sucrose, KCl, or NaCl. As shown in Fig.
1, iron uptake by reticulocytes in the absence of nifedipine
was much greater in KCI than in NaCl, and was interme-
diate between these extremes in the sucrose medium. In
KCl, the optimum pH was 7.0. In the presence of nifed-
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FIG. 1. Effect of pH of the incubation medium on iron up-
take into the cytosol of reticulocytes in the absence (open
symbols) or presence (closed symbols) of nifedipine. The
cells were incubated with 20 pM Fe(II) for 15 min at 37° in
isotonic KCl, NaCl, or sucrose buffered at the indicated pH
values with 4 mM HEPES. Similar results were obtained
with erythrocytes. This experiment is representative of ex-
periments performed three times.

ipine, Fe(Il) uptake from all three media was stimulated
markedly and was maximal at about pH 8.0, although in
KCl there was relatively little difference between pH 7.5
and 8.0. Also, at pH 8.0, uptake from KCl and NaCl solu-
tions was almost the same. Similar results were obtained
with erythrocytes (not shown). These results suggested that
the effects of nifedipine were not due to stimulation of
known mechanisms of Fe(II) transport since these mecha-
nisms are maximal at pH 6.5 to 7.0 and are inhibited by
NaCl [2, 3]. To test this conclusion, we determined the
effects of various concentrations of nifedipine on Fe(Il)
uptake from isotonic KCI, pH 7.0, in the absence or the
presence of amiloride and valinomycin which are potent
inhibitors of Fe(Il) transport in these incubation conditions
([3] and unpublished observations). These reagents inhib-
ited Fe(Il) uptake in the absence of nifedipine (Fig. 2, zero
nifedipine concentration), but when nifedipine was present
the uptake increased above the level seen in the absence of
nifedipine to as great a degree when the inhibitors were
present as when they were absent (Fig. 2). The results in
Table 1 and Fig. 2 also illustrate an effect of nifedipine that
was observed in all experiments: the stimulation of Fe(II)
uptake was greater with erythrocytes than with reticulo-
cytes.

The experiments described above were performed in a
laboratory well-lit by daylight and fluorescent light, and no
attempt was made to protect the nifedipine from light.
However, nifedipine is photodegradable [12, 13]. Therefore,
we tested whether the observed effects of nifedipine were
the result of photodegradation of the drug. Incubations
were performed using the old sample of nifedipine and a
freshly prepared solution that was protected from light dut-
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FIG. 2. Effects of amiloride and valinomycin on nifedipine-
mediated iron uptake into the cytosol of reticulocytes and
erythrocytes. The cells were incubated with 20 pM Fe(II) at
37° for 15 min in isotonic KCl, pH 7.0, in the presence of
various concentrations of nifedipine without (control) or
with the addition of 500 pM amiloride or 0.5 pM valinomy-
cin. Note that these two reagents virtually abolished iron
uptake in the absence of nifedipine. This experiment is rep-
resentative of experiments performed four times.

ing preparation and incubation with the cells. The light-
protected sample did not stimulate Fe(II) uptake (Fig. 3).
When new solutions of nifedipine were exposed to the light
in the laboratory for varying periods of time, activity de-
veloped rapidly (Fig. 4). These solutions were analysed by
thin-layer chromatography, which showed the disappear-
ance of the original substance and the appearance of one
major and several minor products with increasing periods of
exposure to light (Fig. 5A). These products were scraped
from the plate, extracted with 0.15 M NaCl-0.02 M
HEPES (pH 7.4), and tested for their ability to mediate iron
uptake by erythrocytes. As shown in Fig. 5B, this activity
was localized to the major photodegradation product.
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FIG. 3. Iron uptake into the cytosol of reticulocytes in the
presence of various nifedipine concentrations that had been
exposed to light (Light) or protected from light (Dark). The
incubations were performed with 20 pM Fe(1l) in KCl, pH
7.0, for 15 min at 37°. The cell incubations with the nifed-
ipine that had been protected from light were performed
under light-protected conditions. This experiment is repre-
sentative of experiments performed six times.
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FIG. 4. Effect of duration of exposure of nifedipine to light
on nifedipine-mediated iron uptake into the cytosol of re-
ticulocytes. The incubations were performed in the dark
with 20 pM Fe(Il) in isotonic NaCl, pH 7.4, for 15 min at
37°. Samples of a nifedipine solution (50 mM in chloroform)
were exposed to daylight near the laboratory window for the
indicated time periods. Two concentrations of nifedipine (5
and 20 pM) were used for the incubations with the cells.
This experiment is representative of experiments performed
four times.

Larger quantities of this product were then isolated by flash
chromatography on silica gel and examined by mass spec-
troscopy and NMR spectroscopy. These studies identified
the active product as the fully aromatic nitrosopyridine de-
rivative of nifedipine (I, below). This has been identified
previously as the major product of daylight-induced degra-
dation of nifedipine [12-14]. The remainder of the experi-
ments described below were performed using fully photo-
degraded nifedipine and, for brevity, the active constituent
with respect to iron transport will be referred to as the
nitroso-derivative. The concentrations given in these ex-
periments were calculated from the quantities of nifedipine
that were used to produce the active derivative. Since there
were only minor quantities of other products in fully pho-
todegraded nifedipine (Fig. 5A), the values given for the
concentrations of the derivative closely approximate the
true values.

I II

NO, NO
H

H3CO0C COOCH3 H3C00C ~# COOCH;

H3C N CH3 H3C \N CHj

H

Nifedipine Nitroso-derivative
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FIG. 5. Effect of duration of exposure to light on the appearance of photodegradation products of nifedipine (A) and the ability
of the products to mediate iron uptake into the cytosol of erythrocytes (B). The same nifedipine solutions as in Fig. 4 were
examined by thin-layer chromotography on silica gel (Fig. 4A). The sample exposed to light for 8 hr was then run as a band
across the silica gel; 10 fractions were scraped from the gel as indicated in Fig. 4A, and eluted with 2 mL HEPES-buffered NaCl
(pH 7.4); then 5-, 20- and 80-pL aliquots of the extracts were tested for their ability to mediate iron uptake by erythrocytes
[20 pM Fe(II) in NaCl, pH 7.4]. This experiment is representative of experiments performed three times.

The effects of varying both iron and the nitroso-
derivative were investigated by measuring Fe(IlI) uptake
into cytosol and stroma of erythrocytes and reticulocytes
incubated in NaCl solution, pH 7.4. As shown in Fig. 6 for
erythrocytes, the pattern of results was different for cytosol
and stroma. Similar results were obtained with reticulo-
cytes. Fe(Il) uptake into the cytosol increased rapidly as the
concentration of the derivative was raised from 0 to 20 pM
but showed very little further increase at higher concentra-
tions (up to 100 uM). By contrast, Fe(Il) uptake into the
stromal fraction of the cells increased in an approximately
linear manner as the concentration of the derivative was
raised from 20 to 100 uM. However, even at 100 pM, the
uptake of Fe(Il) into the stroma was not as great as that into
the cytosol, except at the lowest Fe(Il) concentration that
was used (5 uM). The uptake of Fe(II) mediated by the
nitroso-derivative increased as the Fe(II) concentration was
raised from 5 to 100 uM.

It was also observed that the stimulation of Fe(II) uptake
by the nitroso-derivative was reversible (Fig. 7), that the
iron can be used for haem synthesis (Fig. 8), that the de-
rivative was more effective in mediating the uptake of
Fe(Il) than of Fe(Ill) (Fig. 9), and that the stimulation of
Fe(Il) uptake was a temperature-sensitive process (Fig. 10).

In other experiments, the ability of the derivative to me-
diate the uptake of Mn®" by reticulocytes and erythrocytes
was examined by incubating the cells with >*Mn-labelled
MnCl, (20 pM) in the NaCl or KCl incubation medium.
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FIG. 6. Effect of various concentrations of the nitroso-
derivative of nifedipine on iron uptake into the cytosol and
stroma of erythrocytes. The incubations were performed
with Fe(II) at 5-100 pM in NaCl, pH 7.4, for 15 min at 37°.
Similar results were obtained with reticulocytes. This ex-
periment is representative of experiments performed three
times.
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FIG. 7. Reversibility of nitroso-derivative-mediated iron up-
take into the cytosol of reticulocytes and erythrocytes. The
cells were incubated for 10 min at 37° in NaCl, pH 7.4, with
the derivative (5, 20, and 100 pM). Next, samples of the
cells were washed three times with ice-cold NaCl or not
washed (as indicated) and then incubated at 37° for 15 min
in NaCl, pH 7.4, with 20 pM Fe(Il). This experiment is
representative of experiments performed three times.

No increase in uptake was found when 20 uM nitroso-
derivative was added to the incubation medium.

The nitroso-derivative was able to mediate iron release
from reticulocytes and erythrocytes as well as its uptake. To
study this, reticulocytes were labelled with *°Fe by incuba-
tion for 30 min at 37° with **Fe-labelled transferrin-bound
iron (1 wM Fe) in NaCl, pH 7.4, or with Fe(II) in sucrose
pH 6.5 (1 uM Fe) or in KClI, pH 7.0 (20 uM Fe), and with
erythrocytes using 20 pM Fe(Il) in KCI, pH 7.0. The cells
were then washed four times in ice-cold 0.155 M NaCl and
resuspended in NaCl, pH 7.4, with or without the addition
of 10 uM derivative and 100 pM desferrioxamine. Then
they were reincubated at 37° for periods up to 60 min. At
each time point, samples of the cell suspension were cen-
trifuged, the supernatant solution was removed and
counted for radioactivity, the cells were haemolysed and
recentrifuged, and radiocactivity was measured in the cyto-
solic and stromal fractions. In the case of the reticulocytes
incubated with transferrin-iron and 1 pM Fe(II), 1 mM
succinyl acetone {(an inhibitor of haem synthesis} was in-
cluded in the initial incubation solution because a large
proportion of the iron taken up under these conditions is
normally incorporated into haemoglobin [1, 2], and this
would prevent the possibility of subsequent release from the
cells. This is not a problem with uptake from 20 pM Fe(II)
in KCl because the amount of iron taken up greatly exceeds
that which is incorporated into haemoglobin {3].

In all of the experiments, very little °Fe was released
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FIG. 8. Incorporation into haem of iron taken up by reticu-
locytes in the presence of the nitroso-derivative of nifed-
ipine. Cells were incubated for 15 min at 37° in NaCl, pH
7.4, with the indicated concentrations of Fe(II) and 1-10
BM derivative. They were then washed, and haem was ex-
tracted and counted for *°Fe as described in the text. This
experiment is representative of experiments performed
three times.

from the cells when desferrioxamine was not included in
the reincubation solution, and little *Fe was released when
no nitroso-derivative was present with or without desferri-
oxamine. This is illustrated in Fig. 11 for erythrocytes that
had been labelled by incubation with 20 pM Fe(II) in KCl
solution, but similar results were observed with reticulo-
cytes and the other preincubation conditions. However,
when derivative and desferrioxamine were present in the
reincubation, a large proportion of the *Fe originally taken
up by erythrocytes from 20 uM Fe(ll) was released, the
released °Fe being largely derived from the cytosolic frac-
tion of the cells (Fig. 11). In a similar manner, nitroso-
derivative was able to mediate iron release from reticulo-
cytes that had been labelled with *Fe by all of the three
incubation procedures described above. With the cells that
had been labelled with *°Fe(11), the effluxed *°Fe was de-
rived mainly from the cytosol. In the case of reticulocytes
preincubated with transferrin-Fe, the majority of the *°Fe
was in the stromal fraction of the cells and this was the
source of most of the effluxed *°Fe (Fig. 12). It has been
shown previously that reticulocytes incubated with trans-
ferrin-Fe in the presence of inhibitors of haem synthesis
continue to take up the iron at a normal rate, and the iron
is deposited in mitochondria [15] which form part of the
stromal fraction of reticulocytes.

DISCUSSION

The results of these experiments show thar nifedipine had
different effects on iron uptake by erythroid cells than did
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FIG. 9. Effect of the nitroso-derivative of nifedipine on the
uptake into the cytosol of Fe(II) and Fe(III) by reticulo-
cytes. The cells were incubated for 15 min at 37° in NaCl,
pH 7.4, with the indicated concentrations of Fe(Il) or
Fe(IIl) in the presence of 50 pM derivative. The Fe(III) was
in the form of Fe—citrate (Fe:citrate = 1:100), but similar
results were obtained if the Fe(IIl) was added as FeCl,. This
experiment is representative of experiments performed
three times.

the other Ca?* antagonists tested, and that the unique
properties of nifedipine appeared only after it had been
subjected to photodegradation. The results obtained with
the other antagonists were unremarkable in that they were
all inhibitory, appeared only at relatively high concentra-
tions of the drugs, and did not distinguish between the
different iron uptake mechanisms that were studied. Hence,
they were not investigated further. However, the effects of
nifedipine were so striking that they demanded further in-
vestigation.

The observation that the nitroso-derivative of nifedipine
stimulated the uptake of non-transferrin-bound iron but
not that of transferrin-Fe suggested that it may be acting on
one of the pathways involved in the uptake of transferrin-
free iron. However, this is unlikely to be the case since
stimulated uptake occurred in the presence of potent in-
hibitors of Fe(Il) uptake: NaCl, valinomycin, and amilo-
ride. It therefore appears that the derivative is opening up
a new pathway for iron transport across the membrane or is
acting as a mobile iron ionophore (an “ironophore”). It is
not surprising that the derivative did not stimulate iron
uptake from transferrin since the rate-limiting step in this
iron transport process is the rate of endocytosis of transfer-
rin [16] and, with reticulocytes, each molecule of transferrin
donates both iron atoms to the cell during its endocytic
cycle [16]). Hence, the derivative or any other drug can
accelerate the rate of iron uptake from transferrin into re-
ticulocytes only by increasing the rate of transferrin endo-
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FIG. 10. Effect of incubation temperature on iron uptake
into the cytosol of reticulocytes. The incubations were per-
formed with 20 pM Fe(1l) and 50 pM nitroso-derivative of
nifedipine in NaCl, pH 7.4. This experiment is representa-
tive of experiments performed three times.

cytosis, not by stimulating iron transfer across cell mem-
branes.

The nitroso-derivative of nifedipine has the ability to
mediate iron transfer in both directions across the cell be-
tween extracellular medium and cytoplasm. This is shown
by the changes in the *°Fe content of the cytosolic fraction
of the cells in the uptake and efflux experiments and the
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FIG. 11. Iron efflux from erythrocytes in the absence (A) or
presence (B) of nitroso-derivative after uptake of Fe(II).
The cells were labelled with *°Fe by incubation for 30 min
with 20 pM Fe(II) in KCl, pH 7.0, washed three times with
ice-cold NaCl, and reincubated at 37° with 100 pM desfer-
rioxamine in NaCl, pH 7.4, in the absence (A) or presence
(B) of 10 pM derivative. The figure shows the *°Fe that was
released from the cells (efflux) and that present in the cy-
tosolic and stromal fractions expressed as percent of the
total *°Fe in the cells. This experiment is representative of
experiments performed five times.
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FIG. 12. Iron efflux from reticulocytes in the absence (A) or
presence (B) of nitroso-derivative after uptake of transfer-
rin-bound iron. The cells were labelled with *°Fe by incu-
bation for 30 min with 1 pM transferrin-bound Fe in the
presence of 1 mM succinyl acetone. They were then washed
and reincubated as described for Fig. 11. This experiment is
representative of experiments performed three times.

incorporation of some of the Fe(ll) taken up under the
influence of derivative into haem. Although the amount of
Fe(Il) incorporated into haem was low compared with the
total stimulated Fe(II) uptake, it increased in the presence
of the derivative to reach a plateau level, which was prob-
ably determined by the maximum capacity of the cells for
haem synthesis.

These experiments fail to provide a definitive answer to
the question of how the nitroso-derivative mediates iron
exchange across erythroid cell membranes. However, they
provide some clues and should stimulate further investiga-
tions into the mechanisms involved. The exchange of
Fe(II) was mediated much more effectively than that of
Fe(Ill) or Mn?*. Also, the effect was reversed by simply
washing the cells in ice-cold NaCl solution, indicating that
the rapid Fe(Il) exchange was unlikely to be due to struc-
tural damage to the cell membrane, such as that caused by
free radical reactants. Indeed, haemolysis, which is a useful
indicator of membrane damage in erythroid cells, was not
observed in any of the experiments in this investigation.
The experiments in which the concentrations of Fe(Il) and
the derivative were varied also raise questions which, if
answered, should aid in understanding the processes in-
volved. Thus, Fe(ll) transfer to the cytosol increased with
Fe(II) concentration up to 100 puM, but with respect to
derivarive concentration, only up to 20 pM. However,
Fe(II) incorporation into the stroma increased as the de-
rivative concentration was raised up to the maximum tested
(100 pM). The maximal or near maximal rate of Fe(II)
transfer to the cytosol for each Fe(Il) concentration was
reached at a derivative concentration of 20 pM, whereas
Fe(Il) uptake to the stroma continued to increase with
higher concentrations, although the effect of concentration
was curvilinear with the change from curved to linear oc-
curring at about a 20-uM concentration of the derivative.
Possibly a change in the interaction between molecules of
the derivative and/or the components of the cell membrane

D. L. Savigni and E. H. Morgan

occurs when the concentration in the extracellular medium
is raised above 20 pM.

Although any conclusion regarding the mode of action of
the nitroso-derivative of nifedipine on Fe(II) transport
across erythroid cell membranes must be tentative at the
present time, a useful working hypothesis is that the drug
acts as an ionophore, with the capability of transferring
Fe(11) but not Mn’* across the membranes. If this activity
is found to be specific for iron, it may provide a valuable
adjunct in chelation therapy for iron overload. Since the
photodegradation products of nifedipine lack Ca”* channel
blocking properties [17, 18], there should be no risk of
side-effects due to actions on these channels. The product,
in combination with desferrioxamine, was able to mediate
iron release from erythroid cells at a far greater rate than
was observed with desferrioxamine alone. If this action also
occurs with other types of cells, and in vivo, it could provide
a means of accentuating the excretion of excess body iron
by desferrioxamine, the only iron chelator that has
achieved widespread clinical acceptance for this purpose.

This work was supported by a grant from the Australian Research
Council. We are greatly indebted to Dr. D. Wege, Department of
Chemistry, The University of Western Australia, for purifying the
nitroso-derivative by flash chromatography and for the analyses by mass
spectroscopy and NMR spectroscopy.
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