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Intestinal iron uptake by mouse duodenal i it inhibited in the ab: of oxygen and glucose from the
incubation medium and by a variety of boli ibit The ism of energy coupling to iron uptake is,
however, unclear. In vitro experi using showed Fe** uptake to be markedly inhibited, in a

reversible fashion, by the of i i dium Na* by K*. Addition of phloridzin to the medium failed to
affect iron uptake, suggesting that the above effect was not a consequence of reduced glucose uptake. Substitution of
Na* by Rb* also potently reduced ducdenal iron uptake. Replacement of medium NaCl by either mannito! or choline
chloride had no significant effect on Fe3* uptake, thus excluding the possibility of the Fe>* uptake process being
Na*-dependent. Similar observations were made with duodenal fragments from animais with enhanced Fe** absorption,

due to chronic hypoxia. V ycin (1-5 pM) i

the uptake of both glucose and Fe®*. ngher com:enlrullons
(22.5 pM) of the ionophore were inhibitory. In vivo studies (tied-off

using Rb*. ini

the inhibitory effects of univalent cations on Fe3* ab
vivo, with low ions of valif in and ni;

Enhanced absorption of Fe?* was also demonstrable in

added to the luminal medium. These observations suggest

that the Fe>* uptake process may be dependent on the brush-border membrane potential,

Introduction

Iron homeostasis is maintained primarily by control-

interlinked. Firstly, ATP may be hydrolysed during the
carrier-mediated transport of the metal, analogous to
the Na*/K*-ATPase and Ca?*/Mg**-ATPase systems

ling intestinal iron absorption. The ptive mecha-
nism entails at least two kinetically distinct steps: (i)

‘uptake’ o!‘ iron fmm the iuvmen into the mucosa and (ii)
followi 1 i the ‘transfer’ of
some/all of the iron from the mucosa to the plasma [1].
Our previous studics have shown the ‘uptake’ phase to
involve at least iwo pathways [2]: Pathway one is facili-
tated by free fatty acids [3], whilst pathway two, which
is quantitatively more important, requires metabolically
active cells to function {2]. The latter pathway is sensi-
tive to metabolic inhibitors [2] and ethblts saturation-
Kkinetics (carri diated) and adap to
changes in iron

P
qui [4]. The ling b

enterocyte iron uptake and the expendlture of metabolic
energy is, however, unclear. There are at least two
possible means by which the two processes may be
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P ing at many cell membranes. Alternatively, iron
transport may be coupled to ionic gradients either di-
rectly (co-transport of other ions) or indirectly through
electrogenic ion-transport. In this study, we set out to
mvesugale the latter p ility, through
of ionic gradients and thus, the electric pmenlmls across
the duodenal mucosa.

Materials and Methods

All chemicals and biochemicals were from
either BDH Chemicals (Poole, Dorset) or Sigma Chem-
1cnl Co Ltd. (Poole) Radiochemicals were from

ham Inter 1 (A Bucks).

Animals. Male mice, To strain, 6-8 weeks old were
used throughout Hypoxm was initiated by placing mice
in a hypobaric ch d at 53.3 kPa (0.5
atm) for 3 dﬂys

In vitro uptake studies. A previously described in
vitro technique [4] was used for determining initial rates
of iron uptake by intestinal mucosal fragments. Mice
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were killed by cervical dislocation and pieces of
duodenal tissue removed from the first 5 cm proximal
to ihe pylorus. The tissue was cut longitudinally and
sectioned into tissue fragments (2-10 mg wet weight).
After rinsing in oxygenated buffer (16 mM Hepes-Tris,
125 mM NaCl, 3.5 mM KCl, 1 mM CaCl,, 10 mM
MgSO, and 10 mM D-glucose, pH 7.4), the iragments
were incubated in the same buffer containing **Fe’*-
nitrilotriacetate (NTA) with ’Co-cyanocobalamin as
the extraceliular fluid marker. Parallel incubations were
performed with tissue fragments from the same animal,
usmg media in which lomc mampulallons had been

duced. Such a ises the likelihood of
differences arising due to the variability in uptake rates
which may occur between different groups of mice.
Tonophores were dissolved in ethanol before use. Con-
trol media of ethanol
(0.1% final concentration). lnclusnon of ethanol at these
concentrations has been found not to affect the duodenal
Fe* uptake rate. Fragment uptake was corrected for
non-mucosal (serosal) entry of *Fe* by performing
simiiar incubations with right side out tied-off duodenal
segments [4].

Glucose uptake by fragments was performed by the
in vitro technique described above, except that the in-
cubation medium contained 10 mM 3-O-methyl-p-
[’ H]glucose and S'Cr-EDTA as the ECF marker. After

ion, tissue ples were d for gamma
radiation, before being oxidised in a Tri-Carb sample
oxidiser, Model B306 (Canben-a Fackard, Pangbourne,
Berks). The i 1 was d for the tri-
tium label in ‘Monophase S’ (Canberra Packard) scintil-
lation fluid, and the glucose uptakes (corrected for thz
extracellular fluid (ECF) space) expressed as nmol/my
tissue per min.

In vivo iron uptake. In siiu tied-off duodenal seg-
ments were used to determine intestinal iron absorption
[5]. A small volume (50-100 1) of physiological medium
containing *°Fe** as Fe’* :NTA (1:2) was instilled
into the duodenal of the ised mouse.
The segment was prewashed with 0.6 mi of 0.15 M
NaCl (at 37°C) before the addition of ®Fe’*. Follow-
ing a 10 min b the was
flushed with ice cold NaCl (0.15 M), weighed and
counted in a gamma counter. The carcass was counted
similarly for 5 min in a high resolution bulk sample
counter [6). After weighing the duoderc] segment, the
activity of *Fe present in either the tissue (mucosal
retention) or carcass (mucosal transfer) was expressed
as pmol/mg wet weight intestine. All experiments were
performed under maximal uptake (V,,,) conditions (i.e.
Fe®* concentration, 250 pmol/1).

Intraceliular Na* and K* measurements. Isolated
duodenal tissue (4-5 cm) was cut longitudinally, blotted
and incubated in the appropriate incubation medium
for 10 min. Theseafter, it was removed, blotted thor-
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oughly and the mucosa scraped off on an iced plate.
The weighed tissue was suspended in 20 mM nitric acid,
and homogerised in a small Dounce homogeniser
(Kontes Glass Co. Ltd., NJ, U.S.A.). After brief centrif-
ugation (1800 rpm X 5 min) the supernatant was sep-
arated and analysed fo. the Na* and K* content with a
Corning 430 Flame Photometer.

Results

Importance of glucose and oxygen for in vitro Fe'*
uptake

In addition to the effect of metabolic inhibitors [2],
the dependence of the initial Fe** uptake process on the
metabolic energy. was demonstrated by the reduction in
the mucosal flux of **Fe when fragments were in-
cubated in either glucose-free medium or medium
aerated with nitrogen (Table 1).

Effect of univalent cations on Fe’* uptake

Table II shows the effect of replacing madium Na*
with equimolar amounts of other cations on Jusdendal
Fe** uptake. Incubation of tissue f; ina medi
in which Na* had been almost totally replaced by K*
(final Na* concentration = 10 mM) was accompanied
by changes in the tissue cation concentration (tissue
Na*: control medium 0.09 + 0.01 pmol/mg tissue, low
Na™/high K* medium 0.06 + 0.01 (2) pmol/mg; lissue
K*: control medium 0.07 £ 0.003 (4) pmol/mg, low
Na*/high K* medium 0.13 + 0.01 (2) pmol/mg) and
resulted in a marked reduction in the mucosal Fe®*
uptake rate. In contrast. addition of phioridzin (a
specific hexose transport irhibitor; {7]) or the equimoiar
replacement of mediu'n Na*, X* and Ci~ with manni-
tol did not have uny sigaificant effects upon the
duodenal Fe'* uptae rates.

Substitution of ro2dium NaCl by choline chloride
also failed to alter the Fe’* uptoke raic. Similar ob-
servations were made using fragments from hypoxic (3
d at 0.5 atm) animals (Table III), a suitable model of
enhanced iron absorption [4]. These data thus indicate
firstly, that the reduced iror uptake is not a conse-

TABLE 1

Effect of glucose and uxygen on in titro Fe’* uptake

Result: mean uptake+ S.E. for 6-8 determinations. The uptake values
have been corrected for non-mucosal entry of **Fe. * P <001, ** P
< 0.001 as compared to values in normal oxygenated medium.

Medium Uptake
(pmol/mg per min)
Normal :iiedium
(aerated with 95% 0, /5% CO;) 57+05
Glucose-free medium 34£03*
Normal medium
(aerated with 95% N, /5% CO.) 24104 %*
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TABLE I

Effect of cations on mucosal **Fe** uptake by duadenal fragments from
normal mice

Results: mean+S.E. for 6-10 determinations. Duodenal fragments
were obtained from normal mice. These fragments were divided into
two groups. one group incubated in control medium and the other in
experimental medium. The tissue samples were pre-incubated in the
appropriate medium for 5 min, followed by a further 5 min in similar
medium containing *° Fe and *’Co. The uptake values for the duodenal
fragments have been corrected for non-mucosal entry. Medium Fe3*
250 pmol/1. NTA 500 zmol/i. Statistical analysis by Student's *™-test:
= P <001, ** P <0001

I Physiol med
.| Physol med
£3 T
g
52
11 1 Low Na¥/high K+
2 [ 28
] +
5, Low Na¥/high K

Fig. 1. Duodenal fragments, isolated from control animals were
incubated in either physiological or low Na*/high K* media. After §
min, S°Fe’* uptakes were determined in half the fragments in each
medium. The ini were to cither low
Na*/high K* or physiological medium, respectively, and uptakes
ined after a further 5 min. Results are means+ S.E. for 6-10

determinations. Medium Fe?® * 90 xM. Molar ratio Fe**/NTA, 1:2.

medium had normal Fe* uptake rates when transferred
to normal medium, suggesting that the inhibition is

Marked inhibition in uptake rate (> 50%; was also
observed when medium Na* was replaced by other
monovalent cations (Tables II and III). Rb* was found

Medium Uptake (pmol/mg per min)  Inhibition
contro} experimental )
Low Na“*/high K* 50104 12402 76
Phloridzin
©.5 mM) 39:06  44%10 0
Mannitol 31+04 31107 0
Choline chloride T
(NaCl-free) 38404 36107 5 reversible.,
Replacing Na*
Li* 31404 14304 % 55
Cs* 18+04  1.6£03** 58
Rb* 32404 02+03* 94

quence of reduced glucose uptake and secondly, that
iron uptake is not a Na*-dependent process. K*, on the
other hand, appears to have marked inhibitory effects.
The data in Fig. 1 shows that fragments preincubated
in normal physiological medium had a reduced uptake
rate when transferred to a medium containing a low
Na*/high K* ation. In additi
which had been preincubated in the low Na*/high K*

TABLE HI

Effect of cations on rucosal **Fe’* uptake by duodenal fragments from
3d hypoxic mice

Results: mean+S.E. for 3-8 determinations. Ducdenal fragments
were pre-incubated in either control or experimental medium for 5
min followed by a further 5 min in similar medium containing **Fe
and *’Co. The uptake values have been corrected for the non-mucesal
entry. Medium Fe?* 250 uM, NTA 500 pM. Statistical analysis by
Student’s ‘¢’-test: * P < 0.001.

Medium Uptake (pmol/mg per min)  Inhibition
comtral experimental ()
LowNa*/highK*  11.0+09 1404 * 87
Phloridzin (0.5 mM)  122+18 111+06 9
Mannito! 159+13  149+0.3 6
Choline chloride 109+13 101+08 7
Replacing Na™
Li~ 110105 22£05* 80
cs* 110£09 2603 ° 76
Rb* 11.0£09 02+03* 98

to have the most potent effect: A 50% reduction in the
Fe>* uptake rate (I, value) was observed at approx. 30
mM Rb*. The inhibitory effects of Rb* on Fe** uptake
was confirmed in vivo with in situ tied-off duodenal
segments injected with control or Rb*-containing (125
mM) medium (total mucosal uptake: control medium
61.6 + 3.6 (3) pmol/mg per 10 min; +Rb medium
41.9 £ 49 (5), P <0.05).

Effect of ionophores on Fe** uptake

Electric potentials exist across cellular membranes,
due to ionic gradients betwzen the intra- and extra-cel-
lular environments (inside being more negative).
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Fig. 2. Time course for **Fe* uptake by mouse duodenal fragments

in the presence () and absence (®) of 5 gM valinomycin. Fe>* = 250

1M, molar ratio Fe?*/NTA, 1:2. Results are means+S.E. for 4-7

determinations at each time point. Statistical analysis by Student’s

‘t'-test: * P>0.05, ** P < 0.05, *** P <0.02 as cor pared to con-
trol values at that specific time pot-.z.



TABLE 1V

SFet* absorption from in vivo tied-off duodenal segments

Results: mean £ S.E. for (n) animals. Segments were prewashed with
0.15 M NaCl (at 37°C) prior to °Fe’* incubation. Fe'* 250 uM.

molar ratio Fe/NTA, 1:2. * P <002, ** P <0.01 as compared to
control values.

Medium n ¥Fe’* absorption (pmol /mg per 10 min)
mucosal mucosal total mucosal
retention transfer uptake

Normal 4 285+1.7 205+1.5 490121

+5uM valinomycin 4 399423 ** 246+18 64.4+27%*

+1.5puMnigericin = 3 421439 * 314429 * 73.6+62**
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duodenal Fe'" uptake rate (Fe** =250 pM: control
medium 7.1 +04 (7) pmol/mg per min; +1.4 pM
nigericin 8.7 £ 0.5 (9) pmol/mg per min, P < 0.05).

Absorption studies performed in vivo, confirmed the
enhancement in uptake rates, when icw concentrations
of valinomycin (5 pM) or nigericin {1.5 pm) were in-
cluded in the incubation medium (Table IV).

Effect of valinomycin on in vitro glucose uptake

The importance of Na* in the transmembrane trans-
port of sugar(s) across the small intestine is well docu-
mented [14,15]. More recent studies on intestinal cells

Changes in membrane potential may thus result from
alterations in the ionic composition of the external
milien [8-11). In order to evaluate the role of the
transmembrane potential difference in the uptake of
Fe’*, experiments were performed in the presence of
valinomycin, which hyperpolarises membranes by
specxflcal]y mcreasmg the K* permeablluly [12] Frag-
ments bated in normal physi con-
taining valinomycin (5 pM) did exhibit enhanced *Fe**
uptake rates, as compared to control values (Fig. 2).
Stimulation was even evident, though to a lesser cxlem.
at lower vali ycin (1 pM) (incut

time 4 min, Fe’* uptake: control 299 + 19 (5)
pmol/mg; +valinomycin 37.8 +4.2 (6), P<02). In
experiments in which a higher valinomycin concentra-
tion (22.5 pM) was used and the fragments prein-
cubated (5 min) in this medium, a reduction in the
corrected mucosal uptake was seen (control 3.4 + 0.1 (3)
pmol/mg per min; +valinomycin 22+0.1 (3). P<
0.05)

have, h » proposed that the membrane potential,
in addition to the Na*-gradient is, an important compo-
nent of the thermodynamic driving force for glucose
transport {11.16]. The stimulation in glucose uptake in
the presence of valinomycin (5 #M) in the medium (Fig.
3) confirms this proposal. Detectable changes in the
uptake rates were also evident at low concentrations (1
M) of the ionophore (control 1.4 +0.2 (3) nmol/mg
per min: + valinomycin 2.4 + 0.4 (3) nmol/mg per min,
0.05 < P <0.10). Higher concentrations of ionophore
were inhibitory (control 1.6 + 0.2 (4) nmol/mg per min;
+22.5 pM valinomycin 0.5 + 0.2 (4) nmol/mg per min,
P <0.01).

Discussion

Our previous studies on *°Fe uptake from Fe-NTA
have shown that iron is specifically transferred from the
chelate complex at the cell surface. whilst the intact
chelate is excluded from cell entry [4]. This saturable
(carrier-mediated) process | gxeally affected by the

of or the absence of
oxygen/glucose in the medium. The mechanism by
which the metabolic energy is coupled to the uptake
process, however, remains unclear. The transmembrane

igericin, another ionoph which i K*
permeabllny, though to a lower extent than vahnomycm
[13], was also found to signi the
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Fig. 3. Time course for uptake of 3-O-methyl-D-[*Hglucose by mouse
duodenum. in the presence (a) and absence (@) of 5 pM valinomycin.
Results are means  S.E. for three or four determinations at each time
point. Statistical analysis by Student’s ‘7 "-test: * P > 0.05, ** P < 0.05.

p ial, which d on the ionic i [8]
has been shown to affect the epithelial transport of
many Na'-coupled solutes [17}. Alanine transport in
hepatocytes has also been reported to be sensitive 10 the
membrane potential gradient [18,19]. This study was
therefore performed to determine whether the electro-
genic uptake of Fe’* is influenced by the ionic (electric)
gradient across the cell membrane; This was investi-
gated by manipulating changes in the ionic composition
of the bathing medi i of medium NaCl
with either mannitol or choline chloride, had no distinct
effects on Fe’* uptake, suggesting that the uptake pro-
cess is not Na"-dependent. Furthermore, the failure of
phloridzin to affect uptake, suggests that iron-transport

is not d. dent on the Na*-di dent glucose carrier.
However, the almost ! 1 of medi
Na* by K*, a iated with

depolarisation [20,21] resulted in a marked, but reversi-
ble, inhibition in Fe'* uptake. Other cations in the
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same group as K* also had inhibitory effects, but to a
variable degree. The similarity in the degree of inhibi-
tion by K* and Rb* may be ascribed to the fact that
the ionic radii of the two ions are very similar (K* 0.133
nm, Rb* 0.148 nm [22]).

Further evid for the p of the
membrane potential in the Fe’* uptake process was
provided by experiments performed with specific iono-
phores. Valinomycin (a neutral ionophore with an equi-
librium selectivity for K* over Na* of about 10000:1
[23]) resulted, at low concentrations (1-5 pM), in an
increase in the Fe* uptake rate. Nigericin, a related
compound, also had a similar stimulatory effect on the
Fe* uptake rate. Analogous changes in uptake of glu-
cose, a membrane-potential sensitive process [11], were
also observed on the inclusion of valinomycin (1-5 pM)
in the medium. These observations suggest that the
latory effect of vali ycin on Fe uptake is due to
membrane hyperpolarisation. The inhibition in uptake
at the higher concentration of valinomycin (22.5 pM)
may be attributable to the secondary effects of the
ionophore on cellular energy mectabolism viz. uncou-
pling of mitochondria [24]. This effect also indicates
that the stimulation in iron uptake by low concentra-
tions of valinomycin, is not due to valinomycin-cata-
lysed iron transport.

The inhibitory effects of univalent cations and the
transient stimulation in Fe* uptake seen with K*
ionophores, suggests that the brush-border membrane
potential is an important driving force for the active
uptake of *Fe’* by mouse duodenum. A recent study
[21] demonstrating the electrogenic uptake of non-trans-
ferrin bound iron by the liver to be dependent on the

potential diffe further supports

these findings.
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