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Iron uptake by brush border membrane vesicles isolated from rabbit small intestine was studied using a rapid 
filtration technique. Special attention was directed at avoiding hydrolysis of iron at Fe(llI) and oxidation of iron 
at Fe(lI). Uptake of Fe(llI) was studied from media containing ferric citrate with a 1000-fold molar excess of 
citrate to iron, calculated to be sufficient to prevent simple hydrolysis and polynuclear complex formation. 
Fe(IlI) bound to the mucosal membranes in a temperature-dependent and saturable fashion. Transport into the 
intravesicular space, however, could not be demonstrated. Fe(IlI) uptake was almost identical after heat denatu- 
ration of membrane proteins, which probably rules out the involvement of a specific protein receptor. Membrane 
binding of Fe(lll) was higher when media with a lower pH were used and when there was only a 20-fold molar 
excess of citrate to iron. The major part of the SSFe(lll) is bound to the membranes very strongly, and cannot be 
removed by washing with excess unlabeled Fe(IIl). Under similar experimental conditions uptake of Fe(II), from 
a medium with a 20-fold molar excess of ascorbate to iron, was several hundred times higher than that of Fe(IIl). 
Again, there was no difference between the uptake of Fe(II) by normal or boiled vesicles. In contrast to results 
with Fe(III), however, uptake of Fe(II) into an osmotic space could be demonstrated. The large amount of Fe(II) 
transported may be explained by assuming an intravesicular iron trap, possibly provided by oxidation and hydrol- 
ysis in the vesicular lumen. Our findings indicate that the uptake of iron by microvillous membrane vesicles prob- 
ably entails both binding and simple diffusion. 

Introduction 

It has been recognized for almost half a century 
that fluctuations in the body's need for iron are met 
by varying iron uptake from the intestine [1]. There 
is good evidence that iron absorption consists of  two 
steps, mucosal uptake, followed by mucosal transfer 
of iron, both possibly subject to regulation [2,3]. The 
mechanism of mucosal uptake has been studied in 
vitro by Incubation of intestinal brush border seg- 
ments with iron [4,5]. In this system the iron has 
access, however, to the luminal and the cytoplasmal 

* Permanent address Dr J.J M. Marx, Department of Hemat- 
ology, University Hospital, Catharljnesingel 101, Utrecht, 
The Netherlands. 

site of the mucosal membrane. Moreover it is not 
possible to distinguish binding from transport. These 
problems can be overcome If purified mucosal mem- 
brane vesicles are used. The technique for production 
of those vesicles has been improved considerably in the 
last few years, and vesicles have been used to investi- 
gate epithelial transport of a number of nutrients [6]. 
Few studies have been published of iron transport 
using mucosal membrane vesicles [7,8], with con- 
flicting results. In the present work we investigated 
some biochemical aspects of the interaction of Fe(II1) 
and Fe(II) with intestinal mucosal membrane vesicles. 
Much effort was given to using well-defined ferric 
citrate and ferrous ascorbate test media to minimize 
artifactual hydrolysis of Fe(III) and oxidation of 
Fe(II) which might influence the results considerably. 
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Some of the uptake studies were also repeated with 
vesicles in which proteins were denaturated by heat- 
lng 

Methods 

Preparatton of brush border membrane veswles 
Pooled material of  two normal New Zealand White 

rabbits was used for every preparation. The animals 
were killed by a blow in the neck. The proximal one- 
third part of the sxnall intestine was removed and 

rinsed Immediately with ice-cold 0.15 M NaC1. All 
subsequent steps were performed at temperatures 
between 0°C and 4°C. Membrane vesicles were iso- 
lated according to a method described by Kessler et 
al [9] with only minor alterations. Intestinal loops 

of  about 12 cm were opened, rinsed again with sahne 
and blotted carefully with soft tissue paper to remove 

as lnuch mucus as possible. The mucosa was scraped 
off gently with a glass shde, suspended in a hypotonlc  
buffet solution (50 mM mannltol,  2 mM Trls-HC1, pH 
7.1), 25 ml for 1 g wet weight mucosa, and homogen- 
ized in a Warlng blender for 2 rain at maximum 
speed. Solid CaCI2 was then added to a final concen- 
tration of 10 mM to cross-link and precipitate lntra- 
cellular organelles and basolateral plasma membranes 
~9]. This suspensl~,n was centrifuged for 15 rain at 

3000 Xg m a refrigerated Sorvall RC-5B (rotor SS- 
34). The pellet was discarded and the supernatant 
spun for 30 mln at 27 000 X g. The resulting pellet 
was resuspended in 100raM mannl to l /20mM Trls- 
Hepes, pH 7.4, and homogenized with a Thomas 
glass/Teflon tissue grinder with serrated pestles, 8 

strokes with 1500 rev./min. The homogenate was 
centrifuged for 15 man at 6000 X g to remove remain- 
mg particles, followed by a final centrlfugatlon of the 
supernatant for 30ra in  at 2 3 0 0 0 X g  to yield 
pelleted vesicles These were resuspended by aspira- 
tion in a syringe through a 25-gauge needle The 
vesicles were frozen immediately in 200 ttl samples at 

70°C until use. 

Preparation of the hwubanon medium 
The incubation lnedlum consisted of two equal 

parts A and B. Part A was identical in most experi- 
ments and is called the 'standard medium'.  It was 
made to have, after reconstltution with part B, the 
followang composition" 50 mM manltol,  50 mM NaC1, 

20 mM Trls-Hepes, pH 7.4 and 1 mM Dglucose [9]. In 
the uptake studies with different osmolaritles a vari- 
able amount of  mannltol was included in medium A 
Part A was freshly prepared or filtered through a 22 
# m  Mllhpore filter before use. 

Part B was variable in the different experiments In 
the studies of  D-glucose uptake, 5-10/~C1 of D-[1- 
3H]glucose (Amersham), specific activity 6.7 C1/ 
retool, was included in 50/A of  medluin B, which was 
premcubated with an equal part of  A before use. 

In the iron uptake studies, Part B included radio- 
active and carrier-iron The final iron concentration 
is given for every single experiment in the results 
section. Iron test doses were freshly prepared for 
every set of  experiments.  For studies of  F e ( I l l ) u p -  

take a chelating agent had to be used because of  the 
hydrolyt ic  tendencies of Fe(I l l )  and the low solubil- 
ity of ferric hydroxide complexes [10]. For this 
purpose citrate was chosen. We calculated that a 
lO00-fold molar excess of  citrate was necessary at 
pH 7.4 in order to obtain a maximum [Fe] less than 
10 -19 M, using Eqn. 7 from Alsen et al [11]. This is 

sufficiently low to prevent hydrolysis. Ferric dlcltrate 
complex formation was taken into account [12]. In 
all experiments SSFeC13 (Amersham) in 0.1 M HC1, 
specific activity 4 86 Cl/mmol, was used. To obtain 
the desired total concentration of  Fe, an appropriate 
amount of  0 5 mM FeC13 in 0 1 M HC1 was added to 
the tracer. Enough citric acid (J.T Baker)was added 
to obtain a 1000-fold molar excess After 10 mm at 
low pH a calculated amount of  NaOH solution was 
added in dropwlse fashion with active stirring, to 
increase the pH to 7 . 0 - 7  4 After addition of  buffer 
(Trls-Hepes, pH 7.4 m medium A) the measured pH 
in the final reaction mixture was 7.4. 

During preparation of  the reaction medium for 
Fe(II)  uptake studies several precautions were taken 
to avoid oxidation.  First, SSFeC13 was added to at 
least a 5-fold molar excess of  ferrous sulphate (Sigma) 
in 0.1 M HC1. A 20-fold molar excess of  t-ascorblc 
acid (J T. Baker) was their added to the Iron. After 
20 mln the pH was brought to pH 7.4 with NaHCO3. 

Medmm B was saturated with N2 as were all the other 
solutions for preparation of  the Fe(II)  Incubation 
medium, and reconstituted with medium A imme- 
diately before every test. 

All reagents were analytical grade and doubly dis- 
tilled, delonlzed water was used in all experiments 
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Uptake method 

The uptake of labeled iron and glucose was studied 
with a rapid Millipore filtration technique. The vesi- 
cles were freshly prepared the same day or taken 
from stock, frozen at -70°C and thawed at 37°C 
before a set of ~xperiments. Vesicles were kept on ice 
until directly before the uptake test. Usually 20/~1 
vortexed vesicle suspension was added to 100/A 
incubation medium in a glass culture tube in a shaking 
waterbath or on melting ice. The reaction was ter- 
minated at desired times by removal, after brief 
vortexing, of a 20/~1 aliquot from the medium, which 
was immediately applied to a wet Mflhpore filter 
(PHWP 025 00, pore size 0.3 #m), mounted on a 
glass frltted disc, connected to a vacuum pump. Use 
of a battery of four filters allowed filtration of 
samples within short time intervals. The vesicles were 
washed on the filters immediately after apphcation 
with at least 4 ml of an ice-cold NaC1 stop-solution, 
which had always a higher osmolarlty than the incu- 
bation medmm. In the D-glucose uptake studies 0.7 
mM phloridzln was added to the stop-solution, as a 
specific inhibitor of D-glucose uptake. In a number of 
iron uptake studies the 20/~1 samples were first 
diluted m an ice-cold 1 ml stop-solution, containing 
0.1 mM FeCI3 and 100 mM citrate, neutralized to 
pH 7.0 with NaOH. After 1 min this solution was 
Milllpore filtered and washed as described. The filters 
were solubthzed in Aquasol (New England Nuclear) 
and radioactivity was measured, after an Interval of at 
least 6 h in the dark, with a hquld scintillation 
counter (Beckmann LS 7500), equipped with auto- 
matic quench compensation. In every experiment 
results were corrected for nonspeclfic binding of 
radioactivity to the filters. This binding was always 
very low in the experiments with D-glucose and 
Fe(III) citrate, the total counts being less than twice 
the amount derived from a wet Millipore filter blank. 
NonspeclfiC binding of SSFe(II) was about five times 
as high, and could not be abohshed by a number of 
variations of the washing method. The amount of 
nonspecificaUy bound SSFe in these experiments, 
however, was usually less than 5% of the counts 
associated with the vesicles. 

All uptake studies, if not done in triphcate, were 
repeated several times with similar results using vesi- 
cles from different preparations. When uptake values 

were calculated as nmol Fe/mg membrane protein, 
variation of results was usually less than 20%, for 
identical concentrations of iron even when vesicles 
from different batches were used, provided Fe con- 
centrations in the incubation media were expressed 
as nmol/mg protein. 

Other methods 
Protein was estimated according to Peterson [13], 

using bovine serum-albumin (Schwarz-Mann) as a 
standard. Sucrase activity, which is highly specific 
for mucosal membranes, was measured by the 
method of Dahlqulst [14]. The glucose liberated in 
this reaction was assayed by a glucose oxldase 
method using Statzyme Glucose 500 (Worthington 
Diagnostics). 

Results 

Characterization of vesicles 
The purification method used yields a highly purl- 

fled suspension of brush border membrane vesicles 
[9]. Vesicles from the different preparations used in 
this study were characterized routinely by assessment 
of the increase of specific sucrase activity. The final 
vesicle suspension (n = 4) contained 2.75 -+ 0.26% of 
the protein (m + S.E.) and 25.2 -+ 2.2% of the sucrase 
activity of the first homogenate, representing a mean 
increase of the specific sucrase activity of 9 2. 

Functional integrity of the vesicles was tested by 
the measurement of carrier mediated D-glucose trans- 
port. The electrochemical gradient, which was pro- 
vided by NaC1 included in part A of the medium, 
resulted in an Initial facilitated diffusion of the D- 
glucose, which is very speclfc for mlcrovlllous mem- 
branes [15]. The overshoot was usually more than 
10-times the equilibrium value after back diffusion of 
D-glucose Into the medium, which compares very well 
with other studies using the same system [9,16,17]. 
Moreover, this established that the vesicles were 
sealed and oriented right-side out. The fast initial up- 
take of D-glucose could be inhibited with 0.7 mM 
phloridzln. When the vesicles were premcubated with 
50 mM NaC1 there was only a slow diffusion of o.-glu- 
cose into the vesicles until equilibrium occurred. The 
same pattern was observed when the D-glucose carrier 
was inactivated by heating of the vesicle suspension 
for 5 mln at 100°C. The intravesicular space, calcu- 
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lated from the amount of included D-[3H]glucose, 
was 0.038% of  the final volume of  the reaction mix- 
ture before and after heating lndacatlng that the 
vesacles remained intact. When increasing amounts of  
manmtol  were added to the medm to increase their 

osmolarlty,  a linear reductaon of  D-glucose uptake was 
seen, which could be extrapolated to zero at mfimte 
osmolanty,  showing that there is true membrane 
transport of D-glucose rather than simple banding. No 
difference was found wath respect to D-[3H]glucose 

uptake between freshly prepared and 4-month-old 
vesicles stored at -70°C.  

Uptake or ferric citrate 
Temperature dependence. Uptake of  Fe(III)  at 

37°C was consastently 5-6- t imes  hagher than at 
0°C (Fig. 1). The uptake velocity gradually decreased 
after 1 ram, but total uptake of  SSFe-labeled ferric 

citrate was still increasing after 60 mm incubation. 
There was a good reproducibil i ty of  Fe(III)  uptake at 
37°C and O°C, measured during different experaments 
using vesicles from the same preparation. Vesacles 
stored for 2 months at - 7 0 ° C  showed the same 
charactenstacs of  Fe(III)  uptake as fresh vesicles. 

Bindmg or transport. To distinguish between bind- 
mg of  ferric c~trate to the membrane and transport  
into an mtravesacular space, vesicles were ancubated 
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Fxg 1. Uptake of s 5 Fe(III) citrate by rabbit intestinal micro- 
villous membrane vesicles. The reaction mixture contained 
1.72 tsM Fe(III) and 1 72 mM citrate at pH 7 4. Final concen- 
tration of the vesicles was 0.77 mg protem/ml. Indicated are 
mean ± S.E of independent experiments at 37°C (o o, 
n = 4) and 0°C (o o, n = 3) Before Mfllipore filtration 
every sample was diluted m an ice-cold stop-soluUon with 
100 tsM Fe(IIl) and 100 mM citrate. 
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Fig. 2. Influence of osmolanty on uptake of s 5 Fe(llI) citrate 
by intestinal mucosal membranes at 37°C and pH 7 4. Con- 
centratlon of Fe(llI), citrate and vesicles as in Fig 1. The 
reaction mixture contained m addition 20 mM Tns-Hepes, 
42 mM NaC1, 0.9 mM D-glucose and sufficient mannitol to 
reach the following osmolaritxes. 0.200 osM (o), 0 275 osM 
(o), 0.286 osM (~), 0.322 osM (A), and 0 390 osM (tz). The 
shaded area indicates the range of values of four experiments 
using a 0.200 osM react]on mtxture. 

m hypertomc media with increasing osmolarity to 
promote shrinkage of the vesicles [18]. To ehmlnate 
the contribution of  weakly bound, exchangeable 
SSFe, every sample was washed m a 1 ml ice-cold 

stop-solution with excess ferric citrate as described in 
the methods. No &fference was observed m the 
amount of  SSFe associated with the vesicles during 
incubation in media with increasing osmolanty (Fig. 
2), ln&cating that the Fe(III)  was merely bound to 
the membrane and not transported into an osmoti- 
cally active space. 

Bindmg of  Fe(IllJ or of citrate. To Investigate 
whether uptake of  SSFe by the vesicles results from 
binding of  the ferric citrate complex or only the iron, 
doubly labeled me&a with SSFe(III) and [a4C]citrate 
(New England Nuclear) were studmd with results 
shown in Fig. 3. Binding of  SSFe continued to 
increase for at least 60 mm while binding of  14C 
exhibited saturation within 2 min. It should be noted 
that, m our experiments, the molar ratao of  catrate 
to iron on the vesicles is always much greater than 
umty. We cannot tell, therefore, whether vesicle 
associated SSFe represents a ferric citrate complex, 
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Fig 3 Uptake of SSFe(lll) (o o) and [14C]cltrate 
(o o) by mucosal membrane vesicles from a 
reaction medium containing 1.77/sM Fe(IlI) and 1.77 mM 
citrate, at 37°C and pH 7.4 Final concentration of vesicles 
was 0.66 mg protein/ml. Indicated are mean _+ S.E. of three 
different experiments All samples were washed directly on 
the filter with 4 ml ice-cold 0.154 M NaC1. 

or Fe(llI)  dissociated from citrate. 

Involvement of  protein as an iron receptor. In 
order to investigate whether or not  the Fe(III) was 

bound to protein, serving as an iron receptor m the 

mucosal membrane, vesicle proteins were denaturated 

by heating during 5 mm at 100°C in a waterbath. 
Iron uptake was compared w~th that in non-heated 

vesicles. A typical set of experiments is shown in Fig. 

4. It appeared that the vesicles retained their capacity 

to brad Fe(III) after boding. Fe(III) uptake by the 

boiled vesicles was still temperature-dependent and 

five times as high at 37°C than at 0°C. In both nor- 
mal and boiled vesicles the binding of most of the 
Fe(III) to the membranes was very tight, because 
only a hmited amount of the SSFe could be removed 

by dilution of the vesicles in a large excess of ice-cold 

nonradioactive ferric citrate. The amount of revers- 

ibly bound SSFe, which could be chased by cold iron, 

was even larger in the boiled vesicles. Substantmlly 

Identical results were obtained with vesicles from 

different preparations and different iron and vesicle 

concentrations. 

Concentration dependence of  iron bindmg. The 
concentration dependence of ~ron binding to the 

mucosal membranes of both normal and boiled 

vesicles was studied using incubation media with 

Fe(III) concentrations between 1 and 10/zM, always 
with a 1000-fold molar excess of citrate. Reliable 

experiments with higher iron concentrations are not  

feasible with this system because both osmolanty and 

iomc strength of the reaction medium would increase 
prohlbitwely. In the concentration range studied 

Fe(III) uptake exhibited saturation kinetics for nor- 

mal as well as for boiled vesicles (Fig. 5). As in the 
previous experiment different washing procedures 
were used. Uptake kinetics were the same for heated 
and non-heated vesicles when the samples were diluted 

in excess ferric citrate before filtration. Boded vesi- 
cles, however, exhibited a higher affinity for Fe(III) 

when washed only with saline. In a Llneweaver-Burk 
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Fig. 4 Influence of membrane-protein denaturation on s 5 Fe- 
(Ill)citrate uptake by mucosal membrane vesicles. Normal 
vesicles were tested at 37°C (o) and vesicles, heated for 5 mm 
at 100°C, at 37°C (o) and 0°C (A), all at pH 7.4. The reactaon 
mixtures contamed 0.86 ~M Fe(III) and 0.86 mM citrate 
Vesicle concentration was 1 67 mg protein/ml. The vesicles 
were either washed directly on the filter with 6 ml ice-cold 
0.15 M NaC1 (a) or first diluted In 1 ml Ice-cold stop-solutaon 
with 100/sM Fe(Ill) and 100 mM citrate (b). 
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Fig. 5. Concentration dependence of initial Fe(III) uptake by 
normal mucosal membrane vesicles (o) and vesicles heated for 
5 min at 100°C (e). Vesicle concentration was always 1.67 
mg protein/ml Fe(llI) concentration ranged from 0.86 to 
8.58 uM, always with a 1000-fold molar excess of citrate. 
Temperature was 37°C and pH 7.4. Vesicles were washed 
directly on the filter (a) or were first diluted in a stop-solu- 
tion with excess Fe(IIl) and citrate (b). 
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plot all four curves could be transformed into straight 

lines, suggesting Michaehs-Menten saturation kinetics. 

This is not meant to imply, however, that specific 

enzynuc reactions are entailed in Iron uptake. The 

curves can as well be analyzed on the basis of adsorp- 

tion lsotherin analysis with the same results. Further- 

more, because of the similarity between the normal 

and the heated vesicles, it is unlikely that a specific 

protein is responsible for the binding of Fe(III) to the 

membranes. The difference m affinity for Fe(III) by 

sahne-washed vesMes before and after heat treat- 

ment may be the result of changes m the lipid 

bllayer, which can be irreverlble after heating above 

hlfluence o f  lower pH and lower cttrate concen- 
tranon. When vesicles were incubated in a reaction 

medmm with the same Fe(III) concentration but with 

a lower plt,  an increase of iron uptake by the mem- 
branes was obsmved (Table I). This may be a result of 
dissocmtlon of the ferric citrate complex at the lower 

pH Reduction of the liberated Fe(IlI) may also have 
occurred because of the presence of reducing agents 
like D-glucose Even a small amount of SSFe(II) 
would have resulted m increased binding of SSFe. 

When uptake tests were performed in a medium with 
only a 20-fold molar excess of citrate, uptake of 

Fe(llI) was higher than when a 1000-fold molar 

excess of citrate was used (Table 1I) This difference 
may be an effect of compeUtlon by the citrate and 

the membrane for the iron. With a 20-fold molar 

excess of citrate, however, at pH 7.4, hydrolysis of 

iron and formation of polynuclear complexes are pos- 

TABLE I 

INFLUENCE OF pH ON Fe-UPTAKE BY MUCOSAL MEM- 
BRANE VESICLES FROM A STANDARD REACTION 
MIXTURE, CONTAINING 4.3 ,uM Fe(III) AND 4.3 mM 
CITRATE, AT 37°C 

Final concentratmn of vesicles was 1.67 mg protem/ml. 

Fe uptake (pmol/mg protein) after 

l m m  2ram 5 m m  1 0 m m  

pH 7.4 2.5 3.2 5.5 5 9 
pH 3 7 151 216 211 233 

TABLE II 

INFLUENCE OF THE AMOUNT OF CITRATE IN THE 
REACTION MEDIUM ON Fe(lll) UPTAKE BY MUCOSAL 
MEMBRANE VESICLES, AT 37°C, IN THE STANDARD 
REACTION MIXTURE 

Final concentration of vesicles was 1.67 mg protem/ml. 

Medmm Fe uptake (pmol/mg protein) after 

2 rain 5 mm 10 rain 

1 ,uM Fe 3+ 
1 000 uM citrate 1.2 2 2 2.7 

1 /gM Fe 3+ + 
20/sM citrate 13 3 19 3 26.4 

slble. Interpretation of iron uptake from such media 

is difficult, therefore. 

Uptake o f  Fe(ll) 
Precautions were taken to retain the iron in the 

divalent form during these experiments. It could be 

calculated from the equilibrium studies of Ulmgren 
and Wahlberg [20] that practically all the Fe(II) 

under the conditions used was complexed as ferrous 
ascorbate. The uptake of Fe(II) was, using the same 
vesicles and the same wash procedure, several hun- 

dred times higher than that of Fe(III) from a ferric 

- 3O 1600 - -  

~ o  o 

.e 
B. 1200 37°C 

800 
~0 

400 . o - ;  _-. /..o- < 

I I f 
2 5 10 

Incubahon Twne (ram) 

Fig 6 Uptake of 5SFe(ll) by intestinal mucosal vesicles at 
37°C ( ) and 0°C ( . . . . . .  ) using normal (o) and heat- 
treated (o) vesicles The mcubatxon me&a contained 4.29 
~tM Fe(lI) with a 20-fold molar excess of L-ascorblc acid, pH 
7.4. Concentration of vesicles was 0.77 mg protem/ml The 
osmotic space within the vesicles was 0.045% of the total 
reaction medmm 
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Fig. 7 Influence of osmolarlty on uptake of SSFe(I1) by 
normal vesicles (a) and vesicles heated for 5 mm at 100°C 
(h) Uptake values after 1 mm (,) and 10 mm (o) are shown. 
The media contained 4 3 t~M Fe(ll) with a 20-fold molar 
excess of L-ascorblc acid, 20 mM Tns-Hepes, 42 mM NaCI, 
0 9 M D-glucose and sufficient mannitol to reach the ln&- 
cated osmolarity Temperature was 37°C and pH 7 4 

citrate medium (Fig. 6). Identical results were found 
for normal and heat treated vesicles. The influence of  
temperature on uptake of  Fe(II) was much less than 
on Fe(III) uptake. The high uptake of  Fe(II), even 
after short incubation times, reduced the iron con- 
centration of  the medium during the experiment 
considerably. This became even more evident when 
the samples were not diluted in a ferric citrate stop- 
solution, but washed with 4 ml ice-cold saline directly 
on the filter. Using the same non-heated vesicle as in 
Fig. 6, the amount of  SSFe associated with the vesi- 
cles after 1 mln incubation was 35% and after 10 rain 
was 49% of the initial activity in the medium. 

To differentiate between membrane binding and 
transport into an intraveslcular space also SSFe(II) 
uptake was studied from reaction media with increas- 
ing osmolarity. Samples were washed in excess ferric 
citrate to remove reversibly bound SSFe from the 
membranes. The results, as shown in Fig. 7, indicate 
that Fe(II) is transported into the lumen of  the 
vesicles. The effect of  increasing osmolarlty of  the 
reaction media was obscured when the vesicles were 
washed in sahne, presumably because large amounts 
of  bound SSFe remained on the membrane surface. 

D i s c u s s i o n  

The absorption of  iron depends not only on 
factors related to mlcrovlllous and basolateral mem- 
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branes but also on intraluminal and lntracellular fac- 
tors, on the rate and extent of  submucosal perfusion 
and the concentration and turnover of  iron and iron- 
binding molecules in cells and extracellular fluids. 
Purified mlcrovlllous membrane vesicles provided a 
system for investigating solely the interaction of iron 
with intestinal mucosal membranes. 

The aqueous chemistry of  iron necessitated special 
precautions in the preparation of  the Fe(III) and 
Fe(II) test doses. We calculated that, using ferric 
citrate, a 1000-fold molar excess of citrate compared 
to iron is necessary at pH 7.4 to prevent formation of  
insoluble ferric hydroxide. Although hydrolysis of  
Fe(llI) already occurs at pH 1, at neutral pH precipi- 
tation of ferric hydroxides Is slow and may require 
several years to attain equilibrium [21]. At insuffi- 
cient concentration of  citrate or other iron complex- 
lng agents, hydrolysis of  iron and formation of  poly- 
nuclear clusters are inevitable, frustrating mvestiga- 
tlon of  the physiology of membrane binding of  
Fe(III). Unless care is taken to prevent hydrolysis, 
binding of  Fe(III) to membranes may merely repres- 
ent the chemical process of  hydroxide formation 
localized on the membranes. The amount of  5SFe 
bound to mucosal membrane vesicles from a ferric 
citrate solution, in which hydrolysis should not 
occur, as demonstrated in our experiments, is very 
low. Higher uptake values were observed at lower 
citrate concentrations and lower pH, allowmg hy- 
drolysis and dissociation of ferric citrate respectively. 
This may explain the higher uptake of  Fe(III) by 
mucosal membrane vesicles observed by Cox and 
O'Donnell [8]. Other authors, using intact mucosal 
cells instead of mucosal vesicles [22], found uptakes 
of  iron 100-times greater than ours. In these experi- 
ments, however, ascorbic acid was added in 8-fold 
molar excess to the FeC13 at pH 2, so that in fact 
Fe(II) uptake may have been studied. 

We found no transmembrane transport of  Fe(III). 
Binding, however, was temperature dependent, fol- 
lowed saturation kmetlcs, and was almost identical 
in heat-treated vesicles. Apparently the iron-binding 
sites on mucosal membranes are heat resistant, which 
makes involvement of  specific iron-binding proteins 
as receptors very unlikely One possibility is that 
Fe(III) binds to glycoliplds or to sugars on glyco- 
proteins by metabolically passive processes which 
may be spared by heat treatment. A cation gradient 
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from superficial towards deeper layers of  the mem- 
brane can develop with a slow diffusion rate Even xf 
binding of  SSFe(III) to deeper sites m the membrane 

is reversible, exchange with nonradioactive iron m a 
wash solution can be lnsigmficant over a brief time, 
especially when diffusion-rate Js slowed down and 

membrane properties change at low temperature. 
Superficially bound SSFe, however, should readily 

exchange wath excess iron m the medium. In our 
experiments with Fe(II l )  no difference was seen in 
the binding of  'nonexchangeable '  iron between nor- 
mal and heat-treated vesacles. The amount of  Fe(II l )  
bound to the membranes after only washing with 
sahne is even larger in heat-treated vesicles 'Ex- 
changeable' Iron, the difference between membrane 
related SSFe after wash with saline and with excess 

femc citrate, might then represent the superficially 
bound tron. 

In the uptake experiments with Fe(II)  a large 
proport ion of  SSFe in the medium was bound to the 

vesicles even after short incubation times. Approxi- 
mately 50% of  this SSFe was exchangeable wath cold 

iron. In contrast to results with ferric iron, it ap- 
peared that the nonexchangeable F e ( I I ) w a s  not  
membrane-bound, but lnternahzed into an intra- 
vesicular space. This finding is identical with the 
results of  Eastham et al. [7] with Fe(II)  m rat entero- 
cyte membrane vesicles. The accumulation of SSFe 

inside the vesicles against an enormous concentratmn 
gradient is remarkable Only mannltol  and Tns-Hepes, 
pH 7.4 were included m the vesicles, and were also 
present in the Incubation medium An active uptake 
mechanism for Fe(lI)  was not estabhshed and is 
unlikely m the face of  the high uptake of  Fe(II)  
by heat-treated vesicles. Uptake against a concen- 
tration gradient can only be explained if there exists 
a ' t rap '  inside the vesMes which decreases the mtra- 
vesicular aqueous iron concentration. Such a trap 
could be provided by rapid oxidation of  Fe(I1) and 
hydrolysis of  the resulting Fe(III)  on nucleation 
centers located on the tuner cell surface. 

We interpret our findings as indicating that uptake 
of  Fe(III)  by mlcrovfllous membrane vesMes entails 
binding to strong sites, perhaps on glycollpids or 
glycoprotems. Transport of  Fe(II)  is a passive process 
which entails both binding and diffusion, and is prob- 
ably hmlted by the mtravesxcular volume and the 
available lntraveslcular, or mtracellular, iron-binding 
s~tes. Our results are consistent with the v~ew that the 

intestinal mucosal membrane plays only a passive role 
in the regulation of  iron absorption 
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