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The Role of the Intestinal Mucosa in Iron Absorption *

R. W. CHARLTON,P. JACOBS, J. D. TORRANCE,ANDT. H. BOTHWELL

(From the Council for Scientific and Industrial Research Iron and Red Cell Metabolism Unit,
Department of Medicine, University of the Witwatersrand Medical School,

Johannesburg, South Africa)

External iron exchange is normally very lim-
ited in proportion to the body iron content of be-
tween 3 and 4 g (2). In the adult male the total
loss from exfoliated cells and secretions is between
0.5 and 1.0 mg daily. These losses are matched
by the absorption of iron from food, so that the
total iron content of the body tends to remain
fixed within relatively narrow limits. Although
there is some evidence that losses are influenced
by the total body content, such variations in ex-
cretion seem to be fixed within fairly narrow lim-
its, so that normal iron balance is primarily de-
pendent on the behavior of the absorbing cells of
the upper gastrointestinal tract. Thus the absorp-
tion rate tends to rise when the body is depleted
of iron and to fall when stores are larger than
normal. The manner in which this control is ef-
fected is, however, less certain. Originally Gra-
nick suggested that the amount of iron absorbed
at any one time was influenced by the ferritin
content of the absorbing cells (3). However,
some doubt was subsequently cast on this theory
since ferritin, although demonstrable in gut cells
after the feeding of very large doses of iron (3-5),
could not be shown to be present after small quan-
tities (6-8). Recently Crosby and co-workers re-
investigated the problem and, on the basis of their
findings, proposed that only a proportion of the
iron taken up by the gut reaches the plasma (9-
11). The remainder is held within mucosal cells
and is subsequently lost into the lumen of the
bowel when the cells exfoliate. Although these
workers did not positively identify the nature of

*Submitted for publication August 14, 1964; accepted
December 3, 1964.
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this stored iron, they produced electron micro-
scopic evidence suggesting it might be ferritin
(12). In similar studies carried out in our labora-
tory further evidence has been obtained on some

of the mechanisms involved in iron absorption
and on the role of ferritin in this process. The
results of these investigations, some of which have
been published previously in preliminary form
(1), are reported in full in the present communi-
cation.

Methods
Adult rats of the Wistar strain weighing between 150

and 250 g were studied, matched animals being used in
each experiment. When iron-overloaded rats were re-

quired, 10 intramuscular injections of 1 mg iron as iron-

sorbitol-citrate (Jectofer 1) were given on successive
days. Iron-deficient animals were obtained by raising
weanlings on a semisynthetic diet of low iron content

(13). In some studies 2 to 3 ml blood was removed by
cardiac puncture on days 4 and 2 before use. All
animals were starved for 24 hours before absorption
studies. Iron as ferric chloride, labeled with Fe', was

dissolved in 1 ml distilled water and administered via
esophageal cannula. In some experiments the animals
were killed at various intervals after administration of
the iron, and the whole gastrointestinal tract was removed
intact. Absorption was then assessed by counting the
remainder of the carcass in a whole body counter con-

sisting of a ring of matched Geiger-Muller tubes. In
other experiments the whole animal was counted 7 days
after the administration of the isotope. When the uptake
of iron into mucosal cells was studied, the intestine was
washed before homogenization. In some experiments a
10-cm length of intestine from the pylorus distally was
perfused for 1 minute with 10 to 20 ml 0.9%o NaCl solu-
tion or 0.01 MEDTA (pH 7.0) in 0.9% NaCl solution,
atka pressure of 60 cm water. In experiments in which
uptake into the whole small intestine was determined,
the bowel was opened longitudinally and rinsed for half
a minute in each of two beakers containing 20 ml 0.9%o
NaCl solution with 0.01 M EDTA (pH 7.0). In some
experiments mucosa was freed from the intestine before
homogenization by compression with the edge of a glass
slide. Pushing the slide towards the cut end of the

1 Obtained from Astra, Sbdertalje, Sweden.
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bowel resulted in the "milking" of mucosa from the mus-

cular layers. The extruded mucosa was then washed by
shaking in a test tube with either 0.9% NaCl or 0.01 M
EDTA (pH 7.0) in 0.9% NaCl, centrifuging, and dis-
carding the supernate. After washing, the intestine or the
mucosa was homogenized either in water or in 0.1 M
EDTA (pH 7.0) in water. Uptake of the labeled iron
into intestinal cells was assessed by counting samples of
the homogenate in a well type scintillation counter or by
counting the whole washed intestine in the whole body
counter.

Identification of ferritin. Several ml 0.1 M EDTA
(pH 7.0) was added to washed gut, and the mixture was

homogenized and then heated to 700 C over a period of 5
minutes. After centrifugation at 9,000 X g for 10 minutes,
the supernatant solution was collected. Alum-precipitated
horse spleen ferritin was isolated by the method of
Mazur and Shorr (14), and antiserum was prepared by
bleeding rabbits immunized with samples of this ferritin
using a modification of the method of Proom (15).
[The cross-specificity of horse spleen ferritin and rat

liver ferritin has been established (16)]. One ml of the
pooled antiserum precipitated approximately 1 mg fer-
ritin. To a sample of the mucosal supernatant solution
to be tested was added 1 ml antiserum and 0.2 ml car-

rier ferritin solution containing approximately 500 Ag
ferritin. The mixture was then incubated for 1 hour at

370 C. The ferritin-antiferritin complex, which appeared
as a visible precipitate, was washed three times with dis-
tilled water after centrifugation at 1,500 X g for 10 min-
utes. The Fe' activity of the precipitate provided a

measure of the Fe'-labeled ferritin present. In this

method carrier ferritin was added to the solution for two
reasons. First, precipitation could be verified by esti-
mating the iron in the deposit using the thioglycollic acid
method after wet digestion (17), and second the meas-

urement of minute amounts of labeled ferritin was facili-
tated. The specificity of the antiserum was confirmed by
the demonstration that no activity was precipitated on in-
cubation with either rat hemoglobin or rat transferrin
labeled with Fe'. The purpose of the EDTA was to

prevent the attachment of Fe' to carrier ferritin or to
unlabeled mucosal ferritin. It was shown that if the
chelate were present in a solution of Fe59C13 before add-
ing ferritin, less than 0.2% of the label was precipitated
with the ferritin-antiferritin complex. Mucosal super-

natant solutions prepared with EDTA consisted of two

fractions, the first precipitable with either perchloric
acid or the ferritin antiserum and the second identifiable
as EDTA-iron. This indicated that the chelate had taken
up all nonferritin activity. Furthermore, the fact that
only minimal ferritin labeling was observed under cer-

tain circumstances, e.g., in iron deficiency, provided added
evidence to suggest that the approach was a valid one.

Finally, it was necessary to establish that EDTA did not

remove activity from physiologically labeled ferritin.
This was done by incubating a solution of ferritin, pre-

pared from rat livers after the intravenous injection of
5 ,ug Fe59-citrate, with 0.1 MEDTA (pH 7.0) for 1 hour.

On adding the antiserum 94% of the activity was re-
covered in the deposit.

A development of the agar gel diffusion plate tech-
nique (18) was also used to demonstrate the presence of
radioactive ferritin in gut extracts. The antiserum was
placed in the central well and gut extract in two of the
peripheral wells, the remaining wells containing a solu-
tion of radioactive horse spleen ferritin. After the pre-
cipitation bands had formed, the gel was washed for 3 days
with frequent changes of distilled water and then allowed
to dry. A radioautograph of the paper-thin sheet so
formed was then prepared.

Factors affecting ferritin recoveries. Experiments
were done to find out to what extent washing of the
gut affected the subsequent recovery of ferritin. Ten-cm
lengths of duodenum taken from two animals 30 minutes
after administration of 10 jug labeled iron were divided
longitudinally in half, the halves being weighed. One
half of each duodenum was then washed as before, after
which the labeled ferritin content was determined. The
remaining halves were not washed, but were homogenized
directly in 0.1 M EDTA. The labeled ferritin content
of the unwashed portions was 20 to 25% higher than
that of equivalent weights of washed intestine, indi-
cating a significant loss of the ferritin-containing cells
during the washing procedure. However, no attempt was
made in subsequent experiments to correct for this loss.

In previous studies of iron absorption different cen-

trifugation procedures have been used (6, 7). It was
therefore of importance to establish the extent to which
the speed of centrifugation influenced the recoveries of
labeled ferritin in gut supernatant solutions. Approxi-
mately 500 ,ug carrier horse spleen ferritin was added to

each of several samples of heated supernatant solution,
obtained from three rats that had been given 10 Ag radio-
iron 30 minutes previously. Half the samples were spun
at 9,000 X g for 20 minutes and half at 105,000 X g for
60 minutes. Treatment of the supernatant solution with
antiserum revealed that the labeled ferritin content of the
three samples spun at high speed was between 50 and 59%
lower than after low speed centrifugation. Further con-
firmation of the fact that ferritin iron can be precipitated
by high speed centrifugation was obtained by analyzing
chemically the iron content of the precipitate obtained
after spinning a solution of pure horse spleen ferritin at
105,000 X g for 60 minutes. Eighty per cent of the iron
was found to be in the precipitate.

Other chemical methods. Ammonium sulfate precipi-
tation was carried out by adding sufficient saturated am-
monium sulfate solution, adjusted to pH 7.5 in some ex-

periments, to produce a final concentration of 80%.
Perchloric acid precipitation was achieved by adding 10%o
perchloric acid solution in a proportion of 1: 5. When
starch gel electrophoresis was employed, the method of
Smithies (19) was followed, using 0.074 M Tris buffer
pH 9.5 (20). Column chromatography using DEAE
cellulose2 and Sephadex3 was also employed. Both

2 Whatman, obtained from W. & R. Balston, Ltd..
Maidstone, England.

3 Obtained from Pharmacia, Uppsala, Sweden.
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F. M G

FIG. 1. RADIOAUTOGRAPHOF STARCH GEL ELECTROPHORESIS. F = horse
spleen ferritin; G= mucosal heat supernate; M= a mixture of the two.
(Although ferritin normally exhibits 3 or 4 discrete bands on starch gel
electrophoresis, over 90% of the ferritin is located in one of them. Only
this band is visible in the present radioautograph.)

stepwise and gradient elution from DEAEcellulose col-
umns was used. With stepwise elution a 10- X 1-cm col-
umn was prepared in which the buffer was M/150 phos-
phate (pH 8.0). This was changed to 0.06 M NaCl dis-
solved in the starting buffer in order to elute transferrin
and ferric EDTA, and then to 1.0 M NaCl in the same

buffer, which eluted ferritin. A 30- X 1.25-cm column
was prepared for gradient elution with the same starting
buffer, while 1.0 M NaCl, dissolved in this buffer, was

used as the limiting buffer. Sephadex (G75 and G200)
was prepared with M/150 phosphate buffer (pH 8.0) or

with 0.9% NaCl solution. Serum iron concentrations
were estimated by a modification of the method of Both-
well and Mallett (21) in which sulfonated bathophenan-
throline was used as the color reagent, and unsaturated
iron-binding capacities by the method of Bothwell, Ja-
cobs, and Kamener (22).

Results
Demonstration of radioactive ferritin in duodenal

homogenate after administration of 1 ug iron

Chromatography on Sephadex G200 of heated
supernatant solution from the upper 10 cm of in-
testine of a rat given 1 ,ug labeled iron 1 hour
previously resulted in the appearance of a peak of
activity corresponding to that obtained with puri-
fied horse spleen ferritin. A further sample of
supernatant solution was subjected to starch gel

electrophoresis, together with a) Few-labeled horse
spleen ferritin, and b) a mixture of the super-
natant solution and labeled ferritin. A radioauto-
graph of the gel showed that the bands of radio-
activity were all in the same position (Figure 1).
In a previously reported experiment (1) the su-
pernatant solution was studied using the gel-
diffusion technique. No lines of precipitation
could be seen opposite the wells containing the
mucosal extract. However, a radioautograph pre-
pared from the gel-diffusion plate showed bands
of radioactivity in this position that coalesced with
the bands opposite the ferritin wells (Figure 2).

The validity of these observations was tested in
a further experiment in which 10 jug Fe59 was in-
troduced into the lumens of guts that had been re-
moved from three rats 24 hours previously and
stored at 40 C. After incubation at 370 C for 30
minutes, the guts were subjected to the usual
procedures. Although 28%o, 7%o, and 35%7o of the
radioactivity was present in the washed guts,
only 0.1%o, 0.0%, and 0.03%, respectively, of this
activity was attached to ferritin. These results
indicated that the incorporation of Fe59 into fer-
ritin demonstrated in the previous studies repre-
sented an active metabolic process.
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Proportion of mucosal radioactivity identifiable
as ferritin

The distribution of radioactivity in the proxi-
mal 10 cm of intestines was studied at various
times after the administration of 10 ,tg labeled
iron. Activity precipitable with the ferritin anti-
serum rose from a mean of 31 %at 10 minutes to
75%o at 60 minutes (Figure 3). During this pe-
riod there was little change in the total mucosal
activity, the increase in labeled ferritin being ac-
companied by a corresponding diminution in the
nonferritin component. At 4 hours the pattern re-
sembled the 1-hour distribution, the mean percent-
age identifiable as ferritin being 78%. However,
by 24 hours there was little residual radioactivity
in the washed intestine. Essentially similar re-
sults were previously reported when the absorp-
tion of 100 ug iron was studied (1).

The pattern of mucosal radioiron distribution
after the administration of much larger amounts
of iron was then studied. Two groups of ten
rats were given 100 jug and 10,000 jug of iron, re-
spectively, and killed after 5 hours, labeled ferri-
tin in the whole small intestine being determined.
The mean percentages of mucosal activity pre-
cipitable as ferritin were 45 % (SE ± 4.7) with
the 100-ug dose and 12% (SE ± 1.3) with 10,000
Ag.

Mucosal uptake of radioactivity and the frac-
tion precipitable as ferritin were then character-
ized in different anatomical regions of the small

intestines of 7 rats, 7 hours after giving 10 ug
iron. Mean uptakes were 9.3%o in the first 10 cm,
4.1% in the proximal 25%o of the remainder, and
'3.0%o in the rest of the small intestine. Respec-
tively, 63%o, 66%, and 37%o of this activity was
attached to ferritin. Thus 57%o of the total mu-
cosal uptake 7 hours after ingestion was present
in the first 10 cm of small intestine.

Fate of labeled mucosal ferritin. An attempt
was made to determine whether iron incorporated
into ferritin within mucosal cells can subsequently
enter the plasma. Ten pg iron as Fe59CI3 was
administered to 25 rats, 13 animals being killed
after 4 hours and the remainder after 24 hours.
The mean proportion of the administered dose
present in the carcasses at 4 hours was 23.9%o
(SE ± 5.6) compared with 39.1%o (SE + 5.6)
at 24 hours. The mean percentage present in the
washed small intestine at 4 hours was 8.5%
(SE ± 1.0), and of this 69% (SE + 5.2) was
ferritin. These results, although inconclusive
(p < 0.1), suggest that labeled iron within the
mucosa 4 hours after administration may sub-
sequently pass into the body. The fact that the
sum of the mean mucosal and carcass activity at
4 hours was less than the mean activity present in
the carcass at 24 hours may be partly ascribed to
the loss of mucosal cells during the initial wash-
ing procedures (see Methods). When a larger
dose of iron was given (100 pug), the results were
somewhat different. A mean of 28.8%o (SE ±

I1 I

26

5

FIG. 2. AGARGEL DIFFUSION PLATE. Wells 1 and 4 contain duodenal ho-
mogenate; wells 2, 3, 5, and 6 contain ferritin. Although no lines of pre-
cipitation can be seen opposite the wells containing the heat supernatant
solution from the duodenal homogenate (a), the radioautograph (b) re-

veals bands of radioactivity coalescing with the bands opposite the ferritin
wells. (Reprinted by courtesy of the Editor, Lancet.)
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TIME AFTER ADMINISTRATION (MINUTES)

FIG. 3. LABELED FERRITIN (HATCHED) AND NONFERRITIN ACTIVITY IN THE UPPER SMALL

INTESTINE AT VARIOUS INTERVALS AFTER ADMINISTRATION OF 10 ,sG FEW.

4.3) of the administered dose was in the carcasses

of nine animals at 4 hours, a mean of 6.3 % (SE
1.0) being in the washed intestines; 74%o (SE
6.0) of intestinal activity was precipitable as fer-
ritin. However, after 24 hours only 30.2%o (SE

5.0) was in the remaining nine carcasses.

In an attempt to demonstrate this incomplete
transfer of mucosal activity into the animal more

convincingly, the absorption of 10 pg iron was

studied in eight animals overloaded with iron by
intramuscular injection (see Methods), as previ-
ously reported (1). The results, summarized in
Table I, indicate that nearly all the activity pres-

ent in the mucosa at 2 hours had disappeared by
24 hours, even though carcass activity had hardly
altered. The total absorptions were considerably
reduced when compared with a control group of
four normal rats (mean 19.6%o). In further
studies it became apparent that marked depres-
sion in iron absorption only occurred in iron-
overloaded animals that had received parenteral
iron up until 24 hours before study. For ex-

ample, in one experiment absorption was studied
in ten animals that had received their last injec-
tion 7 days previously. The mean absorption
was 8.3% (SE 1.7) as compared with 12.6%c
(SE 1.3) in a control group of ten animals.

Since it seemed possible that the low absorption
shortly after the last injection of iron-sorbitol-ci-
trate might be due to high levels of iron in the
circulation, the serum iron concentrations were
determined in a parallel experiment. At 2 and 4
hours after the final intramuscular dose, figures
ranging from 590 to 630 ug per 100 ml were ob-
served. At 9 hours the concentrations were 370
and 440 ug per 100 ml, and by 14 hours the levels
had fallen to 220 and 215 pg per 100 ml. Twenty-

TABLE I

Uptake at 2 and 24 hours of a 10-Ig oral test dose of iron in
rats previously loaded with iron by repeated intramuscu-

lar injections

Time
after %dose in

admin- washed in- %dose in %dose in
istra- testinal mucosal rest of
tion mucosa ferritin animal

hrs
2 26 15 1.8

24 17 2.6
52 16 3.0
37 18 5.7

(Mean 35) (Mean 16.5) (Mean 3.3)

24 1.9 1.3 3.2
4.1 1.5 4.1
2.8 1.5 5.7
2.7 1.2 5.9

(Mean 2.9) (Mean 1.4) (Mean 4.7)

8
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TABLE II

Comparison between the absorptive patterns in normal and iron-deficient rats 4 hours after administration

Dose of %dose in washed %dose as %in rest of
Group iron mucosa ferritin animal

Mug
Control 10 17.7 12.7 4.2

25.9 19.0 9.6
35.3 25.2 12.9
12.9 8.7 8.4
13.9 10.7 7.7

(Mean 21.1) (Mean 15.3) (Mean 8.6)
Iron deficient 10 4.8 0.4 70.5

4.0 0.4 76.6
3.6 0.4 80.2
8.9 4.3 31.8
4.3 1.0 82.1

(Mean 5.1) (Mean 1.3) (Mean 68.2)
Iron deficient 100 2.6 0.3 41.7

5.1 0.6 31.6
2.7 0.2 26.5
5.5 1.0 29.6
4.9 0.5 39.5

(Mean 4.2) (Mean 0.5) (Mean 33.8)

four hours after the last injection concentrations
of 232, 165, and 157 jg per 100 ml were found.

The absorptive process was then studied in
iron-deficient animals. The results, summarized
in Table II, show that although absorption was
considerably enhanced compared with the control
group, very little activity was present in the
mucosas as ferritin even when 100 jug iron was
administered. A similar absorptive pattern was
observed in ten animals after venesection, as
previously reported (1).

Characterization of nonferritin radioiron in mu-
cosal supernatant solution

Several experiments were carried out in an at-
tempt to elucidate the nature of radioactivity pres-
ent in mucosal supernatant solution that was not

TABLE III

Distribution of supernatant radioactivity in pooled mucosas
(prepared with EDTA) from four groups of nine rats at

various times after administering 10 ,.g oral iron

%pre- %pre-
Time cipitated cipitated

after ad- by per- by anti-
ministra- chloric ferritin %di-

tion acid serum alyzable

mins
10 30 32 66
30 50 48 50
60 62 68 31

240 80 76 12

attached to ferritin. In extracts prepared with
EDTA, a close correspondence was found between
the percentages of radioactivity precipitated by
perchloric acid and by the antiferritin serum, and
the sum of either of these and the percentage that
was dialyzable accounted for between 88%o and
100% of the activity in each case (Table III).
On chromatography using a DEAEcellulose col-
umn with stepwise elution, two peaks of radio-
activity were obtained, the first with 0.06 M
NaCl and the second with 1.0 MNaCl. The ac-
tivity in the first fraction was found to be dialyz-
able, and no precipitation with the ferritin anti-
serum occurred. In contrast, the second fraction
was not dialyzable, and 90%o of the activity was
precipitated as ferritin. In mucosal extracts from
animals killed at 10 minutes, 30 minutes, 60 min-
utes, and 4 hours, 47%, 337o, 15%o, and 8%o, re-
spectively, were in the first fraction and 29%,
39%o, 52%o, and 60%o in the second. Investiga-
tion of the dialyzable fraction by paper electro-
phoresis with a barbital buffer (pH 8.6) and
paper chromatography with a phenol solvent es-
tablished that this activity was bound to EDTA.
These observations may have relevance to the
previous reported finding by Brown and Rother
(6, 7) of a dialyzable fraction in mucosal super-
natant solutions that appeared to consist of com-
plexes of iron with glycine and serine. In the
present study the observations were confirmed,
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but only when the gut was initially washed with
the chelate Versene Fe-3 Specific, as described by
these workers. Further experiments revealed that
the behavior of this fraction of radioiron on
chromatography [ethanol: water: cyclohexane
(6) ] and on paper electrophoresis [acetate buffer,
pH 4.6 (6) ] was identical to that of a complex of
iron and Versene Fe-3 Specific.

When mucosal supernatant solution from ani-
mals killed at 10 minutes was prepared without
chelate, none of the activity was dialyzable unless
the pH was brought below 5. In 10 further ex-
periments a mean of 36%o of the supernatant ac-
tivity was precipitable with the ferritin antiserum,
whereas 42%o was precipitable with perchloric
acid. Comparable figures with ammonium sul-
fate were 57%o at pH 4.6 and 92%o at pH 7.5.
This suggested that some of the nonferritin ac-
tivity might be protein-bound. However, on
chromatography using Sephadex G200 only one
peak of activity (90% precipitable with the fer-
ritin antiserum) was obtained, the rest of the ac-
tivity remaining on the column. With Sephadex
G75 all the activity emerged in a single peak. On
DEAE cellulose chromatography 1 to 9%o ap-
peared in the same position as that of Fe59-labeled
transferrin in rat plasma; however, 40 to 64%o
was not eluted from the column. On paper elec-

1,S00
A

1,000h

C. P.M.

500

100 200 100
VOLUME (ML.)

trophoresis using a barbital buffer pH 8.5, a band
of radioactivity was demonstrable in the same
position as transferrin. The significance of the
presence of labeled transferrin was not clear, how-
ever, as it seemed possible that the nonferritin mu-
cosal fraction might be in a form that could be
taken up by contaminating plasma present in gut
extract. Some support for this was obtained in a
further experiment in which unlabeled plasma
was added to the supernatant solution; this
raised the percentage eluted in the transferrin
fraction from 6 to 24% (Figure 4).

The fact that labeled nonferritin iron in gut ex-
tract was readily available for combination with
EDTA and transferrin raised the possibility that
it was present as a simple inorganic compound.
Further experiments to test this thesis were done.
The addition of alpha-alpha-dipyridyl to a sample
of mucosal supernatant solution did not render
the radioactivity dialyzable. This suggested that
free iron, if present, was not in the ferrous form.
However, when labeled ferric chloride was added
to "cold" mucosal supernatant solution, its be-
havior resembled that of the nonferritin fraction
fairly closely. Only 15% of the activity was dia-
lyzable, whereas more than 90%o was precipitated
by ammonium sulfate pH 7.5. Perchloric acid
did not precipitate any of the radioactivity. Ap-

B

A

200

FIG. 4. DEAECELLULOSECHROMATOGRAPHY:A. MUCOSALSUPERNATE; B.
MIXTURE OF SUPERNATEWITH UNLABELEDPLASMA. Although some activity
was eluted in the transferrin position when supernate only was chromato-
graphed, the amount was considerably increased by the addition of plasma
(24% of the activity placed on the column compared with 6%). The sec-
ond peak consisted of labeled ferritin in each instance.
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TABLE IV

Effect of the timing of three intravenous injections of 50 ,ug
iron upon the absorption of an oral test dose

Timing of intra-
venous ferric am- Mean absorp-
monium citrate: tion (d+ SE)

hours before (-) (% administered
and after (+) oral dose dose of 10 p&g)

-48, -43, -38 28.3 i 4.2
-18, -13, - 8 12.0 ± 1.6
- 6,- 1,+ 3 40.6±43.8

0, + 5, +10 54.1 i: 5.8
0,* + 5, +10 54.2 5.0

* A control group given saline injections instead of ferric
ammonium citrate.

proximately 50% emerged in a single peak from
a Sephadex G75 column, although tracer alone
remained at the top of the column.

Factors influencing mucosal behavior. Since
results obtained in an earlier experiment sug-
gested that the parenteral administration of iron
affected mucosal behavior 24 hours later, a study
was carried out to define this effect in more de-
tail. Three intravenous injections of 50 ug iron
as ferric ammonium citrate were given at inter-
vals of 5 hours.4 The iron was dissolved in 1 ml
0.9%o NaCl solution and administered via the tail
veins. The injections were given at different
times before and after the oral administration of
10 ,ug labeled iron (Table IV). A marked de-
pression of absorption was observed in the group
of animals given intravenous iron 18, 13, and 8
hours before the oral dose, with lesser effects in
the earlier and later groups. Iron given intrave-
nously immediately before the oral dose had no ef-
fect, as previously reported by Wheby and Jones
(23). In a parallel experiment, labeled ferric
ammonium citrate was given intravenously to find
out what proportion localized in the gut. Between
6.5 and 7.9% was present in the gastrointestinal
tract 18 hours later, with 1.4 to 1.8% in the
upper 10 cm of small intestine. Perfusion of the
whole gut showed that only negligible amounts of
radioactivity were present in the lumens.

In a second experiment an attempt was made
to modify the absorption of iron by manipulating
the amount of iron taken in the diet, as described

'Preliminary studies established that the percentage
saturation of circulating transferrin remained over 80%
for the first 12 hours. By 15 hours it had returned to
34%. In control animals given saline injections per-
centage saturations varied between 12 and 44%o.

by Bannerman, O'Brien, and Witts (24). Forty
matched rats receiving their normal diet were
given, in addition, 1,000 ug iron as ferric chloride
twice daily for 5 days by esophageal catheter.
They were then put on an iron-free diet, and the
absorption of 10 jug labeled iron was studied at
various times after the changeover. The results
are shown in Figure 5, together with those from
a second similar experiment. Serum iron levels
at various stages were also estimated. A pro-
gressive increase in absorption up to 60 hours
after the withdrawal of iron from the diet was
observed. Since it seemed possible that the low
absorption observed at an early stage might be
due to dilution of the isotopic label with residual
"cold" iron, either within the gut lumen or in the
absorbing cells, a further experiment was carried
out. Ten rats were given a single oral dose of
1,000 jug "cold" iron 24 hours before a labeled
dose of 10ong, and another ten animals, 12 hours
before. The control group was given water.
Mean absorptions in the three groups were 32.0%
(SE + 4.9), 33.0% (SE ± 4.1), and 30.2% (SE
± 3.5), respectively.

Discussion

The observations reported in this paper, to-
gether with those in a previous communication
(1), indicate that iron may be incorporated into
ferritin during the process of absorption of small
amounts from the gut in rats. The process ap-
pears to be dependent upon metabolic activity,
since less than 0.1% of the labeled iron taken
up by a segment of dead intestine was attached
to ferritin. Evidence was also obtained which
suggested that the labeled iron preferentially
entered ferritin molecules with a relatively low
iron content. Ultracentrifugation of a solution of
ferritin led to the precipitation of 80% of the
ferritin iron. However, when the supernatant
solution from mucosal homogenate was subjected
to the same procedure, only 50 to 60% of the
labeled ferritin iron was spun down. Mazur,
Litt, and Shorr (25) have shown that centrifu-
gation of a solution of ferritin results in its sepa-
ration into iron-rich and iron-poor fractions, and
the current observations therefore suggest that a
greater proportion of mucosal Fe59 is attached to
iron-poor ferritin molecules. Similar observations
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have been reported with regard to hepatic ferri-
tin (16).

When the proportion of mucosal radioactivity
attached to ferritin was examined under various
circumstances, some insight was gained into its
function in the absorptive process. During the
first hour after administration there was a pro-
gressive rise in the percentage bound to ferritin,
with a corresponding fall in the nonferritin frac-
tion (Figure 3). Both the present study and
previous investigations (10, 26, 27) have estab-
lished that iron moves rapidly across the mucosa
at an early stage and much more slowly there-
after. Since most of the mucosal activity is at-
tached to ferritin in the later phases, it seems
probable that ferritin is not directly concerned
with the transfer of iron across the cell. Results
in iron-deficient animals support this interpreta-
tion, since a very rapid transfer of large percent-
ages of the administered dose was observed al-
though little labeled ferritin was present in the
mucosa (Table II). In a previous study, Brown
and Rother (7) noted that most of the radio-
activity in the supernate from mucosal homoge-
nate was not bound to protein when absorption
was enhanced. In normal animals they found

z
0

0
co

a build-up in a labeled fraction, precipitable with
perchloric acid, during the first hour, and although
these workers did not believe that the fraction
represented ferritin, results in the current study
indicated a close correlation between the per-
chloric acid and ferritin fractions (Table III).

The ultimate fate of iron sequestered within
mucosal cells appears to depend on several fac-
tors. Using small doses of iron, Wheby and
Crosby (10) have produced evidence that some
of this iron may feed gradually into the body.
Similar findings were obtained in the current
study. However, it was not possible to show
the late absorption of mucosal activity when larger
doses were given, or when small doses were
given to animals that had recently received paren-
teral iron. The results in this last experiment,
which have been previously reported (1), were
particularly striking. Two hours after the ad-
ministration of radioiron, a mean of 35% of the
administered activity was in the mucosas and
3.3%o in the remainder of the carcasses. By 24
hours mucosal radioactivity had dropped to neg-
ligible levels, whereas the mean activity in the
carcasses was only 4.7%. Mucosal iron must
therefore have been lost into the lumen of the

1
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z
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24 48 72
HOURS

FIG. 5. ABSORPTION OF 10 ,uG FE' AT VARIOUS TIMES AFTER SWITCHING
FROM A HIGH TO A LOW IRON DIET (HATCHED COLUMNS). Mean values
(+ SE) for each group of 10 rats are given. Serum iron concentrations
obtained in a parallel experiment are also plotted (black circles). A pro-
gressive increase in mean absorptions between 24 and 60 hours is demon-
strated.

551



CHARLTON,JACOBS, TORRANCE,AND BOTHWELL

gut. Theoretically this could occur either by ex-

trusion of ferritin from the mucosa or via ex-

foliation of the intestinal cells. Conrad and
Crosby (9) have published observations strongly
supporting the second possibility. Using radio-
autographs of rat intestinal mucosa at various
intervals after the oral administration of labeled
iron, these workers have demonstrated both the
sequestration of Fe59 within the mucosal cells and
the progress of the labeled cells towards the tips
of the villi. As a result of their studies, these
workers envisaged a mucosal mechanism for the
control of iron absorption in which iron taken
up from the intestinal lumen into the absorbing
cells in excess of body requirements is trapped
within the mucosa and discarded when these cells
exfoliate. They postulated that the sequestered
iron is in the form of ferritin, and the present
study provides evidence in support of this sug-

gestion. Although this mechanism appears to
function well when small amounts of iron are pre-

sented to the mucosa, the percentage of mucosal
activity precipitable as ferritin is much lower with
large doses.

The nature of the nonferritin activity in mu-

cosal supernatant solution was also investigated
in the present study. High concentrations of ac-

tivity appeared in this fraction shortly after the
administration of labeled iron, and then declined
rapidly over the next 2 hours. These findings
indicate that it was probably concerned in the
initial rapid phase of iron absorption. Previous
reports by Brown and Rother (6, 7) have sug-

gested that a proportion of the iron present in
this fraction is attached to the amino acids gly-
cine and serine. However, the results of the
present studies indicate that the findings obtained
by these workers were due to the complexing of
iron with the chelate Versene Fe-3 Specific, which
had been used in the initial washing of the mucosa.

Further investigation was not successful in
positively establishing the nature of the bulk of
the nonferritin activity. Although small and vari-
able percentages often appeared to be attached
to transferrin, the significance of this finding is
open to question, since evidence was obtained
suggesting that iron present in some other form
might attach to the transferrin of contaminating
plasma during the initial separation procedures
(Figure 4). The nature of the remaining non-

ferritin fraction was not elucidated, but certain of
its characteristics were defined. The iron was in
a form that was only dialyzable if EDTA or
Versene Fe-3 Specific had been present during
the preparation of the homogenate. It was largely
precipitable with ammonium sulfate pH 7.5, but
not with perchloric acid or ammonium sulfate pH
4.6. Upon electrophoresis, whether paper or
starch gel, it did not migrate from the point of
application. Furthermore, upon chromatography
of mucosal supernatant solution using either Seph-
adex G 200 or DEAEcellulose, this fraction re-
mained on the column. It could be chelated by
EDTA (pH 7.0) in a concentration of 0.01 M,
and some at least could be taken up by trans-
ferrin and also by ferritin. However, the spe-
cificity of these properties seemed uncertain, since
very similar findings were observed when labeled
ferric chloride was added to "cold" gut homoge-
nate.

Finally, an attempt was made to discover how
mucosal cell behavior with regard to the handling
of iron is regulated. In general, when body iron
stores are depleted or when erythropoiesis is
stimulated acutely, more iron passes through the
mucosa into the plasma (2). On the other hand,
the present findings indicate that a major portion
of the iron taken up from the lumen is trapped in
mucosal cells when the body iron content is high,
and this is specially so when a recent parenteral
injection has been given. This suggests that
mucosal cell function may be determined, at least
in part, by the iron content of absorbing cells.
However, maneuvers that might be expected to
modify the iron content of mucosal cells, such as
raising the serum iron level (23), or administer-
ing "blocking" doses of iron orally (28), have
led to equivocal results. In the present study the
effects of previous parenteral and oral iron ad-
ministration were reinvestigated in several ways.

The administration of three intravenous doses
of ferric ammonium citrate at 5-hour intervals
had no immediate effect, but a depression in ab-
sorption was apparent 6 hours after the first in-
jection and was marked at 18 hours (Table IV).
By 48 hours absorption had risen again, although
not yet to control levels. The present findings are
in agreement with those reported by Conrad,
Weintraub, and Crosby (29), who noted a de-
pression in absorption in rats 24 hours after the
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administration of a single large injection of iron.
These workers suggested that the behavior of
mucosal cells is conditioned during their devel-
opmental period in the crypts of Lieberkuhn. On
this basis any manipulation of the cellular en-
vironment must be followed by a latent period
during which "conditioned" cells move out into
their functional position on the villi. The present
results are compatible with this thesis, since the
observed changes in absorption correlate well
with the turnover rate of intestinal cells (30).
Parallel studies indicated that the percentage sat-
uration of circulating transferrin was maintained
at high levels for the first 12 hours of the study.
It is thus possible, though not proven, that the
changes in mucosal behavior were related to this
environmental factor.

In a final study, previous observations of Ban-
nerman, O'Brien, and Witts (24) were confirmed.
Stock rats were subjected to a high oral intake
of iron for several days, and then an abrupt
change was made to a diet with a very low iron
content. Absorption increased -progressively be-
tween 24 and 60 hours after the changeover, and
it was shown that the initially low absorption
could not be ascribed to dilution of the label with
"cold" iron still present in the lumen or in func-
tional mucosal cells. In a recent communication
Pollack, Kauffman, and Crosby (31) reported
similar findings in rats switched to a low iron
diet from a normal intake. Although the differ-
ences were not statistically significant until the
animals had been fed the new diet for 4 days, a
steady rise in mean absorption after the change-
over was also observed in this study. These
workers showed that this increased absorption
had not been triggered by the small net loss of
iron on the low iron regime, and that neither the
half-time of Fe59 in the plasma nor the serum
iron level was different from the control group.
In the light of these observations, the fall in serum
iron concentration in the present study may not be
causally related to the subsequent change in ab-
sorption, even though the timing of these events
is suggestive (Figure 5). Nevertheless, the
gradual increase in absorption over several days
is compatible with the steady replacement of the
absorbing mucosa by new cells "conditioned" dur-
ing their development, in some way not yet estab-
lished, by the altered iron content of the diet.

Summary

After administering radioactive ferric chloride
in small amounts to rats, labeled ferritin was
identified in homogenates of intestinal mucosa, as
previously reported in a preliminary communica-
tion. During the first hour the percentage of
mucosal activity attached to ferritin increased,
whereas nonferritin activity declined proportion-
ately. The nonferritin mucosal activity was not
positively identified, but was present in a form
that was not dialyzable; it could readily be taken
up by EDTA, and also, in part at least, by ferri-
tin and by plasma transferrin. No evidence was
obtained to support the conclusion of other work-
ers that the iron in this fraction is complexed with
glycine and serine.

As observed by several previous workers, ab-
sorption occurred most actively shortly after the
administration of radioiron. The fact that the
concentration of nonferritin activity fell rapidly
from initial high levels over the same period sug-
gested that this fraction was concerned in the
early active phase of absorption. In contrast, the
activity incorporated into ferritin was temporarily
stored within mucosal cells. Although suggestive
evidence was obtained that some of this iron might
eventually feed into the plasma, this did not occur
under certain circumstances. For example, in
animals recently given parenteral iron a large
proportion of the activity taken up from the
lumen was not absorbed, but was lost to the
body with exfoliation of the mucosal cells. This
deviation of iron into ferritin may therefore repre-
sent a mechanism for preventing excessive ab-
sorption from the gut. However, it was note-
worthy that the percentage of mucosal activity
formed into ferritin was reduced when large doses
of iron were administered. This suggests that
the mechanism is only effective when iron intake
is within the physiological range.

Previous workers have concluded that mucosal
cells are conditioned at an early stage of their
development with regard to the handling of iron
subsequently taken up from the lumen. Observa-
tions supporting this concept were made in the
present study. After repeated intravenous in-
jections of iron no immediate effect on absorption
was detected, but a marked depression was ob-
served 18 hours later. Mucosal behavior could
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also be altered by manipulating the dietary iron
content. After 5 days on a high iron intake,
during which high serum iron levels were ob-
served, animals were switched to a diet containing
very little iron, and within 24 hours the serum

iron concentration returned to normal. Absorp-
tion was low at the time of the dietary change,
but rose progressively over several days.
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