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ABsTrRACT Gastrointestinal mucosal factors con-
trolling rates of iron absorption were studied utilizing
an in vivo closed duodenal loop technique. Cellular dis-
tribution of newly absorbed radioiron was identified by
molecular sieve and iron-exchange chromatography of
the mucosal cell supernate. In the normal animal, iron
rapidly appeared in ferritin, and this fraction accounted
for greater than 909, of mucosal supernatant radio-
activity after 60 min absorption time. The nonferritin
radioiron appeared to be unbound iron salts. In the
presence of increased iron absorption induced by iron
depletion or hemolysis, the major difference from the
normal distribution pattern was an increase in the
proportion and quantity of the free iron salts. Incorpora-
tion of newly absorbed iron into ferritin did not corre-
late with the rate of iron absorption. No evidence was
found for a specific soluble iron-chelating molecule
within the mucosal cell. The nonheme iron content of
the mucosal supernates from iron-deficient and hemo-
lyzing animals were significantly lower than in the
normal animal.

The data are consistent with hypotheses which sug-
gest that iron absorption rates may be controlled in
part by the rate of initial iron uptake by the mucosal
cell and that a membrane transport mechanism exists
which is modulated by the nonheme iron content of the
mucosal cell or some portion thereof.

INTRODUCTION

The primary physiologic control of iron balance is by
the regulation of iron absorption since processes for
enhancing iron excretion are quite limited (1). Despite
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extensive investigation, the mechanisms of control of
iron absorption remain an enigma. The primary site of
control of iron absorption is the upper gastrointestinal
mucosa (2). The two most important physiologic fac-
tors which are related to variations in iron absorption
appear to be total body iron stores and the rate of
erythropoiesis (3). Since iron absorption is increased
under circumstances of iron depletion and increased
erythropoiesis, it can be said that the normal organism
has a relative “mucosal block” to iron absorption (4).
Studies of iron absorption at the mucosal level have
focused upon the following two distinct steps: (a) mu-
cosal uptake of iron from the lumen and (b) mucosal
cell transfer of a portion of this iron to the carcass
(5-7). The control of these phases has been related to
active transport mechanisms (5, 7).

The gastrointestinal mucosal and subcellular distri-
bution patterns of iron have been investigated (8-12)
as clues to the control of iron transport. Proposed
mechanisms of regulation of absorption have been re-
lated to mucosal levels of the iron-storage protein fer-
ritin (11, 12), to the presence of a soluble cytoplasmic
carrier molecule for transport across the mucosal cell
(8, 9), and to the iron content of the mucosal cell itself
(12).

The present studies were undertaken to investigate
these possible factors by stepwise evaluation of the
mucosal cell distribution of iron salts during in vivo
absorption under circumstances known to be related to
variations in iron absorption rates.

METHODS

In vivo absorption. Adult female Sprague-Dawley rats
weighing 180-250 g and maintained on standard rat chow
were used. The in vivo closed duodenal loop method of
Wheby, Jones, and Crosby (7) was used since it provided
a better control of the quantity and concentration of iron
exposed to a given surface area of mucosa per time and
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minimized the influence of intraluminal factors compared
with oral administration. The iron was introduced into the
duodenal loop via a fine polyethylene tube inserted through
a small gastric incision. The color of the loops remained
normal throughout the study period. An aqueous solution
of freshly prepared ferrous sulfate was administered in a
total volume of 0.5 ml to which 50 uCi of high specific
activity (5.2-26.3 uCi/ug) ®Fe-labeled ferrous sulfate® was
added in order to provide satisfactory count rates.

In the standard experiments, a total dose of 40 ug of
elemental iron was administered which is within the physio-
logic range in this preparation (7). Loops were removed
at 1, 10, or 60 min after introduction of the test dose; the
loops were opened and rinsed thoroughly with iced saline.
The mucosa was then scraped with a glass slide and ho-
mogenized with a Teflon pestle with 5 ml of 0.01 M Tris-
HCI1 buffer, pH 6.5. The homogenate was centrifuged at
6000 g, portions of supernate were counted, and protein
concentration was determined by the method of Lowry,
Rosebrough, Farr, and Randall (13). From the specific
activity of the iron administered and the radioactivity and
protein concentration of the supernatant samples, the con-
centration of newly absorbed iron was calculated and ex-
pressed as micrograms Fe/gram supernatant protein.

Iron absorption. Carcass iron absorption during the
period of study was determined. After instillation of the
test dose of iron, the animal, in a 1000 ml plastic beaker,
was placed on a constant rotating table?® at 20 rpm. Total
radioactivity was measured using a 36° angle—collimated
probe with a 1.5 in. crystal at a constant distance of 25 cm
from the center of the rotating table. The 50 xCi dose of
®FeSO, produced count rates by this method of approxi-
mately 80,000 cpm above background. After removal and
processing of the isolated loop, the animal carcass was
counted in a similar manner. The ratio of net counts per
minute of the carcass after the loop was removed to the
net counts per minute of the animal with the loop intact
was taken as an estimate of carcass iron absorption during
the period of study and expressed as percentage carcass
absorption.

Chromatographic studies. The 6000 g supernates were
examined by chromatographic separation, both by molecular
sieve and ion-exchange methods. The primary media used
was Sephadex G-200° from which ferritin emerged just
past the void volume. In addition, other media were utilized
which have different molecular weight exclusion ranges,
ie, Sephadex G-10, G-25, and G-75, polyacrylamide gel
(Biogel P-60) * and agarose gel (Biogel A-5m).*

A measured quantity, usually 0.5 ml, of the supernatant
solution was placed on a freshly prepared Sephadex G-200,
55X 0.9 cm, column. The sample was eluted with 0.01 M
Tris-HCI, pH 6.5, containing 0.15 M NaCl, and 2.4-m! frac-
tions were collected. Radioactivity of the samples from one
bed volume were counted in a well-type scintillation counter.
Values were expressed as percentage of total radioactivity
applied to the column.

Ion-exchange chromatography of the supernate was also
performed using DEAE-cellulose and stepwise or linear
gradients of increasing ionic strength.

Antiferritin  antibody studies. Whole supernatant and
selected chromatographic fractions were studied for the

! New England Nuclear Corp., Boston, Mass.

* Radiation Counter Laboratories, Inc., Skokie, Il
® Pharmacia Fine Chemicals Inc. Piscataway, N. J.
¢ Bio-Rad Labs, Richmond, Calif. -

presence of ferritin utilizing either rabbit anti-horse spleen
ferritin antiserum® or goat anti-rat ferritin antibody (salt
fractionated).® The antibody was added to the test sample
in excess. In some experiments coprecipitation was carried
out using carrier horse spleen ferritin (crystalized two
times).® A portion of the sample-antibody mixture was re-
moved immediately after mixing, and the remainder was
incubated at 37°C for 1 hr and then refrigerated for 2-10
days at 4°C. The precipitate was then centrifuged at 6000 g,
and a portion of the resulting supernate was removed.
Whole normal serum was used in control tubes in place of
the antiserum. The differences in supernatant radioactivity
before and after precipitation were used to calculate the
ferritin radioactivity precipitated.

Physiologic alterations. Iron depletion was achieved by
raising weanlings on an iron-deficient chow” and serial tail
vein bleeding. They were utilized for absorption studies
after they reached the age of 60 days. Iron deficiency
(FeD)® was confirmed by the presence of anemia, hypo-
chromic microcytic erythrocytes, decreased serum iron (14),
increased total iron-binding capacity (14), and a significant
increase in iron absorption as compared with the normal
animals. Hemolysis (PHZ) was induced with 1 ml subcu-
taneous dose of 10 mg of phenylhydrazine and confirmed
by evidence of anemia and reticulocytosis. Absorption stud-
ies were performed on the 4-6 day after injection.

Mucosal nonheme iron content. The protein concentra-
tion of portions of mucosal homogenates and the 6000 g
supernates was measured, and the nonheme iron was ex-
tracted by the method of Briickmann and Zondek (15).
Iron concentration was measured by the method of Both-
well and Mallett (16). Results were expressed as micro-
grams Fe/milligram of homogenate or supernatant protein.

In vitro studies. ®FeSO. was added to the 6000 g super-
nate preparation, and the mixture was incubated at 37°C for
10 or 60 min. A portion was chromatographed on Sephadex
G-200.

Miscellaneous methods. Paper electrophoresis was per-
formed using barbital buffer pH 8.6, ionic strength 0.075.
Radioautographs of the paper strips were made on X-ray
film exposed for 3-14 days. Hematologic measurements
were made by routine methods (14).

RESULTS
Radioiron distribution in normal mucosa

Fig. 1 shows a typical elution pattern from Sephadex
G-200 of the 6000 g supernate of the mucosal homoge-
nate from a normal rat after a 10 minute absorption
period with a dose of 40 ug of elemental iron. Two
distinct peaks of radioactivity were seen. A large, sharp
peak appeared just past the void volume (peak I), and
a smaller, broader peak (peak II) occurred at the total
volume of the column. It was also found that a propor-
tion of the radioactivity applied to the column was
nonelutable.

The percentage of the radioactivity applied to the
column appearing in each peak at 1, 10, and 60 min of

5 Calbiochem, Los Angeles, Calif.

¢ Sigma Chemical Co., St. Louis, Mo.

7 Nutritional Biochemicals Corporation, Cleveland, Ohio.

8 Abbreviations used in this paper: FeD, iron deficient;
PHZ, phenylhydrazine treated.
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Ficure 1 Typical normal elution pattern. Distribution of

radioactivity eluted from Sephadex G-200 of the 6000 g¢

supernate of the mucosal homogenate from a normal rat

after 10 min absorption time for a 40 ug dose. 17% (13,000

cpm) of the radioactivity applied was not eluted.

absorption is shown in Table I. With time, in the nor-
mal animal with a 40 pg dose, there was a rapid in-
crease in peak I and a concomitant decrease of peak II
and nonelutable radioactivity.

The concentration of radiolabeled iron in the mucosal
cell supernates was calculated as micrograms of newly
absorbed iron per gram of supernatant protein. The
amount of radiolabeled iron in each peak was calcu-
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Ficure 2 Changes in radioiron distribution in 6000 g

mucosal supernate of normal animals with time. (A) Peak
I. (B) Nonelutable fraction. Values represent concentration
of the radioiron in each fraction expressed in terms of
supernatant protein.

lated from the percentage radioactivity per peak. There
was no statistically significant change in the concen-
tration of total newly absorbed iron at 1, 10, and 60
min (1359, se 10.8, 148.6, s 34.3, and 175.1, se 40.9
rg Fe/g supernatant protein, respectively). Thus, the
increase in peak I and the decrease in nonelutable
radioactivity were both absolute changes (Fig. 2).
Attempts were made to identify other radioactive
fractions utilizing chromatographic media with different
ranges of molecular weight separation. With poly-
acrylamide gel (P-60) and agarose (5M), only a single
peak of radioactivity was identified. With Sephadex

TaBLE 1
Distribution of Mucosal Supernatant Radioactivity

Mean Per cent radioactivity per fraction*
Absorption carcass
Group time Dose absorption I . 11 111 NE
min »e %
N 3)1 1 40 0.7 44,7 £3.3 20.4 1.7 0 349 +1.6
FeD (4) 1 40 — 14.1 1.2 21.8 +2.8 12.5 1.8 51.6 4.0
N (6 10 40 1.5 69.3 +2.1 9.1 +0.8 0 21.6 1.9
FeD (6) 10 40 8.6 18.2 2.7 159 1.4 8.3 0.8 57.6 +£2.8
PHZ (4) 10 40 8.6 52.0 £9.6 8.4 +2.3 0 39.6 £7.5
N 4) 60 40 2.8 94.0 2.0 0 0 6.0 2.0
FeD (5) 60 40 23.3 61.4 +£6.5 10.9 =2.1 13.0 £1.7 14.7 £5.0
PHZ (3) 60 40 23.4 69.3 4.4 11.5 =34 0 19.2 £2.0
N 3) 10 4 2.6 78.2 +4.1 1.7 £0.7 0 20.1 4.1
FeD (4) 10 4 32.6 21.8 £3.3 10.2 2.9 20.4 +=1.3 47.6 £1.5
N 3) 60 4 5.3 91.5 2.0 0 0 8.5 +£2.0
FeD (3) 60 4 49.5 24.5 +3.6 16.0 +=1.2 39.0 1.3 20.5 +£3.6

N, normal; FeD, iron deficient; PHZ, phenylhydrazine-treated animals; NE, nonelutable radioactivity.

* Mean +1 SE.

} Numerals in parentheses represent number of animals studied.
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G-10 and G-25, a single peak of radioactivity was
eluted at the void volume. Using Sephadex G-75, a
major peak of radioactivity appeared at the void volume
followed by a minor peak. With all of these media, a
proportion of radioactivity, comparable with that found
using Sephadex G-200, was nonelutable,

Characteristics of the fractions

Peak I. Since ferritin is known to be a major iron-
containing protein in gastrointestinal mucosal cells
(11, 17, 18), peak I was investigated for the possibility
that it represented radioiron bound to ferritin. When
the mucosal homogenates were centrifuged at 105,000 g,
radioactivity in peak I was reduced by 809, as com-
pared with the same homogenate spun at 6000 g before
chromatography. 829, of crystallized horse spleen fer-
ritin sedimented at this speed, as expected (11). Paper
electrophoresis and radioautography of a fraction of
peak I showed that the radioactivity had an identical
mobility to crystallized horse spleen ferritin. The frac-
tions from peak I, when rechromatographed on Sepha-
dex G-200, eluted at the same position with approxi-
mately 1009, recovery and, in addition, had identical
elution points to crystallized horse spleen ferritin on
Sephadex G-200, polyacrylamide gel, agarose, and by
gradient elution from DEAZE-cellulose.

In nine experiments a mean of 69.19, (s 4.2) of
the radioactivity in peak I was precipitated by anti-
horse spleen and anti-rat ferritin antibody. 659, of
crystallized ferritin, eluted from a Sephadex column,
was precipitated by these antibodies. The radioactivity
precipitated from peak I could be increased to 829, by
coprecipitation with carrier crystallized ferrin. In addi-
tion, 699, of whole supernatant radioactivity from a
normal animal, after 60 min absorption time, was pre-
cipitated by antibody. If carrier ferritin was added to
the whole supernate-antibody mixture, peak I was no
longer identifiable when the resulting supernate was
chromatographed. Thus, peak I had the characteristics
of ferritin under all conditions tested.

Nonelutable fraction. A reproducible amount of
radioactivity was nonelutable from all media used. A
similar quantity was also nonelutable from DEAE-
cellulose with an ionic gradient to 1 M NaCl. This
radioactivity could be eluted from the DEAE with
0.1 xn HCL

The nonelutable radioactivity was chelated by EDTA
or transferrin when these substances were added to the
whole supernate before chromatography.

When *Fe-labeled ferrous sulfate was applied to a
Sephadex G-200 column, a variable proportion of the
radioactivity was eluted at the point of the total column
volume. The percentage eluted correlated with the quan-
tity of salt applied but never exceeded 309 (0.25 ng

resulted in less than 29, recovery and 2.5 ug resulted
in recovery of 27.8%,). When the elutable radioactivity
was then rechromatographed, 0-109, was eluted. When
ferrous sulfate was applied to a DEAE-cellulose column,
none was eluted at pH 6.5 and 1 M NaCl. However,
659% or more of the radioactivity was then eluted with
0.1 ~ HCIL. Thus, the nonelutable fraction behaved in
a manner essentially identical with iron salts under
these chromatographic conditions.

Peak II. As noted in Table I, peak II was variable
in its quantity but roughly paralleled the proportion of
the nonelutable fraction, in that it was highest when
the nonelutable proportion was highest and essentially
disappeared when little nonelutable iron remained. It
appeared at the total column volume. When a fraction
from peak II was rechromatographed on Sephadex
G-200, little or none was eluted (< 10%).

A 6000 g supernate was prepared from FeD animals
and chromatographed on Sephadex G-200. ®Fe was
added to the pooled fractions eluted at the total bed
volume and rechromatographed. No radioactivity was
eluted, suggesting that there was little or no iron-
chelating ability of the low molecular weight com-
pounds which were eluted at the point of peak II
under these conditions.

Peak II radioactivity and the small proportion of
elutable *Fe-labeled ferrous sulfate appeared in the
same fractions on Sephadex G-10, G-25, G-75, and
G-200. Thus, peak IT chromatographed identically to the
small amount of free iron salts that were eluted from all
media studied when a solution of ferrous sulfate was
applied.

Effects of iron depletion and hemolysis on
mucosal radioiron patterns

Two physiologically different circumstances which
are associated with increased iron absorption were
studied in a fashion identical with the normal animals
to determine whether the increased iron absorption
could be correlated with any change in the normal
mucosal distribution of newly absorbed ferrous sulfate.

Effect of iron depletion. The iron-deficient (FeD)
animals showed a different elution profile from the
normal mucosal supernate (Table I and Fig. 3). There
was a significantly smaller proportion of the newly
absorbed iron in peak I at all times. Conversely, the
nonelutable fraction predominated in the iron-deficient
animal early and still accounted for 15%, of the total
supernatant radioiron at 1 hr. The third major differ-
ence in the FeD animals was the presence of another
radioactive peak (peak IIT) intermediate between peaks
I and II.

Effect of hemolysis. In animals who were actively
hemolyzing (PHZ), a third pattern of radioiron frac-
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Fiure 3 Typical elution pattern from an iron-deficient
animal. Distribution of radioactivity eluted from Sephadex
G-200 of the 6000 g supernate of the mucosal homogenate
from an iron-deficient rat after a 10 min absorption time
for a 40 ug dose. 62% (62,000 cpm) of the applied radio-
activity was not eluted.

tions was seen (Table I). At 10 min peak I contained
approximately 509, of the radioactivity, but 409, was
also nonelutable. In these animals, no definite peak III
was identifiable, It was notable that the per cent car-
cass iron absorption in the PHZ animals was quite
similar to that of the FeD animals.

The relative differences in the distribution of radio-
iron in the three groups (Table I) also represented
absolute differences in the quantities of radioiron in
the fractions. Table II lists the concentration of total
radioiron in the mucosal cell supernate at 10 min of
absorption in the three groups. The quantity of newly
absorbed iron in each peak was calculated from the
percentage distribution of radioactivity per peak. The
results for peak I and the nonelutable fraction are
shown in Fig. 4. There is no correlation between the
quantity of newly absorbed iron in peak I and rates of
iron absorption. In contrast, the nonelutable fraction

TasLE II
Concentration of Radiolabeled Iron in 6000 g Supernate
after 10 min Absorption of a 40 pg Dose

No. of Concentration
Group studies of iron P value
pg Fe/g supernatant
protein*
N 8 148.6 +=34.3 —
FeD 13 258.2 +44.5 0.05
PHZ 4 330.5 £53.3 <0.05

N, normal; FeD, iron deficient; PHZ, phenylhydrazine-
treated animals.
* Mean =1 sE.
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TasBLE III
Concentration of NonHeme Iron in 6000 g Supernate

No. of ug Fe/mg super-
Group studies natant protein* P value
N 9 0.327 +0.038 —
FeD 7 0.065 +-0.008 <0.001
PHZ 8 0.169 +0.014 <0.005

N, normal; FeD, iron deficient; PHZ, phenylhydrazine-
treated animals.
* Mean =1 sE.

in both the FeD and PHZ animals was significantly
greater than in the normal animals.

Characteristics of the fractions. In both the FeD
and PHZ animals, peaks I and II and the nonelutable
fraction had the same qualitative characteristics as
those described in the normal animals.

Peak III was seen only in the iron-deficient animals.
On Sephadex G-200 and DEAE-cellulose, this peak
eluted at a point identical with rat transferrin.

Since peak III had chromatographic characteristics
identical with transferrin, the possibility was inves-
tigated that this represented contamination with blood
at the time of preparation of the homogenate. An
homogenate was prepared from an adjacent segment of
small bowel removed from an iron-deficient animal after
60 min absorption at the same time as the isolated loop
was removed. A sample of serum was obtained simul-
taneously. When the radioactivity of the supernate from
the adjacent loop was calculated in terms of counts per
minute/milligram protein, it was < 1%, of the value for
the loop which had been in contact with the iron. In
addition, based on the counts per minute/milliliter of
radioactivity in the serum sample, 1 ml of serum (1.4

2001
150
100

501

ug Fe/gramprotein

O.

N FeD PHZ N

FeD PHZ

Ficure 4 Difference in radioiron distribution in 6000 g
mucosal supernate of normal (N), iron-deficient (FeD),
and phenylhydrazine-treated (PHZ) animals. (A) Peak I.
(B) Nonelutable fraction. Data are for 10 min absorption
time for a 40 ug dose. Values represent concentration of
the radioiron in each fraction expressed in terms of super-
natant protein.



ml of whole blood) would have had to contaminate the
isolated loop homogenate to account for the amount of
radioactivity recovered as peak III. This was unlikely
since no gross blood was detectable and the calculated
volume was greater than the entire volume of mucosal
scrapings. Thus, although peak III had the chromato-
graphic and electrophoretic behavior of transferrin, its
presence did not appear to result from whole blood
contamination at the time of scraping and preparing
the mucosal homogenate.

Effect of varying the dose of ferrous sulfate

Since the presence of a rapidly exchanging cyto-
plasmic carrier molecule could have been obscured by
the carrier iron used in the 40 ug dose study, experi-
ments were carried out in which only a 4 pg dose of
iron was administered (30-70 #Ci of radioiron without
additional carrier). In both groups of animals, the elu-
tion patterns were qualitatively similar to those with
the 40 ug dose, and no additional peaks of radioactivity
were identified (Table I).

Mucosal distribution of intravenously
administered ferrous sulfate

Conrad, Weintraub, and Crosby (12) had demon-
strated that a proportion of parenterally administered
iron appeared in the gastrointestinal mucosal cells and
later disappeared, presumably due to the sloughing of
those mucosal cells. To determine the mucosal distribu-
tion of parenteral iron by chromatographic separation,
100 #Ci of ®Fe-labeled ferrous sulfate (8 ug of ele-
mental iron) was injected into the tail vein of normal
rats, the animals sacrificed at 2 and 6 days, mucosal
homogenates prepared and chromatographed on Sepha-
dex G-200. At 2 days, 88% of recoverable radioactivity
(10,000 cpm/ml supernate) eluted as peak I. The re-
maining 129, was nonelutable. At 6 days less than 400
cpm/ml of radioiron was present in the supernate.

Mucosal cell iron content

To test the proposed hypothesis (12) that the mu-
cosal cell content of iron may relate to the control of
iron absorption, the total nonheme iron content of
mucosal cell homogenates from normal, iron-deficient,
and PHZ-treated animals was measured. No significant
differences were noted between these groups. How-
ever, when the nonheme iron content of the supernatant
fraction after centrifugation at 6000 g was measured,
significant differences were noted (Table III). Both of
the groups with increased iron absorption (FeD and
PHZ) had statistically significant lower nonheme iron
concentrations per milligram of supernatant protein
than the normal animals.

In vitro addition of iron to mucosal supernate

Experiments were performed to determine whether
or not the distribution of ferrous sulfate in the mucosal
supernate differed when the iron was added in vitro as
opposed to the in vivo uptake and distribution. The
chromatographic patterns, after incubation of *Fe with
supernates from normal and FeD animals, were similar
to the in vivo distribution in that peak I predominated
in the normal animal, peak III was present only in the
iron-deficient animal, and the major portion of radio-
activity from the iron-deficient supernate was non-
elutable.

DISCUSSION

These studies indicate that during the early phase of
active iron absorption, the newly absorbed iron appears
in distinct separable fractions within the duodenal mu-
cosal cells. In the normal animal, the predominant in-
corporation is into ferritin, even as early as 10 min,
and accounts for more than 909, of the radioactivity
at 1 hr. This differs from the findings of Brown and
Rother (8, 9) and Manis and Schacter (10), who were
unable to identify significant amounts of new ferritin
iron in the mucosal homogenate. However, Brown and
Rother studied the 105,000 g supernate where little
ferritin remains because of its high density. Manis and
Schacter were using an in vitro system, which may
not be representative of the in vivo physiologic mecha-
nisms. These results are similar to those of Charlton,
Jacobs, Torrance, and Bothwell (11) who also demon-
strated that ferritin radioactivity was the major frac-
tion in the normal animal. In the iron-deficient animal,
we found only minimal incorporation into ferritin until
the major proportion of iron transfer to the carcass
had occurred, at which time (60 min) newly absorbed
iron in ferritin was approaching that in the normal
animal. In vitro addition of iron to the mucosal super-
nate from FeD animals showed only a minimal capacity
to bind iron to ferritin as compared with the normal
animals. These findings could be interpreted to mean
that iron absorption is increased in the iron-depleted
animal because little apoferritin is present in the mu-
cosal cell until exposure to absorbable iron at which
time apoferritin synthesis is induced, and as ferritin is
formed, further iron transfer is inhibited (11). The
observation of increased iron absorption in the hemo-
lyzing animal despite iron incorporation into ferritin,
equivalent to or greater than the normal animal, would
suggest, however, that ferritin binding of iron does
not significantly limit the rate of iron absorption during
the early phase. Recently Brittin and Raval (18) have
shown that, indeed, ferritin synthesis is induced in the
iron-depleted animal, but their studies also indicated

Mucosal Control of Iron Absorption 229



that this did not significantly limit subsequent iron
absorption in these animals.

The major difference between the normal animal
and the two circumstances associated with enhanced
iron absorption was the finding of a large fraction of
the radiolabeled iron in the latter two groups in a
form which had the characteristics of free iron salts.
It could be suggested that this ionic iron was present
because of adsorption to the luminal surface of the
mucosal cell and did not truly represent an intracellular
pool. This is unlikely because in the normal animal
supernate at 60 min, little or none of this fraction is
seen despite the fact that the greatest proportion of the
administered radioiron is still present in the luminal
fluid. It would appear, therefore, that the increased rate
of iron absorption in both the iron-depleted state and
in the presence of hemolysis is most closely correlated
with a significant increase in the amount of free ionic
iron in the mucosal cell. Brown and Rother (9) felt
that a similar major fraction in the iron-depleted animal
was bound to small molecular weight chelates, particu-
larly amino acids. However, as pointed out by Charlton
et al. (11), the EDTA utilized for washing the mucosal
“cells probably was the source of the low molecular
weight chelate in these studies. With the elimination of
EDTA from our preparative procedure, there is no
evidence for the presence of low molecular weight
compounds which specifically chelate iron. A small pro-
portion of the radioiron does elute from Sephadex
G-200 at the total bed volume. The characterization of
the fraction suggested that it is not a specific separate
chelated iron pool, but represents a small proportion of
the free ionic iron which can be eluted from the column.

Another fraction is found when the supernate from
FeD animals is chromatographed. Preliminary chro-
matographic and electrophoretic studies suggest that
this is similar to or actually transferrin. None of this
peak occurs in the normal animal nor is it consistently
found in the PHZ animals. It does not seem that it is
merely serum contamination of the mucosal scrapings.
Although this could be intracellular in origin, it may
also be membrane bound as suggested by Levine and
Weintraub (19), who found increased binding of trans-
ferrin to the mucosal cells of FeD animals. The fact
that we were unable to identify similar amounts of this
fraction in the PHZ supernate, despite Fe absorption
rates similar to the FeD animals, suggests that its role
as a specific cytoplasmic carrier for the control of iron
absorption is doubtful.

These studies are in keeping with some of the hy-
potheses regarding the mucosal cell control of iron
absorption rates. They indicate that one feature in
common in two disparate physiological states associated
with increased iron absorption is the initial rate of
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mucosal cell uptake of iron. This is particularly evident
after the 10 min absorption time. Conrad et al. (12)
have suggested that the mucosal cell iron content may
be a factor in regulating the uptake and, as a conse-
quence, the transfer of iron to the body. Previous stud-
ies (20-22) have failed to show significant differences
in the nonheme iron content of whole homogenates of
mucosal cell preparations from normal and iron-de-
ficient animals and man, Our studies confirmed these
observations. However, when the nonheme iron content
of the 6000 g supernate was measured, significant dif-
ferences were demonstrated. Of added interest was the
finding that the mucosal supernatant iron content was
also significantly reduced in the PHZ animals. Conrad
et al. (12) have also shown that after acute blood loss
in the iron-overloaded animal, the mucosal iron adsorp-
tion increased in conjunction with a drop in the total
nonheme iron content of the mucosal cells. These ob-
servations are consistent with the postulate that the
soluble mucosal cell nonheme iron concentration, or
some portion thereof, regulates an uptake or transport
system in the mucosal cell wall at the luminal surface.
Greenberger, Balcerzak, and Ackerman (23) were un-
able to demonstrate a difference in binding of iron to
proximal mucosal cell brush border preparations from
normal and iron-depleted rats, but this proposed trans-
port system may require an intact metabolically active
cell for its function.

Once the iron has been transferred into the mucosal
cell cytoplasm, we were unable to identify any specific
chelating molecule for its solubilization or transport to
the serosal side. Our data also argue against the thesis
that with physiologic doses of iron, ferritin binding of
iron significantly inhibits mucosal transfer of iron. It
would appear from both the in vivo and in vitro studies
that the distribution of newly absorbed iron in the
mucosal cell during the early phase of absorption is
merely a function of the initial rate of uptake and the
amount of apoferritin or partially saturated ferritin
molecules present in the cell at the time of exposure to
iron. Circulating transferrin-bound iron also appears to
be distributed in the mucosal cell in a similar manner.
Because of the rapid turnover of the gastrointestinal
mucosa, the state of its iron content could be quickly
varied depending upon the conditions existent at the
time of production of a new cell population. If, in turn,
the mucosal cell represents one of the readily available
labile iron pools, then its labile iron content or some
fraction would reflect the immediate needs of the or-
ganism for iron. This model would explain our observa-
tions as well as those regarding the transient impair-
ment of further iron uptake by the iron-deficient animal
after an initial exposure to iron (24-26) and the early
appearance of increased iron absorption after acute



blood loss (12) or an hemolytic process despite the
preceding status of the total body and even total mu-

cosal iron content.
Our studies do not provide data regarding the mech-
anism of subsequent transfer of the newly absorbed

iron to the carcass.

Thus, our observations, in conjunction with previ-
ously published studies, are consistent with the possi-
bility that an apical surface membrane, carrier-mediated
transport mechanism, either facilitated or active, may
exist for iron uptake. This process may be modulated
by cytoplasmic iron content. This hypothesis is presently

being investigated.
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