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Columbus)

(Received for publication April 22, 1939)

Most of the problems of iron therapy which
have troubled physicians during the past half
century are fundamentally traceable to our ig-
norance of the mechanism by which iron is ab-
sorbed from the intestinal tract. Had that
mechanism been understood, the discussions cen-
tering about the relative efficacy of inorganic and
organic iron preparations would not have oc-
curred, and hematologists would not now be
troubled by the clinical observation that simple
ferrous salts are apparently utilized more com-
pletely for hemoglobin formation than are the
complex ferric salts, such as iron and ammonium
citrate (5 to 11 inc.). Adequate experimental
analysis of the factors involved in iron absorption
has been delayed by the lack of a method suf-
ficiently dependable to measure immediate absorp-
tion from the intestinal tract. Investigators have
been forced to utilize indirect procedures which
measure: (1) the difference, in a given period
of study, between the amount of iron ingested
and the amount excreted in the urine and feces
(12, 13); (2) the amount of iron which “ dis-
appears ” from an isolated segment of intestine
(14); or (3) the total increase in circulating
hemoglobin resulting from the therapeutic ad-
ministration of iron in various forms. From
the hemoglobin increase is then calculated the
percentage of iron that has been utilized (15, 16,
17). The first of these three approaches is open
to the objection that no account can be taken of

1 Presented in part before the Tenth Annual Meeting
of the Central Society for Clinical Research, Chicago, No-
vember 5-6, 1937, and in part before the Sixteenth Inter-
national Physiological Congress, Zurich, August 14-21,
1938. '

2 The authors wish to express their appreciation to John
T. Read and Miss Olga Bierbaum for the assistance given
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the iron which may be absorbed and then excreted
into the colon (18). McCance and Widdowson
have, however, presented evidence which tends
to show that such excretion is minimal (19).
The technical difficulties are likewise significant
in that the quantities of ingested and excreted
(fecal) iron are large whereas the amount ac-
tually retained by the body has been shown to
be comparatively small. Under such circum-
stances, the probable error in the determination of
the large amounts administered orally and ex-
creted in the feces is great and the period of
study must at least be an extended one if the
differences obtained are to be regarded as sig-
nificant. The second approach is that in which,
by a process of intubation, a known amount of
iron is placed in an isolated segment of intestine.
After a period of time, the contents of the seg-
ment are aspirated and the difference between
the quantity of iron originally added and that
recovered is assumed to be the amount that has
been absorbed. Groen and Taylor (20) have
demonstrated, however, that the difference is
largely due to iron retained because of adsorption
by the mucosa, rather than to actual absorption.
While the third method has certain advantages,
it not only is time consuming and indirect, but
has recently been challenged on the ground that
much more iron is actually absorbed and retained
by the body following therapeusis than is utilized
for immediate hemoglobin synthesis (12, 21, 22,
23).

If, however, iron absorption could be studied
directly and immediately by measuring  the
amount added to the blood stream by the resorp-
tive process, many of the difficulties would be
eliminated. This approach became possible only
after it had been demonstrated that iron is trans-
ported as plasma or serum iron (2, 4). Its use
is dependent upon a knowledge of the forms and
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relationships of iron in the blood. Iron occurs
in the blood stream in three states: as hemoglobin
iron, as “easily split-off ” iron, and as plasma
iron. The first of these is by far the largest in
amount and both its chemical nature and physi-
ological function are inseparably linked with that
of the hemoglobin molecule. * Easily split-off
iron constitutes 5 to 10 per cent of the total blood
iron; its physiological function and chemical
nature have not definitely been defined, but Bar-
kan and Schales (24) have presented evidence to
suggest that it is derived from a “ pseudo-hemo-
globin,” possibly an intermediate step in the break-
down of hemoglobin into bile pigment. Cortis-
Jones and Lemberg are apparently in agreement
with this point of view (25). It is entirely pos-
sible, as these authors suggest, that other iron con-
taining pigments, degradation products of hemo-
globin, are likewise present in the peripheral blood ;
but since these substances are closely related, phys-
iologically at least, to Barkan’s “ pseudo-hemoglo-
bin,” they may be considered together with the lat-
ter as forming one type of blood iron compound.
Serum or plasma iron is present in the relatively
minute quantities of 50 to 180 micrograms per
cent; its chemical nature is in question, but it
probably is part of a complex radical, in the ferric
state of ionization, in combination with serum
globulin (1) ; the function of serum iron, as has
been stated, is apparently that of iron transpor-
tation.

Demonstration has already been made of the
facts that: (1) under basal conditions of iron
intake and utilization, hourly variations in the
serum iron level are comparatively slight (3);
and (2) following the oral administration of a
single large dose of various of the iron salts, there
is a prompt rise in the serum iron fraction (2).
This increase is apparent within the first half
hour, reaches its maximum in 214 to 5 hours,
and then gradually falls to approximate the basal
level by the end of 12 hours. The serum iron
increase is not associated with a rise in the serum
bilirubin content. Hemoglobin and “ easily split-
off ” iron fractions do not participate in the
change (Figure 1).* By following the serum

« Hahn, Bale, Lawrence, and Whipple (26) fed anemic
dogs either ferric chloride or ferric sulphate which con-

tained radioactive iron and noticed a prompt increase in
radioactive iron, first in the plasma, and later in the red
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iron responses to graded amounts of orally ad-
ministered iron salts, therefore, under contrasting
states of gastric acidity, during varying states of
hematopoietic activity, and with experimentally
altered conditions of intestinal motility and ab-
sorption, it should be possible theoretically to
obtain considerable information about those fac-
tors which influence and control iron absorption.
The present communication presents the results
of such a study.

Statement has previously been made (2) of
the fact that other workers have noted the in-
crease in serum iron which occurs when iron
salts are taken by mouth. Thoenes and Aschaf-
fenburg (27) and Heilmeyer and Plotner (28)
made, in addition, a comparison of the rise in
serum iron produced by several of the iron salts
under the influence of various conditions which
might alter intestinal absorption. The results of
these studies will be discussed in connection with
the analysis of the data accumulated in this in-
vestigation. These authors were not primarily
interested in the problem of iron absorption and
did not, therefore, fully apply the serum iron ab-
sorption curve technique to the study of the
subject.

It must be emphasized that, since serum (trans-
port) iron is influenced not only by the iron being
absorbed from the intestinal tract, but also by
that being withdrawn from, or added to, the blood
stream by the organs of storage, utilization, blood
cell destruction, and excretion, the variations in
serum iron do not measure the actual amount of
iron being absorbed. The curve of serum iron
does, however, indicate the fact and the degree of
absorption. This method of study, furthermore,
has a decided advantage in that it permits com-
parison of responses in the same individual not
only to different iron preparations, but also to the
same salt at different periods of hematopoietic
activity, and under different gastro-intestinal in-
fluences.

cells. The following statement is made (26, p. 2286):
“The rapid appearance of radioactive iron in the red
blood cells is of great interest. A discussion of these
observations must await further experiments to indicate
the relationship of this iron to the hemoglobin of the
various types of red blood cells (nucleated, immature, and
mature).” In normal dogs the iron did not appear to be
absorbed in comparable amounts.
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F16. 1. ABSORPTION OF IRON FROM INTESTINAL TRACT REFLECTED BY AN INCREASE IN
SErUM IRON

No change occurs in the “ easily split-off ” iron fraction.

The collection of serum specimens and the
technic of quantitative iron analyses were carried
out in the manner previously described (1, 3).

The role of the lymph in iron absorption

Since Gaule’s (29) claim that when ferric
chloride was given orally to rabbits he was able to
demonstrate iron by staining methods in the tho-
racic duct lymph, there has been considerable
question as to the function of the intestinal lymph
passages in iron absorption. Gaule’s experi-
ments were criticized by Miiller (30) on the
ground that ferric chloride is a protein precipitant
" and could easily cause considerable damage to the
readily injured mucous membrane of the rabbit’s
intestinal tract. Miiller repeated the experiment

using ferri-oxytartaricum and failed to demon-
strate any increase of iron in the lymph of the
thoracic duct. These experiments were per-
formed before chemical methods of sufficient sen-
sitivity to permit chemical quantitation of the
iron had been developed. Further credence was
given to the possibility of lymph transportation
by the histological experiments of Hober (31),
which tended to indicate that iron is resorbed in-
tra-epithelially along with lipoid substances,
whereas lipoid insoluble material seemed to be
absorbed inter-epithelially. This conception of
iron absorption as a function of living epithelial
cells is compatible with Lintzel’s (32), Fontés and
Thivolle’s (33) and Hahn’s et al. (26) belief that
the body is capable of selective absorption of iron
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—that is, of assimilating or rejecting it according
to the needs at any given time.

In order to study this problem further, both
the blood serum and the thoracic duct lymph iron
were followed in a number of dogs after the
giving of moderately large doses of iron by stom-
ach tube. The dogs were prepared for experi-
ment by being fasted for 18 hours. They were
then fed a meal which consisted of one-half
pound of lard and a small amount of ground beef
muscle. Four to 5 hours later, the animals were
anesthetized by intra-peritoneal injection of nem-
butal. The thoracic duct was isolated and can-
nulated. “ Fasting” lymph and serum speci-
mens were obtained and the iron salt, dissolved
in 100 cc. of water, was permitted to run into the
stomach through an ordinary lavage tube. All of
the lymph was collected into 50 cc. paraffined
centrifuge tubes; the samples were pooled for
each successive 30- or 60-minute period and cen-
trifugalized to rid them of any red cells present.
Serum specimens were collected at hourly inter-
vals from blood obtained by femoral arterial
puncture. Since observations were continued for
6 to 10 hours or more, and since considerable
fluid was withdrawn from each animal, as blood
and lymph, subcutaneous injections of 100 cc. sa-
line were made throughout the course of the ex-
periment at intervals of 114 to 2 hours. Control
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hematocrit determinations, total cell counts, and
hemoglobin estimations were likewise made.
That the iron level in both serum and lymph was
relatively constant under the conditions of “ iron-
fasting ” obtained in these animals with an un-
disturbed hematopoietic equilibrium, is indicated
in the representative data presented in Figure 2.
These results of 1 experiment in which 2 grams
of ferrous sulphate were given are tabulated in
Figure 3. The serum iron slowly increased to
approximately twice its basal level, remained at
that comparatively high figure for several hours,
and then began to fall slightly by the time the
experiment was terminated. The rise of iron in
the lymph, however, was not nearly as great, and
occurred much more slowly. It is interesting to
note that the total amount of lymph collected in
the 6 hours of observation was only 161 cc. and
that the total increase of iron in the whole of that
volume was not as great as the increase in 100
cc. of serum at the height of the serum iron ab-
sorption curve.

The delayed increase in lymph iron is not diffi-
cult to explain since lymph drains the intercellu-
lar fluid and the latter is supplied, in part at least,
from the blood stream. It is natural, then, to
expect that a rise in serum iron would be reflected
by a rise of that metal in the lymph. Experi-
mental confirmation of that postulate was ob-

Doqf Weight 0.6 kilograms.
631 Nembutal anaesthesia.
1 cell Volume Ib. Jard four hour's prior to
5l e——— beginning of experiment.
— 45 LYMPH PROTOCOL
time of collection quantity
o Qr:m/./_\’ 0-1 35cc.
a0 0207 1-2 35cc.
g\o'tr,h T 2-5 45cc.
% 0.40- Thoracic Duct Lymph 5-5 55cc.
5-17 40cc.
0051 Total  210cc.
o Ll v T v L) T 1) )
12 3 456 1
h’?” Hours Of Observation

Fi16. 2. RELATIVE CONSTANCY OF SERUM AND THorAcic Ducr Lympr IrON
UNDER “ IRON-FAsTING” CoNbDITIONS IN THE Doc
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ORAL ADMINISTRATION OF SINGLE Dose oF FERROUS SULPHATE

tained by injecting iron intravenously into dogs
after the thoracic duct had been cannulated.
Under these conditions the serum iron was in-
creased immediately to high levels (1 mgm. per
100 cc. or more) and fell slowly during the sub-
sequent 12 hours to approximate the pre-injec-
tion level. Iron in the lymph was increased
within half an hour, reached its maximum rise at
the end of 2 or 3 hours, and then slowly began to
fall (Figure 4). In no case did the rise in tho-
racic duct lymph iron exceed 300 micrograms per
cent. These experiments serve to show rather
conclusively that resorption of iron from the in-
testinal tract occurs directly into the blood stream
rather than by way of the intermediate route of
the intestinal lymph channels.

Rate of disappearance of iron from the blood
stream

Before continuing further, it was obviously
necessary to know something about the rate at
which iron disappears from the blood stream.
Starkenstein and Weden (34a) and Barkan (35)
have shown that when iron is added to whole
blood #n wvitro, all of the added iron can be recov-
ered from the serum portion. We have demon-
strated that when iron salts are injected intra-

venously, the only blood iron fraction to show an
increase is the serum iron fraction. In order to
obtain information as to the rate of disappear-
ance of added iron from the serum, therefore,
sufficient quantities of various iron salts were in-
jected into dogs to provide one milligram of the
metallic metal per kilogram of body weight. The
salts were first dissolved in water and then di-
luted with several parts of normal saline and in-
jected slowly into one of the leg veins. Serum
samples were collected immediately before the
injection, and 5 minutes, 1 hour, 3 hours, 5 hours,
8 hours, and 12 hours after the administration.
The animals were kept anesthetized throughout
the experimental period.

As is obvious from Figures 5 and 6, one milli-
gram of iron per kilogram of body weight given
intravenously in the form of a soluble salt was
sufficient to increase the level of serum iron from
an initial value of about 0.2 mgm. per cent to
from 1.2 to 1.5 mgm. per cent. The subsequent
fall was a gradual one so that about 12 hours were
required before the basal level was again approxi-
mated. There was apparently no difference in
the rapidity with which ferric iron given as a
simple (ferric chloride) or combined (ferric am-
monium sulphate) salt was removed (Figure 5).
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F16. 6. CoMPARISON OF RATES OF DISAPPEARANCE OF FERROUS AND FERric IRON FROM THE BL0oOD STREAM
AFTER INTRAVENOUS ADMINISTRATION

Nembutal anaesthesia used throughout duration of experiment. Iron administered intravenously in each in-

stance immediately after fasting specimen.

When colloidal ferric hydroxide was used, how-
ever, the immediate rise was comparatively small
and the rate of disappearance rapid enough to
be complete within 10 to 15 minutes. This re-
sult is not surprising since it has been known
for a long time that colloidal ferric hydroxide is
taken up by the reticulo-endothelial cells (36,
37). In a number of animals, the fall in serum
iron following the administration of comparable
amounts of soluble ferrous and ferric iron to
the same animal was followed (Figure 6). In
each instance, irrespective of whether simple or
combined salts were used, the height to which the
serum iron values rose was less with the ferrous
salts than with the ferric. The explanation for
this phenomenon is not clear, since Starkenstein
and Harvalik (38) have shown that ferrous iron
is almost immediately oxidized to the ferric state
on contact with: whole blood.

Height of serum irom response compared with
amount of irom administered

‘The most obvious objection to the use of the
serum iron increase as an index of intestinal ab-
sorption of iron is that iron is a protein precipi-
tant and for that reason may cause enough in-
jury to the intestinal mucosa to permit a portion

of the large amounts administered to pass through
into the blood stream. In order to test the va-
lidity of this objection, and to establish at the
same time the size of the dose that could best be
used for future comparisons, several observations
were performed on the relationship between the
height of the serum iron increase and the size
of the iron dose. In one such instance, the sub-
ject being a young male with normal gastric acid-.
ity, single doses of ferric sodium citrate were
given on each of 4 different observation days in
quantities that supplied successively 2.7, 5.4, 8.1,
and 10.7 mgm. of iron per kilogram of body
weight (Figure 7). Serum specimgns were col-
lected immediately before the iron was ingested,
and at approximately 1, 214, 5, 8, and 12 hours
thereafter. This routine of blood collection was
followed for all the studies made on human pa-
tients except that the 12-hour specimen was oc-.
casionally omitted. The response to 2.7 mgm.
of iron per kilo was approximately one-half the
response to 5.4 mgm., and one-third of that to
8.1 mgm. per kilo. With the largest dose, 10.7
mgm. per kilo, considerable abdominal discom-
fort was experienced and a diarrhea developed
within a few hours. It is interesting to note that
the maximum increase above the initial level fol-
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lowing this amount was no greater than it had
been after the 8.1 mgm. dosage. It is probable
that the increased intestinal irritation was attended
by increased motility so that the iron was swept
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along the absorbing portion of the small intestine
at a rate that was too rapid to permit of optimum
absorption.

A similar set of observations is tabulated in
Figure 8. The subject was again a young male
with normal gastric acidity and undisturbed ery-
thropoiesis. He was given successively 2, 4, and
6 mgm. of iron per kilogram of body weight as
ferric ammonium sulphate on each of 3 days, and
comparable dosages of ferrous ammonium sul-
phate on 3 additional days. With both valence
forms, the response to the 4 mgm. per kilo dose
was approximately twice that to half the amount.
The largest dose of iron, however, again caused
considerable gastric distress and abdominal
cramps, and again the serum iron increase was
not directly proportional to the quantity given.
The rise in serum iron following any given iron
administration, therefore, is apparently roughly
proportional to the amount of the metal admin-
istered, up to that point at which the intestinal
irritation becomes great enough to alter motility
and to interfere with the absorptive process.

Relative constancy of serum iron rise produced by
ingestion of identical amounts of ferrous
sulphate in the same subject

As another control of the applicability of this
method to the study of iron absorption, it was
necessary to determine how constant the serum
iron increase produced by a given dose of iron
might be in any particular subject. The individ-
uals who volunteered for this study were afebrile
and in apparent hematologic equilibrium. Fer-
rous sulphate was arbitrarily chosen as the salt
to be used and was given in identical amounts on
each of 3 or 4 different observation days. The
absorption curves produced closely paralleled
each other in every subject (Figures 9, 10, 12,
13, 19) and were used as a standard of reference
for comparing the relative degrees of absorption
produced by other iron salts or by ferrous sul-
phate under the influence of certain specific fac-
tors to be described later. In order to make such
a comparison easier, the limits of variation in re-
sponse to these several administrations of ferrous
sulphate were drawn as striated areas on the
subsequent charts.
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F16. 8. INCREASES IN SERUM IRON VALUES FOLLOWING ORAL ADMINISTRATION OF FERROUS
AND FERRIC AMMONIUM SULPHATE IN A “ NORMAL” SUBJECT

Comparison of the serum iron absorption curves
produced by various of the water soluble
ferrous salts

Starkenstein in 1928 (39) suggested that both
ferrous and ferric iron were absorbed from the
intestinal tract and that ferrous sulphate was re-
sorbed less readily than was ferrous chloride.
The anion was thought to be the determining
factor in causing the differences in rate of ab-
sorption. Wallbach (40), using a histological
technique, came to essentially the same conclu-
sion : that the anion to which iron was bound was
of greater importance than solubility of the salt
or chemical properties of the metallic portion of
the molecule.

This question seemed an ideal one for study

by means of serum iron absorption curves. Com-
parable amounts of various ferrous salts were
given to a number of subjects both with and
without normal gastric acidity. Ferrous chlor-
ide, ferrous cevitamate, ferrous gluconate, fer-
rous carbonate, and ferrous ammonium sulphate
were found to give serum iron rises comparable
to those produced by ferrous sulphate both in in-
dividuals with a normal amount of free HCI in
their gastric contents and in those with a his-
tamine refractory achlorhydria (Figures 9, 10,
12, 13). The relatively insoluble ferrous phos-
phate, on the other hand, caused no appreciable
change in serum iron values (Figure 14).
Thoenes and Aschaffenburg found that ferrous
chloride and a ferrous preparation known as
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“ ferrostabil ” (stabilized ferrous chloride) were
capable of producing greater serum iron increases
than was ferrum reductum in comparable
amounts (27). These results suggest that ease
of ionization of the ferrous salts, under those
conditions of acidity or alkalinity which prevail
in the gastro-intestinal tract, is the important fac-
tor in determining their relative rates of absorp-
tion. The nature of the anion, except as it in-
fluences this factor, would seem to be relatively
unimportant.

Comparison of serum sron absorption curves pro-
duced by comparable amounts of ferrous and
ferric salts of the same anion

There is an increasing volume of experimental
evidence which tends to indicate that iron is
absorbed from the upper portion of the small
intestine as ferrous iron (32, 34b, 41, 42). That
the evidence is not entirely convincing is indi-
cated by recently expressed dissenting views (15,
18, 22). However, the concept is in accord with
the repeatedly demonstrated clinical fact that re-
missions from iron deficiency anemias, in the
human at least, can be produced by smaller
amounts of soluble ferrous salts than of soluble

VP. 0-3788 &, Aged 40 years

4mg.Fe per kilogram body weight.
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ferric preparations (for bibliography, consult
review by Heath and Patek—reference 11).

In order to study the question further, serum
iron increases produced by the oral administration
of comparable amounts of ferrous and ferric salts
of the same anions were determined. Heilmeyer
and Plétner in 1936 (28a) reported that much
greater rises in serum iron were observed fol-
lowing the ingestion of ferrous iron than of sim-
ilar quantities of ferric. In the great majority
of instances, we obtained the same result. Rises
in serum iron effected by ferric salts were either
negligible or definitely lower in the quantities
used than those obtained following ferrous prep-
arations (Figures 11, 15, 16, 21). The data
charted in Figure 12 serve as an excellent ex-
ample of these findings and permit comparison
of the curves for both simple (ferrous and ferric
sulphate) and combined (ferrous and ferric am-
monium sulphate) salts. It is interesting to note
that 12 mgm. of iron per kilogram of body
weight as iron and ammonium citrate were neces-
sary to produce an increase in the serum iron
curve comparable to that produced by one-third
the quantity of iron as ferrous sulphate.

Occasionally, however, responses following

Addisonlan Pernicious Anemia
Histamine Refractory Achlorhydria

4mg. Fe per kilogram body weight.
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Fie. 11.

SErUM IRON INCREASES FoLLowING SINGLE ORAL Doses oF FERROUS AND

FERrIC CHLORIDE IN A SUBJECT WITH HISTAMINE REFRACTORY ACHLORHYDRIA
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F16. 12. ComPARrisoN oF SErRUM IRON CURVES PRODUCED BY COMPARABLE
AMOUNTs oF VARIous IroN SALTS IN A SuBJEct WITH NORMAL GASTRIC
Acipity AND NorMAL HEMATOLOGICAL FINDINGS

ferric iron administration were equally as good
as those which followed ferrous iron. One ex-
ample of that finding has already been presented
in Figure 8; another is recorded in Figure 17.
Of particular interest in this respect are the ob-
servations on N. J. T., a white male, 49 years
of age, who had a histamine refractory achlor-
hydria (Figure 13). He was given ferric chlor-
ide on each of 2 days. The absorption curves
produced agreed well with each other and were
definitely lower than those produced by compar-

Ferrous and Ferric Chloride
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able dosages of ferrous sulphate, ferrous chloride,
or ferrous ammonium sulphate. When ferric
ammonium sulphate was used, however, there was
practically no rise in the serum iron level during
the first day, as great a response as was produced
by the ferrous salts during the second, and a
moderate increase during the third day of obser-
vation. The patient had been permitted to take
a breakfast of one piece of toast and one cup of
black unsweetened coffee two hours before each
of the tests was begun. The reason for the dif-



ABSORPTION OF IRON FROM INTESTINES

Ferrous Sulfate

Ferrous Chloride

565

Ferrous Ammonium Sulfate

Vol
m ;glo.l‘t‘:ln;-d 42] Cell Volume ' m Cell Volume
38— 381 39
040y serym Iron 0401 erum Iron 040{ Serum lron
030 WA 030

! 5958 | se0;

5020 e 5538 aéum 020,

N SRl Sow R0/

12345617 0it354561 012345061

Hours of Observation

0-3926 N.IT., o,

Hours of Observation

Ferric Chloride

Hours of Observation

Ferric Ammonium Sulfate

Aged 49 years. " Cell Volume 4t Cell Volume .
Addisonian Pernicious Anemia, 381 56'
Induced Remission. 040] 3erum Iron 040
oy
Four milligrams of Fe per 0] 7 i, 0301
kilogram of body weight. One . 0204 0138 0204
piece of toast and one cup of 3 5250 ¥
coffee given two hours prior 0.101 0.10;
to observations. )
0Te34561T 012345617

Hours of Observation

Hours of Observation -

Fi6. 13. INcreases IN SEruM IroN FoLLOWING THE ORAL ADMINISTRATION OF INORGANIC SOLUBLE
Ferrous AND FERrIC SALTS To A PATIENT WITH HISTAMINE REFRACTORY ACHLORHYDRIA

ference in the degree of absorption produced at
different times by identical amounts of the same
ferric salt is not immediately obvious unless it
is assumed: (1) that it is necessary for ferric
iron to be reduced to the bivalent state before it
can be absorbed, and (2) that there was a cor-
responding variation in the reduction potentiali-
ties of the small intestine at the time of these
3 trials.

The fact that ferrous salts produced higher
rises in serum iron than were usually observed
following the oral administration of comparable
amounts of corresponding ferric salts adds fur-
ther weight to the conviction that iron is ab-
sorbed from the intestinal tract in a bivalent
form. The f{following observations were even
more convincing. To a number of subjects who
had failed to show an increase in serum iron
following ferric salts, the iron administration was

supplemented with either 1.0 gram of cevitamic
acid or 1.5 grams of sodium formaldehyde sul-
phoxylate as reducing substances. Invariably, a
good response was obtained, the height of the
curves occasionally being higher than those pro-
duced by the ferrous salt of the same anion
(Figures 15, 16). This latter observation led
us to compare the degree of absorption of fer-
rous salts when given alone with that which oc-
curred when they, too, were supplemented with
one of the reducing substances just mentioned.
Usually, the serum iron increase was greater with
cevitamic acid or sodium formaldehyde sulphoxyl-
ate than without it. Negative results were obtained
on several patients with two other reducing sub-
stances : glutathione in half gram doses (Figures
18, 19) and methylene blue in gram amounts.
Cysteine was not tried. The effectiveness of
cevitamic acid in increasing absorption of ferric
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salts in patients with achlorhydria had previously
been noted by Heilmeyer (43), who thereupon
introduced ferrous cevitamate as a useful form
of bivalent iron for therapeutic use. It is rea-
sonable to postulate that, in the case of ferrous
salts, cevitamic acid and sodium formaldehyde
sulphoxylate aid in preventing partial conversion
to the ferric state; and, in the case of ferric salts,
aid the reducing mechanisms of the small intes-
tine to make reduction more complete.

When the relatively insoluble ferric phosphate
was given by mouth, no increase in serum iron
occurred (Figure 14). It has already been indi-
cated that the same was true for ferrous phos-
phate.

These results add confirmatory data to the mass
of experimental and clinical evidence already ac-
cumulated which indicates that iron is absorbed
from the intestinal tract more readily, if not en-
tirely, in the bivalent state. Serum iron absorp-
tion curves were higher as a rule following the

CARL V. MOORE, WM. R. ARROWSMITH, JO WELCH, AND VIRGINIA MINNICH

ingestion of ferrous salts than of ferric. Fre-
quently, the latter failed to cause any detectable
rise in the serum iron fraction whatever. This
decreased effectiveness of the ferric salts is in
accord with the idea that highly ionized ferric
compounds are changed rapidly in the neutral or
alkaline medium of the upper small intestines
(44) into insoluble ferric hydroxide and other
insoluble or non-diffusible ferric compounds (45,
46, 47). Certain reducing substances, notably
cevitamic acid and sodium formaldehyde sulphox-
ylate, when given orally along with iron, in-
creased the height of the serum iron curves as
produced either by ferrous or ferric iron. This
suggests that in those instances in which ferric
salts caused an appreciable increase in serum iron,
the reducing mechanisms in the small intestine were
efficient enough to effect a reduction to the fer-
rous state before great quantities of the ingested
compound had been converted to non-ionizable
forms, and hence removed from availability to
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Fic. 15. Errect oF CEviTAMIC ACID AND SopiuM FORMALDEHYDE SULPHOXYLATE ON SERUM

IroN ABsorPTION CURVES

the organism. It is to be emphasized again that
the failure of a particular iron preparation to
cause an increase in the serum iron level does not
necessarily mean that none of the metal was ab-
sorbed ; such a result indicates only that the rate
and degree of absorption were not great enough
to add iron to the blood stream more rapidly than
the combined organs of storage, utilization, and
excretion could remove it.

Effect of gastric acidity on the serum iron re-
sponses to orally administered ferrous
and ferric salts

While it is generally admitted that normal gas-
tric acidity is necessary for optimal assimilation

of food iron (32, 41, 42, 48, 49, 50), there is
some dispute as to its effect upon the absorption
of metallic iron salts in therapeutic doses. Met-
tier and Minot (51) obtained a greater reticu-
locyte peak when ferric ammonium citrate was
given to patients with a hypochromic anemia in
an acid-buffered solution than when given in an
alkali-buffered medium. The observation was
confirmed by Heath (17) and by Minot and
Heath (52). Brock and Taylor (53) and Lint-
zel (32) have shown that the dialysis of soluble
inorganic iron salts is hastened by the addition
of small amounts of dilute mineral acids and
hindered when the solutions are made weakly al-
kaline. These findings are in accord with those
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of Halvorsen and Starkey who, working with
pure solutions of iron, noted that at a pH above 5.0
only small concentrations of ferrous, and still
smaller concentrations of ferric, iron are present
in solution (45). It has been emphasized that
the normal acidity of the stomach and duodenal
contents is favorable to the formation and preser-
vation of ferrous ions in solution and delays the
change into insoluble or undissociated, particu-
larly ferric, compounds (32, 41, 42, 46, 47).
Nevertheless, good hematologic responses are con-
stantly observed following iron therapy for hy-
pochromic anemia in individuals with complete
anacidity ; and Barer and Fowler (50) obtained
as much retention of iron, when the intake was
- high, in patients with an achlorhydria as in those
with normal gastric acidity.

The problem has already been studied in part
with the serum iron absorption curve technic by
Heilmeyer and Plotner (28a). These workers
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noted that when 1 gram of reduced iron was
given orally, practically no increase in serum iron
occurred in patients with achylia gastrica while
an appreciable rise was observed in normal sub-
jects. Our investigations have, for the most
part, yielded negative findings. The height of
the absorption curves produced by the ingestion
of ferrous salts was usually as great in individ-
uals with achlorhydria as in those with normal
gastric acidity (Figures 11, 13); occasionally, a
smaller rise was obtained (Figure 16). As with
normal subjects, ferric salts produced significant
serum iron increases in rare instances when ach-
lorhydria was present (Figures 13, 17). Ad-
dition of 100 cc. of 0.1 N HCI to the iron just
before its administration failed to increase the
height of the absorption curve (Figure 17). If
either sodium formaldehyde sulphoxylate or
cevitamic acid was given just prior to the iron,
increases in the serum iron curves were obtained

AW, 07, Aged 55 years. Addisonian Pernicious Anemia. Histamine Réfmwy Achlorhydria.
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SErRUM IRON ABSORPTION CURVES
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Fie. 17. Stupy or SErUM IroN INCREASES FoLLowING SINGLE ORAL Doses oF Iron
SALTS IN A PATIENT WITH ACHLORHYDRIA

in subjects with achlorhydria (Figure 16) just
as in patients with normal acidity. The effects
with ferric salts were occasionally less dramatic
(Figure 16). Attention is called to the fact that
the amounts of iron used in these tests were rela-
tively large.

The apparent discrepancy between our results
and those of Heilmeyer and Pl6tner can readily
be explained. These latter workers used reduced
iron, a form which must be dissolved and ionized
in the gastro-intestinal tract before it can be ab-
sorbed. Free hydrochloric acid in the gastric
contents undoubtedly aids that process. In this
respect, the role which gastric acidity plays is

similar to that for food iron. We, on the other
hand, used highly ionized water soluble salts.
The effect of gastric acidity on these preparations
is apparently to delay the formation of insoluble
compounds (at a pH above 5) until they are
brought into contact with the reducing forces of
the small intestine. The salts we used, however,
were not only acid in reaction but were used in
such comparatively large amounts that they al-
most certainly reached the small intestine before
neutralization had taken place. For this reason,
this method of studying iron absorption by the
serum iron curve technic is probably not particu-
larly applicable to the analysis of the role which
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gastric acidity plays under conditions of more
moderate intake.

Effect of various miscellaneous substances on the
height of serum iron absorption curves

It has been suggested in the recent literature
that a number of substances have, in the presence
of iron, an additive effect upon hemoglobin pro-
duction. Patek and Minot (54) described retic-
ulocyte responses to the oral administration of
bile pigment following a period of iron medica-
tion in patients with hypochromic microcytic
anemia. A similar effectiveness for chlorophyll
and some of its derivatives was demonstrated by
Patek (55). These observations were inter-

0-4109 WW.¢", Aged 30 years.
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preted as suggesting that the body can use pre-
formed pyrrol compounds for the building of
hemoglobin; no evidence was obtained to indi-
cate that these substances augmented iron ab-
sorption. To test that possibility bile pigment,®
chlorophyll, and sodium chlorophyllin were given
orally along with ferrous sulphate or ferric so-
dium citrate to several individuals, and the serum
iron curves followed. No increase was noted in
the height of the curves over that produced by
the same amount of the iron alone (Figures 17,
18, 19).

Barker and D. K. Miller administered orally

5 The bile pigment used was supplied through the
courtesy of Dr. George Minot, Boston.

Normal Gastric Acidity.
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Fic. 18. EFFECT oF VARIOUS SUPPLEMENTARY SUBSTANCES ON THE SERUM IrON IN-
CREASES FOLLOWING THE ORAL ADMINISTRATION OF FERROUS SULPHATE
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Fi6. 19. Errecr oF BiLE PiGMENT, LIvErR EXTRACT, AND GLUTA-
THIONE ON INCREASES IN SERUM IrRoN FoLLowING ORAL ADMIN-
ISTRATION oF FERROUS SULPHATE To A PATIENT wWITH HISTAMINE

REFRACTORY ACHLORHYDRIA

the secondary anemia liver fraction of Whipple
and his coworkers to 11 patients with chronic
hypochromic microcytic anemia (56). They con-
cluded that: “it appears likely that the liver
fraction contains reticulocytogenic material apart
from its iron content,” and considered it ‘ con-
ceivable that this liver fraction may improve the
absorption or utilization of iron.” We obtained,
as had Barker and Miller, the liver fraction
Number 55 without added iron from Eli Lilly
and Company, and gave 10 grams of it by mouth

with ferrous sulphate to several patients. The
rise in serum iron produced by this joint adminis-
tration was no greater than that which occurred
following the ingestion of the iron salt alone (Fig-
ures 18, 19).

Heath, Minot, Pohle, and Alstead found that
when iron in small doses was administered with
relatively large amounts of mucin to cases of
chronic hypochromic anemia, its absorption from
the intestine was inhibited (57). These workers
intentionally used small doses of iron because it
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was felt that if large doses had been given, no
inhibiting effect of mucin would have been de-
monstrable. As has already been emphasized
many times, with the serum iron absorption curve
technique it is necessary to use relatively large
amounts of iron. Accordingly, when the effect
of 5 grams of “gastric mucin ” ¢ on the absorp-
tion curve produced by ferrous sulphate was de-
termined, the amount of the salt used was equiva-
lent to 4 mgm. of iron per kilogram of body
weight. No alteration in the shape or height of
the curve was noted (Figure 18), a fact which
confirms the prophesy made by Heath and his
coworkers,

The effect of food on the absorption curve of
ferrous sulphate was studied in 5 subjects, all of
whom had satisfactory serum iron increases when
the salt was given after an 18-hour fast. A break-
fast of cereal and cream, 2 eggs, 2 strips of bacon,
2 pieces of toast, 1 glass of milk, and 1 cup of
coffee was given either immediately before, or
immediately after, the ingestion of iron. Two
patients, one with normal gastric acidity and the
other with a histamine refractory achlorhydria,
developed no significant increase in serum iron
over the basal level. Two individuals, both with
achlorhydria, had a distinct rise in serum iron—
but not to the same degree as had occurred fol-
lowing ferrous sulphate alone. The fifth subject,
a male with normal gastric acidity, had as great
an increase with the food as without it. The
reason for this variation in results is not clear.
It made no difference whether the breakfast was
eaten immediately before, or after, the iron was
taken. It may be that in the presence of food,
conditions are ripe in the gastro-intestinal tract
for the formation of insoluble and undissociable
iron compounds. The conclusion is justified that
in some individuals, at least, food interferes with
the optimal absorption of iron.

Analysis of the question of selective intestinal
absorption of iron

Statement has already been made of the fact
that Hober (31), Lintzel (32), and Fontés and
Thivolle (33) consider the body capable of as-
similating or rejecting iron by a process of se-

6 Obtained from Frederick Stearns and Company, De-
troit. :
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lective intestinal absorption. In the presence of
an iron deficiency, therefore, more iron should
be absorbed than under normal circumstances.
Heilmeyer recently studied the serum iron ab-
sorption curves produced following the ingestion
of 1 gram of ferrum reductum in 2 cases of
chronic hypochromic anemia before and after
therapy (58). Both of his patients secreted ade-
quate amounts of free hydrochloric acid after an
alcohol test meal. In each instance, there was
very little evidence of absorption before therapy
was begun; while, after an iron induced remis-
sion had been produced, the serum iron increases
were large. In contrast to these results are those
recently reported by Hahn and his associates
(26). These latter investigators fed ferric chlo-
ride or ferric sulphate containing iron in a radio-
active form to normal dogs and to dogs with an
iron deficiency. They concluded from increases
in serum, organ, and whole blood iron that: “ iron
is absorbed only in traces by the non-anemic dog
but in abundance by the anemic dog depleted of
its iron ” (26, page 2285).

We have studied several individuals in a simi-
lar manner and have obtained divergent results.
The serum iron increases which followed the oral
administration of ferrous sulphate were deter-
mined in these patients with hypochromic, mi-
crocytic anemias both before and after therapy.
One type of response is illustrated by the data
obtained on G.W., an adult male with normal gas-
tric acidity (Figure 9). When the iron defi-
ciency was marked, an increase in serum iron
from 0.02 mgm. per cent to approximately 0.30
mgm. per cent occurred ; after a prolonged period
of iron medication, the rise was only from 0.103
mgm. per cent to 0.213 mgm. per cent. This
finding is in accord with that noted by Hahn and
his coworkers. However, there was an occasional
patient who showed similar serum iron increases
throughout the whole course of the disease. One
of these individuals was a young girl who had
developed her state of iron deficiency as a result
of excessive uterine bleeding secondary to es-
sential thrombocytopenic purpura (Figure 20).
Her uterine bleeding was successfully controlled
during the period of study by the use of ““antui-
trin-S.” Iron was given in therapeutic amounts
and the hypochromia of her red blood cells cor-
rected before splenectomy was performed. Ab-
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Fi1c. 20. RESPONSE OF A PATIENT wWiTH THROMBOCYTOPENIC PURPURA AND HyprocHROMIC MICROCYTIC ANEMIA
10 IrRoN THERAPY AND TO SPLENECTOMY

sorption was studied by serum iron curves: (1)
before therapy, (2) one week after iron medica-
tion was begun, (3) after the mean corpuscular
hemoglobin concentration of the erythrocytes
had returned to the normal range, and (4) near
the end of the convalescent period following
splenectomy. The increases above the basal level

were essentially the same at all 4 times. It is
difficult to correlate this type of result with the
selective absorption hypothesis unless it is as-
sumed that, during ‘the iron deficiency periods of
study, the iron absorbed into the serum is removed
at an abnormally rapid rate by the iron-hungry
organs of storage and utilization.
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In the second paper of this series (2, page 630),
it was pointed out that 3 patients had failed to
show serum iron increases following orally ad-
ministered amounts of iron that were consider-
ably in excess of the quantities used in the pres-
ent study. ‘““All three of these patients were
acutely ill at the time the observations were made.
Any reason otherwise for their failure to respond

. is not at present apparent.” A re-analysis
of the data from these 3 individuals reveals that
the first 2 had myelophthisic anemias with marked
hypoplasia of the erythrocytogenic elements in
the bone marrow; the third had pernicious
anemia. In all 3 the basal serum iron values
were high, and in all 3 the iron storage depots
were probably well supplied. This suggested that
perhaps we were dealing in these instances with
other examples of selective iron absorption, and
that the serum iron values failed to show an in-
crease because the intestinal mucosa was func-
tioning by rejecting the iron. In order to test this
possibility further, serum iron absorption curves
were followed in 5 other patients with addisonian
pernicious anemia both before therapy and after
liver induced remissions. Either ferrous chlo-
ride or ferrous sulphate was selected for admin-
istration. The data presented in Figure 21 are

J.5 0-3813, ', Aged 50 years.

Relapse, Before Liver Therapy
4 mg Fe**as ferrous
. sulphate per kilogram body weight
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illustrative of the findings obtained in all cases:
no serum iron increases occurred during the re-
lapse phases of the disease; but after the periph-
eral blood level of erythrocytes and hemoglobin
had been raised to normal with liver extract,
striking increases were noted. On one of the pa-
tients, N.J.T., a 49-year-old white male, 3 sets
of observations were made (Figure 22): (1) be-
fore therapy, (2) at the height of the reticulocyte
response to liver medication, and (3) after re-
mission was complete. It is interesting to ob-
serve that at the time of the reticulocyte response
the serum iron curve rose practically as much as
at the time of the final period. A similar study
was made on Patient R.R., a white woman in late
middle life who had the classical manifestations
of the disease (Figure 23). This patient is of
particular interest since the reticulocytosis which
occurred was induced by the ingestion of large
amounts of unautolyzed yeast, a régime that was
undertaken to confirm the report of Wintrobe
(59). The second observation on this patient
was made at the time of the upswing in the retic-
ulocyte curve; the serum iron rise was definite,
but less than that which occurred several days
later after the peak of the reticulocytosis. Two
subsequent increases after further therapy agreed

Addisonian Pernicious Anemia.

After Liver Induced Remission
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Fic. 22. SeruM IroN INCREASES FOLLOWING ORAL ADMINISTRATION OF FERROUS SULPHATE
IN A PATIENT WITH ADDISONIAN PERNICIOUS ANEMIA BEFORE AND AFTER LIVER THERAPY

well in order of magnitude with that observed at
the height of the reticulocyte response. These
findings are not too readily explained on the basis
of selective intestinal absorption of iron. At the
time of the reticulocyte response the storehouses
in these patients must undoubtedly have had an
adequate supply .of iron still retained. However,
because of the increased synthesis of hemoglobin
in the bone marrow (2), the fasting serum iron
level had returned to normal or below normal
values. It may be that that change in the physio-
logical equilibrium was sufficient in itself to stim-
ulate the intestinal mucosa to begin again its
process of assimilating iron. It is interesting to
note in this connection that the height to which
the serum iron values rose in the absorptive phase
after liver therapy was rarely higher than the
fasting serum iron level had been during relapse.

A serious objection to this explanation arose

when it was observed that several patients with
advanced carcinomatosis and one during the
terminal phases of chronic glomerular nephritis
failed to develop an increase in serum iron fol-
lowing ferrous sulphate in spite of the fact that
their initial levels were normal or subnormal. It
may be, therefore, that this absorptive difficulty
is common to all patients who are critically ill; at
least no absorptive increases in serum iron have
ever been demonstrated in critically ill individ-
uals. Groen (60), in addition, has reported that
glucose is absorbed less readily by patients with
pernicious anemia while in relapse than when in
remission. The change in absorption produced
by liver extract may, therefore, be a general
rather than a specific one.

Two pertinent observations have been made:
(1) at least some patients with iron deficiencies
have greater proportionate serum iron increases
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to the same amount of soluble iron salts than do
normal individuals, and (2) patients with per-
nicious anemia in relapse fail to show any re-
sponse of the serum iron fraction to orally ad-
ministered iron salts during relapse but have
good increases after specific therapy has been in-
stituted. These facts are compatible with the
concept of selective intestinal absorption of iron,
but offer no conclusive proof that the intestine
actually possesses that ability.

SUMMARY AND CONCLUSIONS

Comprehensive reviews of iron metabolism
which include an analysis of the investigative ap-
proach to the problem of iron absorption have
been made recently by Robscheit-Robbins (61),
McCance and Widdowson (19), Hahn (18), and
Heath and Patek (11). The present investiga-
tion directs attention to the fact that, since serum
iron has been demonstrated to be transport iron
(2, 4, 28b), a new objective approach to the study
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of iron resorption from the gastro-intestinal tract
is available in the measurement of serum (trans-
port) iron increases following the oral adminis-
tration of iron in various forms. It has been
emphasized that serum iron is influenced by a
number of physiological factors, some of which
affect its removal from the blood stream. The
method, therefore, does not measure the total
amount of absorption, but rather the fact and
the degree of absorption. It is applicable to the
comparative study of serum iron responses in the
same individual to different forms of iron under
varying gastro-intestinal conditions, and in con-
trasting states of hematopoietic activity. With its
use we have demonstrated that:

1. Absorption of iron from the gastro-intes-
tinal tract was reflected directly by an increase in
serum iron and not through an intermediate rise
in the iron of the thoracic duct lymph.

2. The disappearance of intravenously injected
soluble iron salts from the blood stream occurred
slowly during a period of hours.

3. The height of the serum iron increase fol-
lowing the ingestion of iron was directly propor-
tional to the quantity given up to that point at
which intestinal irritation was great enough to
interfere materially with intestinal motility.

4. When identical amounts of ferrous sulphate
were given to any subject in hematologic equili-
brium, the serum iron curves produced closely
paralleled each other.

5. Water soluble, highly ionized ferrous salts
produced comparable increases in serum iron
values when given in proportionate amounts to
patients with either an achlorhydria or normal
gastric acidity. These findings suggest that the
ease of ionization of ferrous salts, under those
conditions of acidity or alkalinity present in the
gastro-intestinal tract, is the important factor in
determining their relative rates of absorption.
The nature of the anion, except as it influences
this factor, would seem to be relatively unim-
portant.

6. In the majority of instances, the serum iron
absorption curves were higher following the in-
gestion of ferrous than of ferric salts. When
ferric salts were given to subjects along with
relatively large amounts of either cevitamic acid
or sodium formaldehyde sulphoxylate, the serum
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iron responses were uniformly as good as those
produced by ferrous salts of the same anion.
These two reducing agents were likewise fre-
quently capable of increasing the rise obtained
following the ingestion of ferrous preparations.
These findings are presented as additional evi-
dence for the conviction that iron is absorbed
largely, if not entirely, in the ferrous form.

7. Differences in gastric acidity exerted no
measurable effect on the serum iron absorption
curves following the oral administration of fer-
rous or ferric salts. It is suggested, however,
that such large amounts of the various iron salts
were used that their own acidity was sufficiently
great to overcome the effect of naturally occur-
ring hypochlorhydria in delaying the formation
of insoluble and undissociated iron compounds
which may occur above pH 5.

8. No increases in serum iron were obtained
following administration of the insoluble ferrous
and ferric phosphate.

9. When subjects were permitted to take food
just prior to, or immediately following, the inges-
tion of iron salts there was observed frequently,
but not constantly, a smaller rise in the serum
iron than occurred under fasting conditions.

10. Bile pigment, chlorophyll and its deriva-
tives, the secondary anemia liver fraction, and
gastric mucin, under the conditions of these ex-
periments, failed to alter the height or character
of the serum iron absorption curves produced by
ferrous sulphate.

11. Patients with an iron deficiency anemia fre-
quently showed evidence of greater absorption of
iron before therapy than after they had been ade-
quately treated. On the other hand, patients
with addisonian pernicious anemia in relapse
showed no demonstrable increase in their already
higher than normal serum iron values when fer-
rous salts were given orally; following a liver in-
duced remission, however, normal absorption
curves were readily obtained. These observa-
tions are compatible with the hypothesis that the
intestinal mucosa may, under certain circum-
stances and within certain limits, assimilate or
reject iron according to the body’s need. They
do not, however, constitute conclusive evidence
for this hypothesis.

From the data available in the literature and
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that which this communication presents, the fol-
lowing picture of iron absorption may tentatively
bé constructed. When ingested iron reaches the
stomach, it is subjected to the influences of the
prevailing acidity. The free hydrochloric acid
normally present apparently has two functions:
(1) to ionize and dissolve iron not already pres-
ent in solution nor in an ionized state; and (2)
to delay the formation of insoluble and undissoci-
ated iron compounds. Since these form at a pH
above 5.0, the change to them would tend to occur
to some degree, at least, in the stomachs of pa-
tients with achlorhydria. When the iron is de-
livered to the duodenum, it is subjected to two
influences ; the alkaline intestinal juices and cer-
tain reducing agents. The latter tend to reduce
any trivalent iron to the ferrous form before the
change to non-ionizable salts has occurred. Iron
is absorbed from the intestinal tract largely, if
not entirely, as ferrous iron. The degree to
which ferric salts are assimilated would seem to
depend upon the capacity of the intestinal con-
tents to reduce them. It is the consensus of opin-
ion that absorption takes place largely in the
upper portion of the small intestine. When iron
is absorbed, it passes directly into the blood
plasma and is not to any extent collected by the
intestinal lymph channels. As more data are ac-
cumulated, this working hypothesis based on in-
formation now available will undoubtedly be
altered and enlarged.
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