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Therapeutic implications of these results are controversial:

Owen et al. (1969) showed that following experimental coronary
atery occlusion the ischaemic area of myocardium depends on
glycolysis for its energy metabolism. They point out that it
might be important to provide adequate supplies of glucose for
survival of the ischaemic area of muscle surrounding an infarct.
Since heart muscle is insulin-sensitive and we have demonstrated
suppression of insulin secretion in acute myocardial infarction,
it seems logical to give insulin as well.

Oliver et al. (1968) and Kurien et al. (1969) showed a correla-
tion between high levels of free fatty acids and the incidence
of arrhythmias after myocardial infarction. If these are cause
and effect, as seems likely from those authors' evidence, rather
than two manifestations of the greater sympathetic activity in
severe cases, then glucose and insulin would be useful in lower-
ing free fatty acid levels.
A recent letter from Sodi-Pallares et al. (1969) pointed out

that trials to test their regimen of potassium, glucose, and
insulin in acute myocardial infarction have either not used the
same route of administration or have not used anywhere near
the same dosage of these substances which they advocate
(M.R.C. Working Party, 1968 ; Pentecost et al., 1968). We
have used large doses of insulin (200 units daily) and 50%
glucose (1 litre daily) in the treatment of the " sick cell syn-
drome" of burned patients and of patients with chronic con-
gestive cardiac failure (Hinton et al., in preparation). This
measure has produced a rapid return of electrolyte biochemistry
to normal. It is conceivable that such a mechanism might
operate in a localized area of ischaemic myocardium and that
the potassium, glucose, and insulin regimen of Sodi-Pallares
et al. should be evaluated with an entirely different order of
insulin and glucose dosage to that previously used in this
country.
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Intraluminal Transport of Iron from Stomach to Small-intestinal Mucosa
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ummary: Inorganic iron rarely exceeds 10-4 molar
S concentration in the stomach after a meal. Natural
sugars, ascorbic acid, citric acid, and amino-acids form
iron complexes, and if they are present in the meal com-
plexing occurs when the gastric contents are neutralized.
In their absence an iron complex is formed with gastric
mucopolysaccharide, which acts as a carrier, stable at
neutral pH. Iron can be detached from this carrier at
neutral pH by some low molecular weight substances, of
which citric acid, ascorbic acid, and cysteine are particu-
larly effective at low concentrations. Under normal
circumstances most of the iron released from food in the
stomach becomes bound to the mucopolysaccharide
carrier.
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Introduction

The existence of specific gastric factors which influence iron
absorption has been postulated by several workers. Some have
suggested that gastric juice contains a substance which poten-
tiates inorganic iron absorption and that the level of absorption
is regulated by variation in the amount secreted (Koepke and
Stewart, 1964; Murray and Stein, 1968). Davis, Luke, and
Deller (1966) measured gastric iron binding in vitro and found
an iron-binding substance of high molecular weight in the
gastric juice of healthy subjects, which they called "gastro-
ferrin." Gastroferrin was absent or greatly reduced in amount
in patients with idiopathic haemochromatosis and in iron-
deficiency anaemia (Luke, Davis, and Deller, 1967). They
assumed that its normal action was to inhibit iron absorption.

Neither of these hypotheses has been supported by the
observations of other investigators. Mignon et al. (1965) were
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unable to detect any stimulating effect of gastric juice from
anaemic dogs on iron absorption. Neither did the administra-
tion of gastric juice from anaemic patients to normal persons
together with a test dose of inorganic iron potentiate absorption
(Jacobs, Rhodes, and Eakins, 1967). Recent measurements of
iron-binding capacity of gastric juice in patients with haemo-
chromatosis and iron-deficiency anaemia have shown no differ-
ence from the normal range, and there appears to be no relation
between gastric iron-binding capacity and iron absorption in
the same patient (Wynter and Williams, 1968 ; Jacobs and
Miles, 1969a).
Most of the iron released from food by peptic digestion is

in an ionizable form (Jacobs and Greenman, 1969). At the
acid pH normally found in the stomach it exists as a chemically
reactive solvated ferric ion of low molecular weight. When the
gastric contents pass on into the upper jejunum, mixing with
pancreatic and intestinal secretions results in a rise in pH
which approaches neutrality. Under these circumstances ionic
iron either combines with other substances present with it in
solution or undergoes polymerization and precipitation as ferric
hydroxide (Jacobs and Miles, 1969b). Gastric juice normally
contains a large amount of iron-binding mucopolysaccharide
(Jacobs and Miles, 1969a), and under special circumstances
other complexing agents may also be present which may form
either soluble complexes, such as ferric ascorbate, or insoluble
compounds, such as ferric phytate. Precipitated iron is clearly
unavailable for absorption, and a complex soluble at neutral
pH must be formed if iron is to be available to the mucosal
cells. Low molecular weight complexes may be absorbed as
such, but the complex formed with gastric mucopolysaccharide
has a molecular weight above 200,000 and is unlikely to enter
the epithelial cells in that, form.
At present the relative importance of iron binding by gastric

mucopolysaccharide and low molecular weight ligands is not
known. This paper presents data on the physiological reactions
of inorganic iron in the upper gastrointestinal tract. All iron
determinations were carried out by the method of Young and
Hicks (1965), and the resulting figures show the concentration
of ionizable iron in the specimens. Iron-free glassware was
used throughout the investigation. All physiological iron com-
plexes are detected by this method with the exception of haem,
which is not considered here.

Concentration of Iron in Stomach

Fully informed consent was obtained from all subjects under-
going intubation. In many of the cases where volunteers were
members of the hospital staff a full discussion of the purpose
of the investigation took place.

Samples of gastric juice were obtained from subjects with
normal stomachs following an overnight fast. There were no
signs of haemorrhage. The mean iron concentration of 31
resting samples was 1445±+125 ttg./100 ml., and the mean
concentration of 33 samples taken during the period of maximal
secretion after an injection of synthetic pentapeptide (Pentavlon)
was 13A48±0069 pug./100 ml.
The iron concentration in the stomach was measured in 18

subjects following a test meal consisting of shepherd's pie and
peas taken together with 200 ml. of water. Two types of
shepherd's pie were used with a different iron content. The
basic ingredients of each meal before cooking were as follows:
Meal A.-Shepherd's pie: minced stewed steak 2 oz. (56 g.),

potato 3 oz. (85 g.), meat stockt I oz. (71 ml.), and peas 2ozI
(56 g.). Iron content 3 45 mg.
Meal B.-Shepherd's pie: minced meat (raw) 31 oz. (99 g.),

potato 3 oz. (85 g.) (cooked haemoglobin equivalent to 4-6 mg. Fe),
water 50 ml., and peas 2 oz. (56 g.). Iron content 8-05 mg.

In each case the total iron content of a duplicate meal was
determined by a wet ashing techaique. The subjects were
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fasted overnight and a gastric tube was passed through the
nose in the morning. A resting specimen of juice was obtained
and a 20-ml. sample was obtained at hourly intervals after the
meal was eaten. These were centrifuged and filtered through
Whatman No. 1 paper before iron determinations were carried
out.

In normal subjects the mean pH of one-hour samples was
31, of two-hour samples 19, and of three-hour samples 1-6.
The iron concentration rose in the first hour and in most cases
had fallen again three hours after the meal (Table I). Meal B,
with a higher iron content, gave rather higher concentrations
even though initially most of the additional iron was probably
in the form of haem compounds. Fig. 1 shows the variation
in iron concentrations found in individuals given meal B. In
three subjects with complete gastric atrophy the pH of aspirated
samples varied from 6-1 to 7 9 and the iron concentrations were
lower than normal.

TABLE I.-Concentration of Ionizable Iron in Stomach at Intervals After
a Standard Test Meal

Meal
Iron

Mean Iron Concentration in
Meal Content Subjects No. Gastric Juice (,ug/100 ml.)

(mg.) Resting 1 Hour 2 Hours 3 Hours

A 3-45 Normal 8 7 89 107 31
A 3-45 Gastric atrophy 3 10 43 13 5
B 8-05 Normal 7 17 109 200 133
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FIG. l.-Gastric iron concentration after test meal B con-
taining 8-05 mg. of iron. The mean and range of values

are shown.

Under normal physiological circumstances the concentration
of iron in the stomach is unlikely to exceed 10-4 M (560 ug./
100 ml.) even after an iron-rich meal. This concentration of
iron has been used to determine the binding capacity of various
potential complexing agents which could be of importance
in vivo.

Iron Binding by Low Molecular Weight Components
of Food

Acid gastric juice will bind inorganic iron at a concentration
of 10-4M when they are mixed together and then neutralized
(Jacobs and Miles, 1969a, 1969b). This is due to the presence of
mucopolysaccharide substances of high molecular weight.
Many low molecular weight compounds appear in the gastro-
intestinal tract after a meal, and some of these have been
examined for their iron-binding properties, including the
common sugars and amino-acids together with citric add and
ascorbic acid. In all cases equal volumes of 10-4 M ferric
chloride solution in 0-15 M barbitone-acetate buffer at pH 2
and solutions of the potential ligand were mixed. The con-
centration of ligand was 10-2 M, 10-1 M, and f M in three
separate experiments giving a ligand/iron molar ratio from
100: 1 to 10,000: 1. The mixtures were neutralized by the
slow addition of 12-5 M NaOH through a fine capillary tube
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while vigorous agitation was maintained with a Fison Whirli-
mixer. The solutions were then left to stand at pH 7 for
18 hours, at the end of which time any precipitated iron was

removed by centrifugation. The amount of iron bound is
expressed as the amount remaining in solution at pH 7, as a

percentage of the amount in solution at pH 2 (Table II).

TABLE II.-Percentage Iron Binding by Different Concentrations of
Ligands Added to 10-' M Ferric Chloride at pH 2 and Followed
by Neutralization

Concentration
Ligand 10'M 1O-2M

Glucose
Fructose
Galactose
Maltose
Sucrose
Lactose

Leucine
Lysine
Arginine
Threonine
Phenylalanine
Alanine
Tyrosine
Valine
Serine
Glycine
Isoleucine
Glutamic acid
Histidine
Tryptophan
Aspartic acid
Methionine
Cystine
Proline
Cysteine

Citric acid
Ascorbic acid
Sodium N.T.A.

90
96
93
95
74

32
71

6

51

51
100

67

3
73
4
3
4
3

3

4
2
5
3
0

3
0

64
3
2
3
0

9
40

3
5
3

100

2
2
6
0

5
0

0

2
0

0

3
0

2
0

8
3
0

0

0

7
5
0

0

0

77

100
98
98

* Ligand not completely soluble at this concentration.

Many of the substances tested were not soluble enough to
produce a molar solution. All the sugars except lactose formed
iron complexes at this concentration where the sugar/iron molar
ratio was 10,000: 1. Only fructose formed a complex at a lower
concentration, but a fructose/iron ratio of 100: 1 was not
enough to ensure that iron was maintained in a complex form.
At first sight these high sugar concentrations appear to be
unphysiological, but sometimes this is not so. Coffee drinkers
commonly add sucrose to their drink at 0-2-03 M concentra-
tion, and fruit juices may contain 03-04 M fructose. The
average daily sugar consumption per head in the United
Kingdom is about 143 g. and in the United States it is about
132 g. (International Sugar Council, 1967).
Among the substances tested only fructose, serine, aspartic

acid, and cysteine show any effective iron binding at 10-1 M
concentration. Cysteine is a particularly strong binder and
complexed most of the available iron at a 10-2 M concentration.
Ascorbic acid and citric acid bound most of the available iron

at a 10-2 M concentration.

Gastric Iron Binding in vivo

A few experiments were carried out in healthy control subjects
to determine whether the iron released from food by peptic
digestion is normally bound by gastric mucopolysaccharide in
a non-dialysable form or whether sufficient low molecular
weight components of food are normally present to form
dialysable complexes of small molecular size. Dialysis was
carried out against 0-15 M barbitone-acetate (Michaelis) buffer
with Visking tubing grade 18 DC.

In three subjects the standard meal B was eaten after an

overnight fast, and 200 ml. of water was drunk during the
meal. Gastric samples were collected through an indwelling
tube at hourly intervals. All three results showed the same

pattern (Fig. 2). In this case the gastric pH remained within

the range 12-1-6 throughout the test period, and the concen-

tration of ionizable iron rose in the first hour and fell again

in the third hour. When the specimens were dialysed against
buffer at gastric pH almost all the iron was removed. Aliquots
of the samples were neutralized and allowed to stand overnight
before centrifugation to remove any precipitated iron. When
the iron estimations were repeated before and after dialysis
most of the iron was found to be in a non-dialysable form.
Under the conditions in which this meal was given the liberated
iron was in the form of a low molecular weight complex at
acid pH, but after neutralization binding to gastric mucopoly-
saccharide occurred with the formation of a high molecular
weight complex.

300i

200 -

100

8
- 0

0

'Z300-
-2
0

.

200

100

0

0 1 2 3
Hours after meal

FIG. 2.-Gastric iron concentration after test meal B show-
ing the amount of iron before and after dialysis at acid

and at neutral pH.
FIG. 3.-Gastric iron concentration after test meal B given
together with 200 ml. of orange juice. The results are

shown as in Fig. 2.

Three further subjects were given the same meal, and on

this occasion 200 ml. of Heinz orange juice was taken together
with the food. The concentrations of iron appearing in the
acid aspirates after the meal (Fig. 3) were similar to those
found previously and the iron was completely dialysable. In
neutralized aliquots of the gastric samples most of the iron
remained dialysable in the one-hour and two-hour specimens,
and only in the three-hour specimens did non-dialysable iron
constitute the major component. Heinz orange juice contains
4 x 10-3 M ascorbic acid, 6 x 10-2 M citric acid, 7 x 10-2 M
sucrose, 2 3 x 10-1 M fructose, and 2-3 x 10-1 M glucose (Heinz,
personal communication). These substances appear to have
maintained the iron released from food in a dialysable form
even after neutralization of the gastric contents. These low
molecular weight ligands have already been shown to have
iron-binding properties, and if they are present in a high
enough concentration they can compete with gastric muco-

polysaccharide for ionizable iron in the stomach. Under normal

circumstances, when fruit juice is not taken with a meal, ioniz-

able iron will combine with gastric mucopolysaccharide when

the gastric contents are neutralized and will appear in the jejunal

BRrrisH
MEDICAL JOURNAL
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lumen as a large molecular complex, which is unlikely to be
absorbed in that form.

Reaction of Iron-mucopolysaccharide Complex and
Iron-binding Substances

In the absence of binding agents such as ascorbic acid and
fructose in the stomach formation of an iron-mucopoly-
saccharide complex results in iron appearing in the jejunum
in a soluble large molecular form. Unless specific receptor sites
for iron are present on the intestinal cells, where the metal
can be detached from this complex and absorbed, then an
alternative method of release must be available. Such receptor
sites are unlikely to exist, and we have investigated the possibility
that low molecular weight ligands formed by food digestion in
the small intestine can detach iron from its carrier mucopoly-
saccharide to produce small absorbable complexes. Many of
the amino-acids and monosaccharides already studied are
released at this level following the action of pancreatic and
intestinal enzymes, and these have been re-examined in this
context.
An iron-mucopolysaccharide complex was formed by mixing

ferric chloride solution and filtered gastric juice at pH 2
followed by neutralization. The concentration of iron in the
resulting solution was 10' M, entirely in a non-dialysable form.
Aliquots of this solution were mixed with equal volumes of
neutral solutions containing the substances listed in Table II
at concentrations from 1 M to 10' M. The mixtures were
incubated for one hour at 370 C. and then transferred to bags
of Visking tubing for dialysis against 0-15 M barbitone-acetate
buffer at pH 7. Iron removed from the mucopolysaccharide
and forming a low molecular weight complex passes out of the
dialysis bag during this process, and hence iron concentration
in the bag falls. Most of the compounds in Table II produced
no change of iron concentration in the dialysis bag. Many
of the compounds forming iron complexes were unable to
detach iron from the mucopolysaccharide. The strongest iron
binders, cysteine, citric acid, and ascorbic acid, were all able
to remove iron from the mucopolysaccharide complex, the two
last compounds even having some effect when their concentra-
tion was no greater than that of the iron (Table III). Two
non-physiological iron-binding substances, sodium nitrilotri-
acetate (sodium N.T.A.) and edetic acid were also tested and
both these effectively removed iron from the mucopolysaccharide
complex.

TABLE III.-Percentage Iron Removed from Iron-mucopolysaccharide
Complex After One Hour's Incubation with Different Concentrations
of Ligands

Concentration
Ligand

10-1 M 10-2 M 10-3 M 10-4 M

Cysteine .. .. 96 92 0 0
Citric acid .. .. - 87 60 13
Ascorbic acid .. .. - 92 48 15
Sodium N.T.A. .. - 97 87 43
Edetic acid .. .. - 97 74 16

Conclusions

Under physiological circumstances the gastric concentration
of ionizable iron is not high. The mean concentration of iron
in resting gastric juice in this study was 14-45 fig./100 ml.,
the highest value being 30 ,ug./100 ml. Murray and Stein

(1968) found values as high as 320 ,ug/100 ml., but some of
their subjects were suffering from haemochromatosis. The high
levels recorded by Kimura and Yamana (1967) were not found
in this study, nor did we find lower levels in iron-deficient
subjects than in normal controls (unpublished data). Few
normal meals contain more than about 8 mg. of iron, and
20-40% of this would be expected to be released in ionizable
form as a result of peptic digestion (Jacobs and Greenman,
1969). The concentration of iron found in the stomach after
meals in this study was of the order expected, allowing for
the rate of gastric secretion, release of iron, and gastric
emptying. It rarely exceeded 10-' M.
Hence the iron released from food in the stomach probably

binds to gastric mucopolysaccharide on neutralization unless
an alternative ligand is present. Gastric juice thus provides
a carrier of high molecular weight which can prevent the pre-
cipitation of iron in the small intestine. Competing ligands
can appear at three sites in the gastrointestinal tract. If they
are present in the diet they may form soluble complexes as
the gastric contents are neutralized. This was found in the
present study when orange juice was taken. If they are released
in the intestinal lumen in sufficient quantities they may be
able to remove iron from its carrier, but only a few of the
substances tested here were effective in this respect. Mono-
saccharides and amino-acids are also formed as a result of
digestion occurring at the brush border of intestinal cells, and
there may be a high local concentration of these substances
between the microvilli where conditions for complex formation
may be more satisfactory than in the lumen.
The method by which iron passes from its mucopoly-

saccharide carrier into the gut cells is not entirely clear. The
present work shows that it can be detached by small molecules,
and there are many untested dipeptides and polypeptides which
could function in this way. An alternative possibility is that
the degradation of the carrier itself results in the appearance
of low molecular weight iron-binding fractions that are available
to the intestinal epithelium. Further elucidation of the intra-
luminal reactions of inorganic iron is necessary for a full
understanding of its mucosal uptake and intracellular transport.

We are particularly grateful to the subjects who took part in these
tests and to the members of the dietetics department who helped
with the preparation of the meals.

This work was supported by a grant from the Endowment Fund
of the United Cardiff Hospitals.
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