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ABSTRACT

Homeostasis of body iron content is regulated by intestinal iron absorption.
In neonatal animals however, absorption of iron is enhanced despite having
substantial iron stores. In order to examine the cellular basis for this effect,
intestinal iron absorption has been compared in adult and neonatal guinea

pigs using a variety of techniques.

Iron measurement has shown the neonates are not iron deficient compared
to the adult. Studies carried out in vivo using radiolabelled iron confirmed
previous studies that the rate of duodenal iron transfer in the adult was an
order of magnitude greater than that of the terminal 20 cm of ileum. In the
neonate however, the rate of transfer was similar in both duodenum and
ileum. Transition to the adult duodenal/ileal ratio occurs after the first 16
days of postnatal life. This localisation change may be relevant to the

enhanced iron absorption in neonatal mammals.

Several approaches, including autoradiography of everted duodenal and ileal
segments and uptake of iron by duodenal and ileal brush border membrane
vesicles, confirmed that the regulatory site for iron absorption is not at the

brush border membrane.

Chromatographic and immunoprecipitation studies of enterocyte cytosolic

iron binding proteins showed that in the adult 30-40% of newly absorbed iron



was associated with ferritin. Some was associated with a protein of low
molecular weight of about 10-12 kD. In contrast, in newborn animals and
those up to 21 days old, 80% of newly absorbed radioactive iron was found
to be associated with this low molecular weight protein. These results were
confirmed by parallel immunoblotting studies which showed the levels of
ferritin to be low in newborn but increased with age. Similarly the levels of
the low molecular weight protein was shown to be high at birth and decrease

during development.

Studies of transferrin receptor number using isolated duodenal and ileal
enterocytes indicated that changes in transferrin binding was not responsible

for the developmental changes in intestinal iron absorption.

The results presented in this thesis throw further light on the mechanisms

regulating intestinal iron absorption during development.

It is concluded that neither brush border membrane transport nor events
involving transferrin binding to enterocytes account for the enhanced iron
absorption in the neonate. Changes in iron absorption during development
may be explained by segmental or enterocyte maturation differences,
intracellular events involving iron binding proteins or differences in iron

handling by the basolateral membrane.
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1.0 INTRODUCTION TO IRON, ITS METABOLISM, PHYSIOLOGY AND

PATHOLOGY

1.1 IRON

Iron is a ubiquitous metal and because of its abundance in the earth's crust
and subtle chemical properties, it has been selected in molecular evolution
to perform a large number of biological functions. After the creation of the
earth, iron existed largely in its reduced form (ferrous) due to the reducing
atmosphere (Frieden 1974). As atmospheric oxygen increased, iron
oxidised to its ferric form (Whittemore 1979) which is less available for
acquisition by biological systems. In response to this change, life forms
adjusted to it by developing special devices to acquire iron. For example
bacteria synthesize and secrete high affinity chelators that extract iron from
the environment (Neilands 1980). Certain roots of plant can secrete

substances that facilitate iron absorption (Brown 1979).

In higher animals iron is used in many ways. Because it readily undergoes
oxidation and reduction it was ideally selected in the molecular evolution of
many biological systems involved in electron transport such as the
cytochromes and succinic dehydrogenase. The enzymes catalase and
peroxidase utilise iron because of their capacity to decompose hydrogen

peroxide. Certain porphyrin-iron protein complexes such as haemoglobin
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have the ability to bind large amounts of oxygen in a readily reversible way.
In higher animails haemoglobin binds oxygen in the lungs and delivers it to
tissues at the same time transporting carbon dioxide from the tissues to the
lungs. Iron also serves as an efficient catalyst in biological systems
(Bothwell 1979). It is also known that certain enzymes, although not
containing iron, appear to require iron for their function, these include the
enzyme aconitase (Bothwell 1979) which is involved in the isomerization of
citrate to isocitrate in the citric acid cycle. In addition because free iron is
toxic to cells and the propensity of it to hydrolyse in aqueous solution,
special molecules are needed for its transport to tissues and storage for
when it is required. These are provided in the form of transferrin and ferritin
respectively (Aisen and Listowsky 1980). Therefore body iron may be
divided into the following pools which include storage, haemogiobin,

myoglobin, transport, enzymes and labile iron.

1.1.2 Iron Chemistry

Although iron can be found in oxidation states as high as VI and as low as -
Il, the most common oxidation states are Il and Ill. In biological systems
only the iron Il and iron Il oxidation states are found, although there is
speculation that in the haem moiety of the enzyme horseradish peroxidase,
iron can be found in states as high as IV and V (Peisach et al, 1967). The
most stable oxidation state in both acid and alkaline solution is the ferrous
state. However, even mild oxidants such as oxygen are capable of oxidizing

iron |l to iron 11l and consequently the more stable state in the presence of
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both oxygen and water is the ferric form.

As shown in Figure 1.1 iron has six co-ordinating bonds and in aqueous
solution it forms macromolecules with hydroxyl groups which eventually
precipitate out of solution as conditions become more alkaline. Some
chelators are required for iron absorption in biosystems. Chelators such as
EDTA can bind to all the co-ordinating bonds thus making the iron
unavailable for absorption. On the other hand chelators such as citrate and
ascorbate bind only a few of the co-ordinating bonds and increase
absorption by increasing the solubility of iron and preventing the formation of
hydroxyl groups (Conrad 1987). Iron within the haem moiety has only two of
its co-ordinate bonds available for complex formation and is not affected by

substances that would otherwise affect the absorption.
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Figure 1.1. Iron complexes in aqueous solution

Iron has six co-ordinating bonds,forming hydroxyl
macromolecules in aqueous solution (A). Chelators
such as EDTA can bind to all the co-ordinating
bonds(B),whereas chelators such as citrate binds
to only a few ofthe iron co-ordinating bonds (C)
making iron more readily available for absorption.
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Like other transition metals iron has a 3-d orbital that contains some
unpaired electrons. These allow iron to form weak co-ordinate bonds with
other ligands. This makes iron suitable to perform various functions in the
body. For example, in mammals, the iron containing protein haemoglobin
can form weak bonds with oxygen in the lung, it can then be transported to
cells where oxygen is released and can be utilised in cellular respiration.
Similarly after releasing oxygen haemoglobin is then free to bind carbon
dioxide, a waste product of cells, and transport it to the lung where it can be

expelled from the body.

1.2 IRON TRANSPORT AND STORAGE PROTEINS
The iron transport and storage proteins include transferrin, ferritin and
lactoferrin. These proteins may have an important role in the regulation of

iron absorption in mammals. These proteins are discussed in detail here.

1.2.1 Transferrin
Following iron absorption from the environment effective distribution within

the organism is needed since free iron is insoluble.

In invertebrates several means of transporting iron are present (Aisen and

Listowsky 1980). Transport is carried out by a specific protein called
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transferrin. This protein was first isolated in 1947 by Laurell and Ingelman
and since then much information has been found out about its structure and

function.

Transferrin is a glycoprotein of molecular mass of about 76-90,000 KDa
depending on the species (Bezkorovainy 1964; Charlwood 1963). It consists
of a single polypeptide chain of 679 amino acids (MacGillivray et al 1985)
and two N-linked glycan chains (Forland et al 1977, Karlsson et al 1978).
The transferrin molecule can be divided into two homologous domains, the
N-terminal domain residues 1-336 and the C terminal domain residues (337-
679) with the carbohydrate moieties in the C-terminal domain at position 413
and 611 (De Jong et al 1990). Although iron is the most important metal
that binds transferrin in vivo, it can also bind other metal ions such as Al*?,
Ca®, Mn*, Cr*, Cd*, Zn* and Co* (De Jong et al 1990). The amount of
carbohydrate in transferrin also varies with species ranging from 2-12%
(Graham and William 1975). The predominant form of human serum
transferrin has two doubly branched glycans, joining the protein by N-
asparaginyl linkage and each branch terminates in a sialic acid (Spik et al
1982). But small amounts of triple and quadruple branched glycans have
also been identified in human (Marz et al 1982). In contrast, both rat and
rabbit transferrins have been shown to have only one glycan chain per
molecule (Evans et al 1988; Irie et al 1988). The carbohydrate chains do
not appear to be important in transferrin-cell interactions and their function

has not yet been defined (Huebers and Finch 1987).
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1.2.1.1 Transferrin Synthesis

The principal site of transferrin synthesis is the liver. The hepatocytes being
the main cell type involved in the synthesis of transferrin (Aisen 1984).
Other cells that have been shown to produce transferrin include, the sertoli
cells of the testis (Skinner and Grisworld 1983), the brain cells (Bloch et al
1985; Dickson et al 1985) and the lactating mammary gland where
production can exceed that of the liver (Jordan and Morgan 1969). It has
also been shown that transferrin production in certain tissues changes with
development after birth (Morgan 1981). Transferrin synthesis in the spleen,
muscle and kidney decreases during ontogeny whereas synthesis in the
brain increases significantly after birth. Transferrin synthesis also is
dependent on body size and metabolism (Munro 1969). Transferrin is
synthesised as a precursor with an additional 19 to 20 amino acids and
these are removed by proteases before secretion. Inhibition of this event
prevents the secretion of transferrin. This extra peptide may be the signal
necessary for translocation of mRNA-ribosome complex from the cytoplasm
to the rough endoplasmic reticulum (de Jong et al 1990). However inhibition
of the glycosylation process does not prevent secretion (de Jong et al 1990).
The newly synthesized transferrin in the hepatocyte is found on ribosomes
and membrane of the rough endoplasmic reticulum with small amounts
within smooth endoplasmic reticulum and Golgi apparatus. From this
observation it has been suggested that the protein is first assembled on the
ribosomes of the rough endoplasmic reticulum, passed through the

endoplasmic reticulum and Golgi apparatus, where glycosylation of the
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protein is completed and finally taken up by exocytotic vesicles, transported
to the plasma membrane and released into the portal blood (Morgan 1981;

de Jong et al 1990).

1.2.1.2 Transferrin Gene Location and Requlation

The transferrin gene location has been identified to be on chromosome 3 (Le
Beau et al 1985; Yang et al 1984). On the same chromosome a
pseudogene has also been identified (Schaeffer et al 1987).The complete
structure of the human transferrin gene has been described by Le Beau et al
(1985). The gene is about 33.5 kilobase pairs (kb) in length containing 17
exons separated by 16 introns. The gene appears to be derived from a
precursor gene by internal duplication (Park et al 1985; William 1982). The
mechanisms involved in the transcriptional and translational regulation of
transferrin synthesis have not been fully elucidated, but studies with iron
deficient animals reveal that enhancement of transferrin synthesis by iron
deficiency reflects transcriptional rather than translational regulatory

mechanism (ldzerda et al 1986; McKnight 1980).

1.2.1.3 Transferrin Receptors

The existence of membrane receptors for transferrin on reticulocytes have
been postulated since 1960 (Jandl and Katz 1963). Subsequent to this
there have been great advances in our knowledge of this protein. Itis a
transmembrane glycoprotein made up of a dimer of subunits of molecular

mass 90 kDa linked by a single disulphide bond (Schneider et al 1982).
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Each subunit contains a transferrin binding site, two N-asparagine linked
glycan and a complex carbohydrate chain. The transferrin receptors have
very high affinity for diferric transferrin with an estimate Ka of 2-7 x 10°M
(Newman et al 1984; Testa 1985; Trowbridge et al 1984). Thus, very low
amounts of transferrin can be bound to the receptor. The gene for
transferrin receptor has also been located on chromosome 3 (Le Beau et al
1985). It is calculated to contain 31 kb pairs and at least 12 exons.
Synthesis of the receptor is highly regulated by iron (Ward 1987). Like
transferrin, iron deficiency induced expression of transferrin receptors on the
cell surface and iron overload reduced their appearance (Mattia et al 1984).
With regards to cellular iron uptake, the transferrin receptor may be more
important than transferrin since its gene expression has been shown to be
more sensitive to intracellular iron concentration (Owen and Kuhn 1987; Rao

et al 1985, 1986; Ward et al 1984).

Some of the tissues where transferrin receptors have been demonstrated
include placenta, liver, testis, epidermis, pancreas, brain, bone marrow and
intestine (Banerjee et al 1986; Huebers and Finch 1987). Apart from cellular
surfaces, the receptors have also been identified in intracellular
compartments using labelled transferrin or monoclonal antibodies (Nikinmaa

et al 1984; Trowbridge and Newman 1984; Willingham and Pastan 1985).

1.21.4 Cellular Uptake of iron from Transferrin

A model has been proposed suggesting that diferric or monoferric transferrin
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first binds to transferrin receptors on cell membranes in an energy and
temperature dependent process (Zaman et al 1980). The complex is then
internalised by endosomes and proton pumps within the endosomal wall,
rapidly reduce the internal pH to a value of 5.5. This drop in pH promotes
the release of iron from transferrin and the released iron is moved to its
destination within the cell by an unknown mechanism (Egyed 1982; Konopka
and Romslo 1981; Patteson et al 1984;‘Veldman et al 1984; Thorstensen
and Romslo 1990). The apotransferrin receptor complex, which binds tightly
at the low internal pH of the endosome, is then cycled to the cell surface,
where it dissociates at the higher extacellular pH (Dautry-Varsat et al 1983;
Karin and Mintz 1981). This recycling process relies on the high affinity of
holo transferrin for the receptor at neutral pH and the high affinity of apo
transferrin for the receptor at acidic pH (Klausner et al 1984; Morgan 1983),

and low affinity of apo transferrin for the receptor at neutral pH.

Recent studies have revealed another pathway involving NADH reductase
activity. Binding of differic transferrin to the transferrin receptor of rat
hepatocytes followed by reduction of ferric ions to the ferrous state with
conversion of NADH to NAD*. The Fe Il released from this reaction is
transported across the plasma membrane (Low et al 1985; Thorstensen
1989; Thorstensen and Romslo 1988). Reticulocytes display little NADH
reductase activity and transferrin uptake occurs predominantly by receptor-
mediated endocytosis. Hepatocytes on the other hand display

predominantly the NADH reductase pathway (Thorstensen 1989).
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1.2.2 Ferritin

Iron is an essential requirement for cells and this need for iron poses a
problem for the cells. This is because at physiological pH, free ferric iron is
insoluble and also ferrous ions can generate hydroxyl radicals from
hydrogen peroxide with lethal effects on cell function and viability. This
demands the storage of iron in a sequestered and accessible form. Many
organisms respond to this by producing the protein apoferritin which can
store up to 4,500 atoms of iron (Mann et al 1986). X-ray and electron
microscopic studies have revealed the protein to consist of a spherical shell
with an external diameter of 120-130A and a central cavity of about 75A
(Aisen 1980). The iron is encapsulated in the central cavity which has eight
shallow pockets (Harrison 1986), so the variable iron content does not
appreciably alter the surface charge of the protein and has no direct effect
on electrophoretic mobility, immunology and other properties depending on
the protein surface (Harisson 1964). The protein coat is formed from 24
subunits of approximately 175 amino acids in length surrounding the variable

iron-oxide phosphate complex (Heusterspreute and Crichton 1981).

1.2.21 Isoferritins

The subunits of ferritin are of two types, designated H (heavy) and L (light).
These have molecular weights of about 21,000 and 19,000 respectively
(Arosio et al 1978). Molecules containing different proportions of the two

subunits are called isoferritins and differ in surface charge. Isoferritins differ
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metabolically and possibly functionally. They have different electrophoretic
and chromatographic properties (Drysdale et al 1977; Urushizaki et al 1971).
L-rich ferritins predominate in tissues that store large amounts of iron such
as liver, spleen and bone marrow. The H-rich ferritins are found mainly in
organs with no major iron storage function. Such as heart, kidney, pancreas
and rapidly proliferating tissues (Alpert et al 1973; Bomford, Conlon-
Hollingstead and Munro 1981; Kohgo et al 1980; Powell et al 1974). Itis
also know that during development and under certain pathological conditions
such as iron overload and cancer there are changes in ferritin phenotype
(Alpert et al 1973; Kohgo et al 1980; Powell et al 1974). Most of these
differences appear to be the consequence of variation in production of H

type ferritins (Vezzoni et al 1986).

Although it is generally agreed that most species have at least the two
subunit types H and L, it has been proposed that the subunit classes may
be subjected to further heterogeneity. For example, serum ferritin and a
ferritin-like protein in milk binds to concanavalin A which indicate that they
may be glycosylated (Samtambrogio et al 1987). Serum ferritin was found
to react with antibody to the L ferritin and not to H type and therefore is
thought to be related to L type (Cragg et al 1981; Santambrogio et al 1987).
On the other hand, three types of ferritin mMRNAs that are expressed in a
tissue specific manner have been found in tadpoles. Two are H type and

are about 80% homologous at the protein level (Dickey et al 1987).
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1.2.2.2 Eerritin Function

Ferritin is found in most cell types of humans, other vertebrates,
invertebrates, higher plants, fungi and bacteria. All ferritin functions in iron
storage but have a different role according to the cell type, its metabolic
activities and physiological function (Theil 1990). It has been reported that
the difference between ferritin and ferritin messenger RNA, either total,
relative abundance of subunits (or both) alters with the changing role of iron
in the cell (Beaumont et al 1987; Chou et al 1986, Dickey et al 1987; White
and Munro 1988). The role of ferritin in different cell types includes (a)
specialised function which stores iron to be used by other cells as in
recycling iron in macrophages, short and long term storage in red cells of
embryos and in hepatocytes which store iron for long periods as an
emergency reserve to replenish iron lost through bleeding or iron deficiency
(Theil 1990) and (b) intracellular housekeeping function, in which iron is
stored in a cell for its own use as required for the cytochromes of the
respiratory chain and ribonucleotide reductase and possibly detoxification if
excess iron enters the cell. The amount and rate of iron used varies with
cell type and therefore may reflect the variations observed in ferritin structure

and iron content (Aisen and Listowsky 1980).

1.2.2.3 Iron Binding and Release from Ferritin

The physiological processes and the mechanisms involved in the binding
and release of iron is unclear. It is known that for iron to be released from

ferritin in vivo, a reducing agent is necessary (Aisen 1980). /n vitro studies

40



have shown that Iron can be mobilised from ferritin by reduction with agents
such as dithionite, thioglycolate, or other thiols (Crichton 1973) and the
removal can be made easier by chelators. It is also known that reduced
flavin such as FADH, FMNH,, riboflavin or coupled NADH-FMN systems can
effectively reduce ferritin iron under anaerobic conditions (Sirivech et al

1974). The Fe* ions can then be easily removed by chelating agents.

In a previous study it was found that two equivalents of Felll were reduced
per equivalent of flavin in a sequential one electron transfer reaction (Aisen
1980). Reaction rates were fast and compatible with a possible role for

flavins in iron release.

It is also known that iron release and rate of reduction on ferritin can be
influenced by certain conditions including buffers (Watt et al 1985); the age
of the protein (lhara et al 1984) and disorder of the iron core (Yang et al

1986).

For binding of iron by ferritin it has been suggested that iron is gradually
incorporated into the apoferritin, and in the event of low level iron which is
below the requirement for induction of protein synthesis, iron is taken up by
pre-existing ferritin molecules which are partly filled (Aisen 1980). Iron is
taken up more readily in the partly filled ferritin than apoferritin. This
variability can be due to the possible shift in their intracellular location as

they accumulate iron and/or increase in surface area made available by
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existing iron micelles for deposition of additional iron (Harrison et al 1977).
Among the models which have been proposed for the mechanisms of iron
uptake by ferritin includes the formation of an iron aggregate first which then
promotes assembly of protein subunits around themselves (Pape et al
1968). The other model proposed is that the protein is first formed into a
hollow sphere through which iron is channelled through to polymerize in the
central cavity (Aisen 1980). This model is consistent with the observation
that 'C labelled amino acids are first incorporated initially into apoferritin
during iron induced ferritin synthesis (Aisen and Listowsky 1980; Harrison

and Gregory 1968).

The above is further supported by other studies which found that apoferritin
accelerates the oxidation of Fe(ll) and Felll in vitro which results in an
aggregate of ferric oxide formed in the central cavity of the protein

(Aisen and Listowsky 1981). It has been suggested that oxygen may be the

oxidising agent in vitro (Crichton and Roman 1978).

1.2.24 Ferritin gene and Requlation

Much information is available concerning the ferritin gene. In human the
expressed H-gene subunit is located on chromosome 11 (Cragg et al 1985)

and the expressed L-subunit gene is on chromosome 19 (Gatti et al 1987).

Regulation of ferritin synthesis is maintained at both transcriptional and

translational levels and is induced by iron (Worwood 1989). It has been
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demonstrated that the initial response of ferritin synthesis to iron is
predominantly at the translational control (Drysdale and Munro 1986).
However because of the different functions of ferritin both as a
housekeeping protein and as a specialised cell protein, mechanisms of
regulation could vary depending on the cell type. The translational control
mechanism provides the necessity to respond quickly to iron load (Theil
1987). There appears to be an identical response for both L and H subunits
of ferritin synthesis at translational control (White and Munro 1988).
However there is a difference at the transcriptional level. An increase in L to
H subunit ratio in the total cellular RNA is observed upon iron induction
(Bomford et al 1981; Kohgo et al 1980) which result from an increase in the
rate of transcription of the L-subunit gene. In the situation of high iron
stress, it is more advantageous for cells to produce L-rich ferritins since
these proteins retain iron more firmly and turnover more slowly than H-rich
ferritins (Bomford et al 1981; Mann et al 1986; Wagstaff et al 1978).

Tissues that serve as major iron stores such as liver and spleen have
ferritins which are rich in L-subunit, and tissue which does not serve as
storage organ such as heart produce ferritins which are H-rich (Bomford et al

1981, Linder-Harowitz et al 1970).

1.2.25 Ferritin Receptors

Despite the fact that ferritin is produced in all tissues, membrane ferritin
receptors appear to be present. Injection of labelled ferritin in rats results in

its a rapid clearance with 85-95% of the ferritin taken up by the liver within
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30 minutes (Unger and Hershko 1974). Binding studies have shown high
affinity, saturable binding of ferritin to human placenta membrane (Takami et
al 1986), isolated rat hepatocytes (Mack et al 1985), guinea pig reticulocytes
(Pollack and Campana 1981) and Hela cells (Bretscher and Thomson 1983)
suggesting the presence of a ferritin receptor. Ferritin receptors have been
detected on isolated rat hepatocytes and number some 30,000 ferritin

binding sites per cell with Ka 1 x 10® molar (Mack et al 1983).

A human hepatic ferritin receptor has been proposed (Adams et al 1988).
An affinity constant of 6.0 x 10° was calculated for the receptor and its

molecular weight was estimated to be 53 KD by gel electrophoresis. The
precise physiological function of the ferritin receptor is unknown. But it is
thought that ferritin is secreted by Kupffer cells (Aisen 1987) and could be

taken up by hepatocytes via the receptors.

1.2.3 Lactoferrin

The protein lactoferrin was first reported by Sorensen and Sorensen in 1939.
They observed a red protein in human milk. It was first isolated from human
(Johansson 1960) and bovine milk (Groves 1960). Lactoferrin is closely
related to the serum transferrin. It consists of a single polypeptide chain of
molecular weight 75-90 kD (Querinjeum et al 1971; Weiner 1975) and it
binds two ferric ions together with the binding of two bicarbonate ions
(Massons and Herman 1968). It differs from the serum transferrin by being

more basic. The isoelectrofocussing point (Pl) of transferrin is 5.9 and that
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of lactoferrin is 9.0 (Malamud and Drysdale 1978), and as a result in the
presence of relatively low affinity iron chelator lactoferrin retains its iron
below pH 4.0, whereas that of transferrin is lost as the pH becomes lower

than pH 6.0 (Johansson 1960).

Human milk is known to contain high concentrations of lactoferrin ranging
from 7 mg/ml in colostrum to 1 mg/ml in mature milk (Masson and Herman
1971). Bovine colostrum contains 5 mg/ml of lactoferrin and this level drops
rapidly to 20-200 pg/ml in mature milk (Reiter 1978). Lactoferrin has also
been found in other exocrine secretions including vaginal, nasal, bronchial
and intestinal (Masson et al 1966). It has also been identified in pancreatic
juice and neutrophils (Masson et al 1966; Masson et al 1968; Masson et al
1969). Studies have shown that apolactoferrin in bovine milk is rapidly
degraded by proteolytic enzymes whereas the saturated lactoferrin is
relatively resistant to prolonged tryptic digestion and gives rise to only large

fragments which retain their binding capacity for iron (Brock et al 1978).

1.2.3.1 Function of Lactoferrin

Although the precise role of lactoferrin is unclear, there are several possible
functions. Iron in human milk is absorbed by about 50% compared to cows
milk or infant formula which is as low as 5-20% (Sarinen et al 1977). It is
thought that this is due to the higher lactoferrin concentration in human milk.
Studies with human biopsies have indicated that lactoferrin has the ability to

deliver iron to the mucosa cells (Cox et al 1979) and receptors for lactoferrin
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in the rabbit small intestine have been described (Mazurier et al 1985).
Using brush border membrane vesicles prepared from the monkey small
intestine, binding studies have demonstrated the presence of specific
lactoferrin membrane receptors with Ka of 9 x 10°M (Davidson and

Lonnerdal 1988).

It was concluded that lactoferrin in milk may function in iron absorption by
interaction with a small intestinal receptor and that fucosylates glycans on

the carbohydrate chain of lactoferrin are necessary for binding.

Other work however, on the basis of an inverse relationship between iron
status and lactoferrin concentration in duodenal fluids of adults concluded
that lactoferrin may inhibit iron absorption (De Vet and Van Gool 1974).
However the capacity to digest lactoferrin is greater in adult than the

newborn.

Another possible role for lactoferrin is as a bacteriostatic. This is based on

observations that the protein inhibits a variety of potential pathogenic

bacterial strains including Escherichia coli by depriving them of iron required
for growth (Bullen et al 1972). A third possible role for lactoferrin is as a
mitogenic agent due to its ability to bind to monocytes, leucocytes and
macrophages functioning as a growth promoting factor (Birgen et al 1983;

Boxer et al 1982; Hashizome et al 1983; Van Snick and Masson 1976).
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1.2.3.2 Lactoferrin Receptors

Several observations indicate the presence of a specific lactoferrin receptor
in the mammalian small intestine. The existence of lactoferrin receptors was
described in brush border membrane of the rabbit small intestine using
ligand blotting (Mazurier et al 1985). It was demonstrated that human and
monkey lactoferrin bound to monkey brush border membrane vesicle where
as bovine lactoferrin does not (Davidson and Lonnerdal 1988). Lactoferrin
receptors have been isolated and partially characterised in mouse intestinal
brush border (Hu et al 1990). The latter study showed the protein to be of
molecular weight about 130,000 daltons and consisting of a single
polypeptide chain. The protein is glycosylated by bi and triantennary
glycans and one molecule of receptor appears to bind one molecule of

lactotransferrin.

The cellular mechanism by which the lactotransferrin receptor allows for the
intake of lactotransferrin bound iron is still not known but it could constitute

one pathway for iron uptake by mucosal cells.

1.2.4 Iron responsive element binding protein

An iron responsive element with a highly conserved sequence of 28
nucleotides have been reported in the 5' untranslated region of ferritin mRNA
of amphibian, birds and human (Aziz and Munro 1987), and 3' untranslated
region of transferrin receptor mRNA (Casey et al 1988). These play an

important role in the translational mechanism that allows for the co-ordinate
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regulation by cells of the transferrin receptors (iron uptake) and ferritin (iron
storage). A cytosolic protein which in the absence of iron binds to the iron
responsive element to suppresses translation of ferritin mMRNA (Leibold and
Munro 1988) and to increase translation of transferrin receptor mMRNA by
increasing its stability (Mullner et al 1989). Conversely when iron is
abundant, the iron responsive element binding protein (IRE-BP) dissociates
from the iron responsive element so that ferritin mRNA translation proceeds
and iron is stored in the newly synthesised ferritin. At the same time levels
of transferrin receptor mMRNA decrease, transferrin receptor becomes less
abundant and iron uptake by the cell is decreased. The gene for this protein
has been located on chromosome 9 (Klausner and Harford 1989) but its role
in the regulation of iron absorption remain unclear. Since the gene for
hereditary haemochromatosis is on chromosome 6, IRE-BP is unlikely to be

directly involved in the pathogenesis of haemochromatosis.

1.3 HoMEosTASsIS OF BopYy IRON IN MAMMALS

In human and other mammals body iron is maintained at a relatively
constant level. This is achieved by establishing an equilibrium between
requirement and absorption of iron by the small intestine (McCance and
Widdowson 1937). Requirements include the needs for growth and
replacement of physiological loss (Green et al 1968; Dallman 1980). It is
suggested that iron supply poses a limiting factor for iron balance. Only a
minor proportion of iron is absorbed from the diet depending on its

composition (Hallberg 1981).
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Most of the iron enters a common pool within the intestinal lumen as either
haem or non-haem (Bothwell et al 1979; Cook and Finch 1975). Although
the availability of haem iron for absorption is greater, most dietary iron exists

as non-haem iron and is in itself of low availability (Hallberg 1981).

Most cells contain iron in the same proportion as the amount in body stores
and the daily loss of cells from the skin, gut and secretion such as bile and
sweat provides a limited but selective loss of body iron (Conrad et al 1964;
Dubach et al 1955; Finch and Loden 1959; Fletcher and Sutler 1969). The
villous structure also has a role in the control of iron balance. The epithelial
cells generated from the intestinal crypts migrate up the shaft of the villus
under the pressure of newly generating cells behind them. On reaching the
villus tip they are shed into the lumen carrying away iron associated with
them. The life span of the cells is 2-3 days in rats and 3-4 days in the
human (Trier 1968). This continual cycle of the mucosal epithelium is
important as cells differ in their avidity for iron. In iron deficient animals, the
mucosal cells absorb iron more easily whilst in iron overload, there is a
reduced absorption of iron (Conrad and Crosby 1964). It has also been
suggested that macrophages in the lamina propria of the villi are also
involved in controlling the turnover of iron. The macrophages may prevent

absorption of iron and return it to the lumen (Crosby et al 1963).

1.4 DEVELOPMENT OF THE INTESTINAL TRACT

There are two important stages in the gastrointestinal adaptation of the
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newborn mammal to enteral nutrition. Those changes are at birth and
weaning (Weaver and Carrick 1989). Most of the information obtained on
the ontogeny of absorptive function of the intestine are obtained from rodent

models.

Rats and mice have a gastrointestinal tract that is functionally immature at
birth and for the first 2 weeks of life. Changes of digestive activity start at
about the third postnatal week and are complete by the fourth week
(Henning 1987). The newborn rat and mouse are born after a short
gestation and during the suckling period they require milk high in protein,
rich in immunoglobulin and containing trophic factors which may contribute
to perinatal gastrointestinal adaptation (Weaver 1986). Major changes in the
gastrointestinal mucosal morphology and function occur during weaning
(Henning 1987, Clark and Hardy 1969). Weaning is the period of transition
from milk to solid food. Neonate milk is the only source of nutrients before
solids are introduced to the diet. Milk differs from solid food in the
proportion of nutrients and the nature of carbohydrates. The major
carbohydrate is lactose (Jenness et al 1964) and high activities of lactase
are found in the intestinal mucosa of the suckling animal (Deren 1968;
Kretchmer 1971). Solid food contains mainly sucrose and starch, and in
many species including humans, there is a lower lactase activity in the adult
than the newborn (Deren 1968). Therefore changes in dietary composition
necessitate changes in digestive function. Maltase has low activity during

the first two weeks after birth in rats, after which there is a 10-fold increase
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in these enzymes (Reddy and Wostmann 1966; Rubino et al 1964). The
enzyme for sucrose cannot be detected during the first two weeks in the
newborn rat and is then increased rapidly to the adult level (Reddy and
Woosnam 1966; Rubuino et al 1964). These developmental changes in
enzyme activities of the intestine allow the young rat to make dietary

changes from lactose to maltose and sucrose after weaning (Henning 1981).

In neonatal rats, intact macromolecules including protein are absorbed by
the small intestine by pinocytosis (Henning 1981). In the neonate, haem as
well as nutritional protein and immunoglobulin is transferred intact to the
circulation from the jejunum where pinocytosis is specific for these molecules
(Jones 1978; Morris and Morris 1977; Rodewald 1970). In the ileum
however pinocytosis is non-specific and macromolecules are delivered to the
lysosomes (Gonnella and Neura 1984; Wilson et al 1982). In suckling rats
following ileal absorption, proteins are digested by lysosomal cathepsins and
cytosolic peptidase (Jones 1978; Morris and Morris 1977). Macromolecular
absorption also occurs in premature and mature human infants (Eastham et
al 1978) and it has been reported that a small amount of intact protein and
other macromolecules can cross the healthy adult small intestine (Gardner

1983).

Apart from absorption of intact protein, the intestine of the suckling rat
displays increased absorptive capacities for several nutritional metals such

as copper (Gallagher et al 1973; Mills and Davies 1979). The human infant

51



intestine displays elevated absorption of iron (Oski 1981). The enhanced
absorptive capacity in rats declines to adult levels during the third and fourth

postnatal weeks.
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1.5 IRON ABSORPTION

In the adult iron absorption occurs mainly in the duodenum. The cellular
mechanism of intestinal iron absorption remains unknown. However it is
suggested that the transfer of iron from the lumen of the intestine to the
portal blood stream could involve at least two steps (Manis and Schachter
1962), the initial passage of iron across the brush border into the mucosal
cell and the subsequent transfer of some of this iron across the basolateral

membrane of the enterocyte into the blood.

The study of the regulation of iron absorption has concentrated on three
main areas: the lumen of the gut, the enterocyte transport processes and

corporeal factors.

1.51 Intraluminal Factors Affecting Iron Absorption

The composition of the diet is one of the factors affecting iron absorption.
For its absorption dietary iron must be exposed to the intestinal absorptive
surface for a sufficient length of time and in an absorbable form (Conrad
1987). There are two main sources of dietary iron. Haem iron which when
supplied as haemoglobin or with meat or soy protein is well absorbed
(Matseshe et al 1980; Callender et al 1957). These proteins prevent
formation of poorly absorbed macromolecular haem polymers (Conrad et al
1967). Haem absorption is generally not affected by the composition of the
diet, but haem constitutes only 10-15% of total daily iron intake in food. The

other major pool is in the form of inorganic iron which constitutes the largest
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percentage of total daily iron intake (Bezkorovainy 1989; Finch and Huebers
1982). The physicochemical form of inorganic iron affects its absorption.
Dietary constituents that solubilize iron may enhance absorption whereas
compounds which can cause precipitation or aggregation of iron decrease
absorption (Benjamin et al 1967; Bothwell 1989). It is established that
ferrous iron is absorbed much more rapidly than is ferric iron, especially if it
is stabilised by ascorbate (Bezrovainy 1989; Marx and Stiekema 1982).
Ascorbate is an antioxidant and can also increase ferric absorption because
of its reducing powers. Meat diet also increases inorganic iron absorption
due to its cysteine and glutathione contents which work via the redox
capabilities (Taylor et al 1986). Enhancers of iron absorption in the diet
include ascorbic acid, malic acid and inhibitors include polyphenols and
phytates which are derived from plants, calcium and phosphate (Bothwell et
al 1989). Iron absorption is also affected by pH. Ferric iron is poorly
absorbed because it is insoluble in aqueous solutions with a pH above 3
unless it is reduced or chelated whereas most ferrous iron remains soluble
at pH 8 (Conrad 1987). Gastrointestinal secretion also plays a role in iron
absorption. The acidic contents of the stomach stabilise ferric iron to make
it available to chelators that enhance iron absorption in the more alkaline
environment of the small intestine (Benjamin et al 1967; Conrad 1987). Bile
also enhances iron absorption due to its high ascorbic acid content (Jacobs
and Miles 1970). Pancreatic bicarbonate is also known to reduce iron
absorption whereas certain enzymes that catalyse the breakdown of protein

and carbohydrates to release sugars and amino acids are known to increase
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iron absorption indirectly by forming tridentate iron chelates with a low
molecular complex which remain soluble in the small intestine (Van Dijk et al

1983).

1.5.2 Corporeal Factors Affecting iron Absorption

The two major factors within the body which are associated with iron
absorption are the rate of erythropoiesis and tissue iron stores (Bothwell et
al 1958; Chivasiri and lzak 1966). A decrease in iron stores stimulates
intestinal iron absorption and absorption of iron is decreased in the replete
state. The exceptions to the above rule are haemochromatosis (a disorder
of iron metabolism) and in neonates where enhanced intestinal iron

absorption occurs despite substantial body iron stores.

Similarly, increased erythropoiesis is accompanied by increased absorption
of iron as demonstrated by the stimulus of hypoxia at high altitude, by
haemolysis and bleeding (Chivasiri and |zak 1966; Conrad 1987, Linder and
Munro 1977; Wheby et al 1964). On the contrary diminished erythropoiesis
is associated with a decrease in iron absorption as found in starvation, blood
transfusion or return to sea level from high altitude. Although these factors
affect intestinal iron absorption they are not directly involved with the
mechanism of absorption. As an example, it is known that enhanced iron
absorption continues in the anaemic animal long after the haemoglobin mass
is restored and persists until the body becomes replete with iron (Conrad

and Crosby 1962; Bezwoda et al 1979). Furthermore in subjects with
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sideroblastic anaemia or hepatic cirrhosis there is increased iron absorption
despite substantial iron stores and without accelerated erythropoiesis

(Conrad et al 1962; Crosby and Sheehy 1960; Waxman et al 1968).

There have been numerous attempts to account for the responsiveness of
the enterocyte to changes in iron stores, erythropoiesis and other corporeal
factors with no definitive answer. Several possible mediators have been
eliminated, these include the concentration of serum iron, transferrin
concentration and its saturation, the rate of erythropoiesis, and serum
caeruloplasmin (Conrad et al 1962; Weintraub et al 1964). Certain
hormones such as erythropoeitin, thyroid and pituitary extracts were found to
enhance iron absorption (Chow et al 1963; Mendel 1961) but often no
correlation can be found between their concentration in plasma and changes
in iron absorption. Weintraub et al (1964) proposed that the rate of serum
iron turnover rather than its absolute concentration may regulate absorption.
Several days of blood letting in man has been shown to cause a transitory
decrease in serum iron and a sustained increase in the rate of plasma
turnover of iron. At the same time enhanced iron absorption is observed.
The rapid turnover of iron persisted until iron absorption had returned to

normal levels.

In other studies a similar relationship was observed between increased
absorption of iron and the rapid plasma clearance of radioiron (Conrad et al

1964, 1965). However Cortell and Conrad (1967) have shown a reverse

56



relationship occurs when endotoxin is given. A decrease in iron absorption

resulted in a rapid plasma clearance and diminished plasma iron turnover.

1.5.3 Mucosal Factors affecting Iron Absorption

In order to maintain iron balance iron must be exposed to a sufficient area of
absorptive cells. Sufficient amounts of iron must be absorbed by these cells
to compensate for daily losses. Anatomic and histological abnormalities
which cause a decrease in the absorptive surface of the intestine will result
in a reduced iron absorption (Fairbanks et al 1971). Following surgical
procedures where chyme bypasses from the duodenum, iron deficiency
often occurs. Iron deficiency is often present in diseases which cause
histological abnormalities of the absorptive cells (Bothwell 1989). Intestinal
motility also affects iron absorption by influencing the length of time that iron
is exposed to the absorptive surface. Thus increased intestinal motility often
results in reduced iron absorption and certain drugs that slow transit time

may increase iron absorption (Schade et al 1969).

Although the above factors have important effects on iron absorption it is the
effectiveness of the mucosal cells in regulating this absorption that seem
more important. This involves passage across the brush border membrane,
intracellular events and finally transfer of iron across the basolateral

membrane to the circulating blood.
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154 Mechanism of Iron Absorption

Hahn et al (1943) and Granick (1946) postulated the mucosal block theory
which describes the presence of a receptor in mucosa cell which prevents
entry of excess iron into the body. Ferritin was considered to be the
mucosal block. In this scheme all iron absorbed is directed to ferritin which
when saturated does not release iron into the plasma. In iron deficiency this

mucosal block would disappear and iron moves into the plasma.

This model has since been challenged and a new one put forward (Crosby
1963, Wheby 1966). In this model iron which is taken up by the enterocytes
is directed to the plasma pool uniess it is diverted to the storage site. In
normal subjects some 40% of the iron was shown to be diverted compared
to 4% in iron deficiency and 63-73% iron overload (Boender and Verloop
1969). The iron entering the storage area is lost when the cells are shed in

the lumen after their life span.

It is also recognised that a lag period exists between the time of a dramatic
change in iron status and the transport response of the mucosal cell. A
gradual increase in iron absorption is seen with a sudden loss of iron
whereas a sudden gain of iron is accompanied by a gradual decrease in iron
absorption (Charlton et al 1965; Crosby et al 1963; Wheby 1966). From
these observations it was suggested that enterocytes are sensitized to the
iron requirement whilst in the crypts of Lieberkuhn. In such a system if a

subject is iron overload, the cell will contain more iron and hence more
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ferritin and iron entering the enterocytes will be directed to the storage site.
On the other hand in iron deficiency, there will be less ferritin in the newly
formed cells and more iron will be available for transfer into the plasma.
However this model was challenged when isolated enterocytes were shown
to synthesis ferritin at a constant rate regardless of their iron content and
also no relationship could be shown between iron content and iron
absorption by such cells (Bezrovainy 1989; Britin and Raval 1970;

Rosenmund 1980).

In a modification of the theory of Hahn et al (1943) Refsum and Schreiner
(1984) proposed that as enterocytes are being formed in the crypts of
Lieberkuhn, they obtain their iron from serum transferrin. In iron deficiency
since saturation of transferrin is low, higher amounts of transferrin must be
internalised by the nascent cells through receptor mediated endocytosis in
order to deliver the normal amount of iron. Apotransferrin formed after the
release of iron then serves as a receptor for iron for uptake from the lumen
by the mature cell on the villus. In iron overload, since transferrin is highly
saturated, less of it is needed by the cell being formed, to obtain the normal
amounts of iron and hence these cells as they move up the villi have a lower
apotransferrin content and a reduced iron uptake. In this system iron taken
up by apotransferrin is transferred to ferritin which in turn transports iron to
the lamina propria macrophages which distribute iron accordingly to plasma
transferrin, goblet cells and retain some iron in the macrophage. The

messenger for intestinal macrophage is believed to be ferritin whose levels
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alter according to body iron stores.

Huebers et al (1983) proposed that the intestinal mucosal cell actually
secretes apotransferrin into the lumen which picks up iron and is then
absorbed back into the enterocyte. The mucosal transferrin thus acts as a
shuttle. Once inside the cells, iron is released and may be sequestered by
ferritin or directed to the plasma. However, there is no evidence that rat
intestinal mucosa contain transferrin RNA (ldzerda et al 1986). This
proposal was then modified since it is liver RNA which alters during iron
deficiency and transferrin levels in bile rises in iron deficiency. It was
proposed that the transferrin involved in iron delivery to intestinal enterocytes
originates from the liver. It was further postulated that before iron is taken
up by transferrin, it is first bound to the hormone gastrin within the stomach
lumen and the iron gastrin complex bound with apotransferrin. lron is then
transferred to transferrin which delivers it to the enterocytes. Gastrin does

not bind saturated transferrin (Baldwin et al 1986).

1.5.5 Mechanisms involved in iron absorption

Since absorption of iron involves its passage across the brush border
membrane into the mucosal cells and the subsequent transfer of some of
this iron across the serosal surface of the cell into the blood, the regulation
of iron absorption could occur at any of these sites or a combination of
these. These mechanisms involved in iron absorption have been studied

using isolated intestinal loops, isolated enterocytes, duodenal fragments,
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brush border and basolateral membrane vesicles. The forms of iron used
have been ferric citrate or ferric nitriloacetate in order to keep the iron in

solution and ferrous ascorbate complex to prevent oxidation of the iron.

Investigations of iron absorption at the cellular level have produced
conflicting results. Using duodenal biopsies binding of ferric nitriloacetate
has been shown to be temperature dependent and fluoride-sensitive
indicating that iron absorption is an energy dependent process (Cox and
Peters 1980). Other studies however (Johnson et al 1983; Savin and Cook
1978) using rat duodenal enterocytes showed that metabolic inhibitors did
not alter cellular iron uptake although uptake was temperature dependent
suggesting that iron uptake occurred by passive diffusion. The mechanism
of iron uptake across the brush border membrane has been examined using
isolated membrane vesicles, where intracellular metabolism is excluded.
Conclusions concerning the handling of inorganic iron by brush border
membrane vesicles have been conflicting (Stremmel 1987). Most of the
data seem to indicate that at least a portion of iron uptake is linked to a
membrane transport system. This is supported by studies in duodenal
vesicles where iron uptake is regulated by the requirement for iron especially
in the iron deficient animal (Muir et al 1984, Simpson and Peters 1984).
Carrier-mediated transport was not observed in the distal ileum of the small
intestine (Simpson and Peters 1984). A ferrous iron receptor has been
isolated from rabbit small intestine with a molecular weight of about 100,000

(O'Donnell and Cox 1982). Stremmel et al (1987) also reported the isolation

61



of a duodenal iron binding protein with a molecular weight of about 52,000
daltons and this is compatible with the hypothesis that iron uptake across
the brush border is mediated by a specific carrier-dependent transport
system. On the other hand earlier studies by Marx and Aisen (1981)
revealed transport by passive diffusion across the rabbit brush border
membrane. A similar conclusion was reached by Eastham et al (1977) in rat
brush border membrane vesicles. Despite the fact that increased iron
absorption is observed in neonatal animals, not many studies to date have

investigated iron uptake at the cellular level during postnatal development.

Srai et al (1987) observed two major iron binding cytosolic protein in
duodenal enterocytes of the guinea pig. A protein of molecular weight about
14,000 daltons bound most of the absorbed radio iron at birth and a higher
molecular weight protein (about 450,000 daltons) became the major iron
binding protein in adult guinea pigs. Developmental changes in these
proteins could influence regulation of iron absorption. Other investigations
used autoradiographic localisation and subcellular binding studies. All
studies have shown some newly absorbed iron to be present in the cytosolic
fraction and some present in the organelle bound fraction (Snape et al
1990). Most earlier studies have associated newly absorbed iron with the
mitochondria suggesting the involvement of this organelle during absorption
(Huebers et al 1971; Worwood and Jacobs 1972). However these findings
has since been challenged in a later study (Snape et al 1990) arguing that in

earlier studies mitochondria could not be properly separated from the
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basolateral membrane. In general many cytosolic proteins have been
described which may be involved in iron regulation and transport to the
basolateral membrane. These include ferritin, transferrin, non-transferrin
protein, a high molecular weight protein near the origin in electrophoresis
(Johnson et al 1983; Linder and Munro 1977). A major criticism is that most
of these studies used mucosal scrapes which would be contaminated by

plasma transferrin.

Information about the handling of iron transported across the basolateral
membrane is also limited. It was first postulated by Wheby and Crosby
(1963) that this side of the cell is the major site of control of iron absorption.
Linder and Munro (1977) supported this hypothesis when they observed that
less iron was retained in the mucosal cells of iron deficient rats than in
normal. But again no firm evidence has emerged to support this contention.
Recently Osterloh et al (1988) described a basolateral membrane step which
was implicated in the pathway of iron absorption. Snape et al (1990)
observed iron binding by the basolateral membrane and more radioiron was
observed in the basolateral region in hypoxic mouse enterocytes compared
to normal following labelling in vivo. Surprisingly no difference in iron
binding was observed in vitro, suggesting that the increased radioiron bound
to basolateral membrane is not due to more binding sites but rather
increased availability of radioiron during transfer from iron pools within the
enterocyte. However this study did not use purified basolateral membrane

and therefore the conclusion remains to be confirmed.
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Transferrin receptors have also been identified on the basolateral membrane
of the gastrointestinal tract in human (Banerjee et al 1986) and in rats

(Anderson et al 1990), but their role in iron absorption remains uncertain.

1.5.6 Proteins Involved in Iron Absorption

Two proteins with possible major roles in iron absorption, ferritin and
transferrin have already been mentioned. Among others, xanthine oxidase
was recognised as an important component of the iron process (Topham et
al 1982). The function of xanthine oxidase was believed to be in the redox
process of oxidising Fe?* to Fe* before it can be bound to mucosal
transferrin. However with the uncertainty of mucosal transferrin acting as a
transmembrane iron carrier, there is doubt concerning the exact role of

xanthine oxidase in iron absorption.

A number of other proteins have been reported and are as follows:

(a)  Acetate eluted ferroprotein (AEP) is found in various organs as
well as the duodenum and its role in iron absorption is not
known. It has a molecular weight of 8-13 kDa. It has not even
been proven to be a protein and is possibly a chelated polymer
of iron (Boulard et al 1972; Jacobs 1977).

(b)  An isotransferrin which differs immunologically from transferrin
of rat mucosa has been identified (Huebers et al 1971, 1973).

(c) A gut iron binding protein (GIBP) has been reported and

demonstrated to be a dimer with molecular weight of 78 kD

64



(Pollack and Lasky 1976). It is immunologically distinct from
ferritin, lactoferrin and transferrin. This protein seems to
function by slowly transferring iron to transferrin. It has a
similar concentration in the mucosa of both iron deficient and
iron replete rats.

(d) A calcium binding protein which is vitamin D dependent is also
thought to be involved in iron absorption. It is well known that
calcium reduces iron absorption (Barton et al 1983). If the
synthesis of this protein is stimulated there is an increased
absorption of iron as well as that of calcium and cobalt
(Wassermann 1962; Wassermann and Taylor 1968).

(e) A high molecular weight protein as yet has not been completely
identified. It has a molecular weight of about 370 kD and was
found to be different from ferritin both immunologically and
chromatographically (Barton et al 1978). It is capable of
binding lead cobalt and calcium as well as iron in mucosal cells
(Barton et al 1978; Pearson and Reich 1969; Yoshino and

Huramatsu 1974).

1.5.7 Absorption of Haem Iron

In addition to inorganic iron, intestinal mucosal cells are able to absorb haem
iron. The absorption of myoglobin and haemoglobin iron differs from that of
inorganic iron (Callendar et al 1957; Parmley et al 1981). Haem is released

from haemoglobin in the digestion process. The haem enters the mucosal
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cells as an intact metalloporphyrin. Subsequently the iron is released from
the porphyrin inside the cell by mucosal haem oxygenase and enters the
circulation as iron. Unlike inorganic iron haem is soluble in alkaline solutions
and therefore does not require chelation to facilitate its absorption (Conrad
1987). Many chelators that either enhance or inhibits the absorption of
inorganic iron have no effect on the absorption of haem iron as they cannot
form chelates with iron under this chemical form. Although haem iron
constitutes only a very small percentage of total daily iron intake, its
absorption is much more effective than iron. It has been demonstrated that
iron is poorly absorbed from test doses of purified haem compared to
comparable doses of haemoglobin and that globin degradation products and
certain amino acid and amines increase the absorption of haem by
preventing polymerisation within the intestinal lumen (Wassermann 1962;
Weintraub et al 1968). However whilst inorganic iron absorption is closely
related to body iron stores, iron absorption from haem proceeds
independently of iron status unless the level of haem iron in the lumen are
exceptionally high (Bezkorovainy 1989; Hallberg et al 1979). Hallberg et al
(1979) noted that iron depleted subjects absorbed more haem iron than

normal subjects.

1.6 IRON TRANSPORT AND UTILIZATION
Once iron is absorbed, a small proportion enters into the circulation from the
enterocytes via the lymphatics (Cook et al 1964), but more than 95% enters

the blood in the mesenteric circulation bound predominantly to transferrin.
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The majority of iron is delivered to immature red blood cells for haem
synthesis and excess iron is deposited in tissue stores such as ferritin and
haemosiderin (Conrad 1987). Haemoglobin remains during the life span of
the erythrocyte and is degraded in the reticuloendothelial cells. When iron is
released from the reticuloendothelial cell into the plasma, it is again taken up
by transferrin and most of it is returned to the erythroid marrow for haem
synthesis. Some of the iron is taken up from transferrin by other cells in the

body for the function of important enzymes and protein (eg the cytochromes,

catalase).
1.7 DISTURBANCES ASSOCIATED WITH IRON ABSORPTION
1.71 Iron deficiency

Iron deficiency is one of the most prevalent nutritional disorders in the world.
With excessive loss of iron from the body or prolonged periods of diminished
absorption of iron, iron depletion will eventually lead to iron deficiency
anaemia (Dallman et al 1978). An increased requirement for iron due to
blood loss is the most common reason. Malabsorption due to the histologic
and anatomic abnormalities of the mucosa can also lead to iron deficiency.
Other factors causing iron demand include pregnancy and infancy where the
raised growth requirement for iron must be met by an adequate dietary
intake, and menstruation. In order to meet the requirements for iron in iron
deficiency, intestinal iron absorption is increased (Charlton and Bothwell

1983; Conrad 1987). Whilst absorption falls to normal when iron content is
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met, a lag period exists between changes in iron absorption and body iron
stores (Crosby 1963; Wheby 1966). Certain enzymes and protein which
require iron for their normal functioning become low and as a result may
affect growth, learning ability, work capacity and susceptibility to infection
(Dallman et al 1989). The factors involved in the response of intestinal iron
absorption to iron deficiency may be important in our knowledge regarding

the fundamental mechanisms, involved in regulation of iron absorption.

1.7.2 Iron Overload

Iron overload is much rarer than iron deficiency. The genetic disease
idiopathic haemochromatosis is associated with a breakdown in the
regulation of intestinal iron absorption and dietary iron absorption is
increased leading eventually to an iron overload state (Charlton and Bothwell
1983). Since this is an inherited disease, abnormalities in iron metabolism
can be consistently demonstrated among relatives of affected patients
(Simon et al 1980). It is an autosomal recessive disease and the gene is
situated close to the HLA locus on the short arm of chromosome 6 (Simon
and Brissot 1988). The majority of cases are diagnosed between 40 and 60
years of age. Males are mainly affected because in the female
menstruation, pregnancy, lactation and smaller dietary intake diminish the
positive balance (Charlton and Bothwell 1983). The metabolic defect or
defects could be due to a number of sites including the lumen of the gut, the
mucosal cells, the liver, plasma transferrin and the reticuloendothelial

system.

69



Other disorders of iron overload include R-thalassaemia. Iron overload in
this condition occurs as a result of repeated blood transfusion, but it is
known that intestinal iron absorption is also increased in this disease since
subjects who have received little or no transfusion also have severe iron

overload (Bothwell and Charlton 1983).

1.8 PURPOSE AND AIM OF THESIS
In the absence of an excretory mechanism for iron, body iron balance is

maintained by the regulation of its absorption from the small intestine.

Compared to adult animals neonates display an enhanced intestinal iron
absorption despite substantial body iron stores. The underlying mechanisms
for this inappropriate iron uptake are however unclear and may involve
developmental changes at the brush border membrane, basolateral

membrane, intracellular events at the duodenal level or changes in the

regional localisation of uptake.

The aim of this thesis is to investigate these cellular mechanisms involved in
iron absorption by using various techniques and it is hoped to gain new

insight into the control of iron absorption which may be of relevance to the
understanding of certain iron absorption disorders such as the pathogenesis

of haemochromatosis.
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1.9 CHOICE OF ANIMAL
The guinea pig was chosen to study developmental changes in iron

absorption for several reasons.

The guinea pig, born after a long gestation is relatively mature at birth, with
hair and teeth and undergoes changes in mucosal structure, enterocyte
morphology and function in the immediate neonatal period (Merrill et al

1976; Wall and Bailey 1985; Weaver et al 1987).

The physical maturity of the newborn animal is also reflected in the
morphological and biochemical maturity of the different organ systems. The
newborn guinea pig is of manageable size compared to other neonatal
species. The small intestine for example can be easily manipulated

compared to rats and mice where the intestine is very fragile.

The gastrointestinal tract of the guinea pig in many respects more closely
resembles that of man than the rat and it has therefore been suggested that
it may represent a more suitable model for the understanding of human
gastrointestinal maturation (Weaver and Carrick 1988). Unlike rat the guinea
pig has a gall bladder and does not store ascorbic acid. This characteristic
makes the guinea pig a more suitable animal for the study of iron absorption
during ontogeny and its relevance to problems occurring in the iron uptake

process in man.
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2.0 MATERIALS AND METHODS
The following is a description of materials and methods to experiments

common to more than one study.

2.1  ANIMALS AND ANAESTHESIA
Dunkin-Hartley guinea pigs were used throughout this study. Animals were

either newborn (body weight 100 g + 10 g), 1-29 days old or adult (500-800

9)-

Adult animals were fed on a standard commercial diet RGP 478, Grain
Harvesters, UK) with free access to water and hay. Neonates consume

solid food and they were also allowed to suckle until the time of experiment.

Anaesthesia where necessary was achieved using urethane (1.4 g/kg ip).

2.2 ENTEROCYTE ISOLATION

A modification of the technique of Weiser (1973) was used to isolate villus
cells from duodenal and ileal segments. In brief, a 15 cm length of intestine
beginning 5 cm from the pyloric sphincter or ending 5 cm from the ileal-
caecal junction was removed and washed through with cold NaCl (154 mM)
containing dithiothreitol (DTT, 0.5 mM). One end was ligated and the

segment filled with buffer (pH 7.3) containing (in mM) NaCl 96, KCI 1.5,
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KH,PO, 8, Na,HPO, 5.6, sodium citrate 27, R-hydroxybutyric acid 0.5 and
bovine serum albumin (BSA) 1 mg/ml. The open end was ligated and the
segment incubated for 15 minutes at 37°C. The luminal solution was
discarded and replaced with a second buffer containing (in mM) NaCl 137,
KH,PO, 11.5, Na,HPO, 8, KCI 2.2, B-hydroxybutyric acid 0.5, EDTA 1.5,
DTT 0.5 and BSA (1 mg/ml). The segment was incubated for a further 30
minutes and villus enterocytes were collected by manually dislodging the
cells and washing with ice-cold bicarbonate saline containing BSA (1 mg/ml).
Cells were kept on ice and used within 60 minutes of isolation. Viability of
cells were routinely checked by exclusion of the dye trypan biue. This was

found to be greater than 90%.

2.3  GEL FILTRATION
In the present studies the gel types used were purchased from Pharmacia
Limited. Their fractionation ranges, the column size (cm), flow rate and

fraction size are shown below.

FRACTIONATION COLUMN FLow FRACTION

RANGE SIZE RATE SIZE
SEPHADEX G-75 3-65,000 1.2 x 60 20mi/h 45
SEPHAROSE 6B 10-4,000,000 1.2x75 30mi/lh 4.5

All columns were packed and equilibrated according to the manufacturers
instructions and chromatography procedures were performed at 4°C. Elution
was in a downward flow at a constant rate using a calibrated peristaltic
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pump. Appropriate molecular weight standards were used to calibrate the

columns.

2.4 ELECTROPHORESIS

The purification procedure was monitored at every stage by polyacrylamide
gel electrophoresis (PAGE) under denaturing conditions. This technique
utilised the anionic detergent sodium dodecyl| surface (SDS) and a reducing
agent to denature proteins. SDS confers a negative charge to the protein in
proportion to its length. In this situation proteins separate according to their
molecular weight. The methods uses a discontinuous buffer system. The
denatured proteins were stacked in a gel containing 5% acrylamide in
Tris/HCI, pH 6.8. Resolution was performed in a 10% acrylamide gel made
in Tris/HCI, pH 8.8. Both the upper and lower chambers contained the same
Tris/glycine buffer containing SDS. Gels were cast and run in either an LKB
vertical slab gel system or a Bio-Rad Mini-protean |l, mini-gel system.
Electrophoresis was performed at a constant current of 40 mA/gel for 2-3

hours (LKB system) or 45-60 minutes (Bio-Rad system).

SDS-PAGE was performed in 3 mm thick 7.5% gels for high molecular

weight protein and 15% gels for low molecular weight protein.

2.5 Staining of gels
Following electrophoresis protein was visualised by staining in 0.025% (w/v)

Coomassie brilliant blue in 50% (v/v) methanol, 5% (v/v) acetic acid for 2-4
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hours. Destaining of the gel was achieved with 7.5% (v/v) acetic acid, 5%

(v/v) methanol.

2.6 Drying gels

It is often convenient to dry down gels onto filter paper since such dried gel
can be stored indefinitely. This procedure is essential for autoradiography
since allowing gels to dry out at room temperature usually results in cracking
and distortion. The gel was dried under vacuum onto filter paper at 70°C

using an LKB gel dryer.

2.7 Autoradiography

Radiation emitted by radioisotopes will expose x-ray film which can then be
used to visualise the distribution of radiolabelled protein.

Dried polyacrylamide gel was placed in a cassette (Kodak) and a sheet of
X-film (Kodak) was superimposed on the gel in the dark. The film was
exposed for a minimum of 7 days at -70°C, after which time the film was
allowed to warm to room temperature and developed. Radiolabelled protein

with affinity to bound iron was analysed.

2.8 PROTEIN ASSAY

Protein concentration was estimated using a Bio-Rad protein assay kit using
Bovine Gamma globulin for the standard. This method, first used by
Bradford (1976), is based on the principle that the absorbance maximum for

an acidic solution of Coomassie Brilliant Blue G-256 shifts from 465 nm to
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595 nm when binding to protein occurs.

Briefly, 20 pl of standards and appropriately diluted samples were placed in
semi-micro cuvettes and 1.0 ml of Bradford dye solution (diluted 1.5) were
added to each cuvette and mixed by inversion. The solutions were éllowed
to stand for 5-60 minutes and the OD at 5§95 nm were measured against the
reagent blank. For the blank, 20 pl of appropriate buffer solution was used.
Standards were in the range of 0-1.44 mg/ml. A standard curve was plotted
and the sample protein concentration was determined by linear regression
using the "Oxstat" statistical program (Microsoft Corporation) using an IBM

AT microcomputer. All samples were read in duplicate.

29 ECL

The ECL western blotting is a light emitting non-radioactive method for
detection of immobilized specific antigens, conjugated directly or indirectly
with horseradish peroxidase labelled antibody. Detection using ECL
required a mix of an equal volume of two detection reagents 1 and 2
sufficient to cover blots (0.125 ml/cm? membrane). After 1 minute
incubation, excess reagents is drained off and blots are wrapped in Saran
wrap smoothing out air pockets. Blots are placed in cassette protein side-up

and exposed to x-ray film for 1 to 10 minutes to obtain clear bands.
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3.0 IRON STATUS OF THE ADULT AND DEVELOPING GUINEA PIG
3.1 INTRODUCTION

In the absence of a specific excretory system for excess iron, body iron
balance is maintained by regulation of intestinal iron absorption (McCance
and Widdowson 1937). Intestinal iron absorption is enhanced by iron
deficiency and is decreased in the replete state (Duthie 1964; Johnson et al

1983; Wheby et al 1964).

The neonatal guinea pig, like the human neonate displays an enhanced iron
absorption (Srai et al, 1988). The neonatal guinea pig has therefore been
proposed as a model to study developmental changes in iron absorption

(Srai et al 1988).

In order to examine whether the enhanced iron absorption observed in the
neonatal guinea pig is related to body iron status measurements of non-
heme iron in liver, serum bile and enterocyte have been carried out. Whilst
serum iron provides a good indication of body iron store, the liver provides a
more direct estimation of body iron store. For the measurement of serum
and liver iron, a chemical method was employed as described by Fielding
(1980) and Torrance and Bothwell (1980). The method eliminates errors
that would otherwise be induced by the presence of heme iron. Bile and

enterocyte iron levels were measured by atomic absorption spectroscopy.
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3.2 MATERIALS AND METHODS

3.2.1 Materials

Di-sodium bathophenathroline, thioglycollic acid, sodium acetate (anhydrous)
and iron standard solution were obtained from Sigma (Poole, UK). Atomic
absorption grade nitric acid was purchased from BDH (Poole, UK). All other

chemicals were from either Sigma or BDH and were of analytical grade.

3.2.2 Sample Collection

All procedures used iron free water, instruments and plasticware.
Enterocytes were prepared from isolated duodenum and stored at -20°C.
Bile was collected from gall bladder. Blood was collected by cardiac
puncture and allowed to clot. After centrifugation the serum was collected

and stored at -20°C.

3.2.3 Chemical Measurement of Serum iron

This was measured by the method described by Fielding (1980). Briefly, 2
ml of mixed acid reagent (0.6M TCA, 0.4 mM Thioglycollic acid and 5 mM
HCI) was added to serum (2 ml) and mixed thoroughly for 30 seconds and
left for five minutes. The samples were then centrifuged at 1000 g for 10
minutes to give a clear supernatant. 2 ml of chromogen solution (0.5 mM di-
sodium bathophenathroline, 1.5M sodium acetate) was added to each 2 ml

of the supernatant and was mixed thoroughly. The mixture was left for 10
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minutes. Standards containing a known amount of iron (40pM) and blanks
(distilled water) were treated in exactly the same way as the samples. The

absorbances were then read at 535 nm against distilled water.

Serum iron was calculated according to the formula given below.

Ac- A,
Serum iron (pmol/L) = x 40
AS - Ab
Where: A, = Absorbance of test
A, = Absorbance blank
A = Absorbance of standard solution

3.2.4 Chemical Measurement of Liver Iron

This was measured by the method described by Torrance and Bothwell
(1980). Briefly pieces of liver tissue weighing less than 0.1 g wet weight
were cut into smaller pieces (0.05 g) and weighed accurately. These were
transferred to test tubes and treated with 1 ml of acid mixture
(HCI/TCA/Thioglycollic acid). The tubes were closed with loose fitting glass
tops and maintained at 65°C for 20 hours. After cooling to room
temperature, 5 ml of a chromogen reagent was added to 0.1 ml of the clear
extract and the contents left for 10 minutes. Standards were measured by
taking 1 ml of iron solution (40 uM) and 0.1 ml acid mixture and combining
with 4 ml of chromogen solution. For blanks 0.1 ml of the acid mixture was
added to 5 ml of the chromogen solution and treated in the same way as the

samples. The absorbance was read at 535 nm against distilled water.
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The calculation for liver iron is described as below:

Where:

Fes

W

V; + 075 W
X X

5+V,

\

5.1

Absorbance of test

Absorbance of blank

Absorbance of standard

pmol iron present in standard (0.04pmoles)
Weight of tissue used

Total volume of acid mixture added to
tissue

Volume of acid extract used for
colorimetric determination

The factor 0.75w is added to the volume of acid added to give a total liquid
volume including the liquid in the tissue itself.

Enterocytes were digested in dilute nitric acid (10:1) and bile iron was
measured using atomic absorption spectroscopy.

Enterocytes (mg protein) were digested in dilute nitric acid on a heating
block at 110°C for five hours. Digestion tubes were weighed before and after
digestion of the tissue and the volume of liquid was adjusted accordingly
with dilute nitric acid. Bile samples were measured directly.
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Figure 3.1. Level of iron in enterocyte,liver,serum and bile during
ontogeny.

Liver and serum iron were determined by chemical methods as described
in the text . Bile iron was measured directly by atomic absorption .
Enterocyte was digested in nitric acid (10:1 dilution) on a heating block

at 110 O C before it was measured for iron by atomic absorption. Values
are means + SD .
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3.3 REsuLTs AND DiscussioN

In the adult guinea pig, intestinal iron absorption is closely related to the
level of body iron. Iron absorption in the neonate however precedes at a
higher rate than the adult (Ezekiel 1967; Shultz and Smith 1958; Srai et al
1988). Since iron deficiency promotes iron absorption it was essential to
examine whether the enhanced iron absorption in the neonatal guinea pig
was a reflection of it being iron deficient compared to the adult. In this
present study, the data obtained for iron levels in bile, duodenal enterocytes,
liver and serum confirms that the neonatal guinea pig is not iron deficient

and this factor is therefore not responsible for the enhanced iron absorption.

Most of the body iron is in the form of haemoglobin, the oxygen-carrying
protein of the red blood cell (Conrad 1987). Smaller amounts of body iron
are found in muscle myoglobin and iron containing enzymes such as the
cytochromes which play a pivotal role in redox reactions. A small proportion
is found in the plasma and extravascular fluid where it is bound to the
transport protein transferrin (Torrance and Bothwell 1980). The remainder is
stored in tissues such as the liver and spleen in the form of ferritin or
hemosiderin. This stored iron is available for synthesis of haemoglobin and
iron containing enzymes. Serum iron measurements however also provide a
good indication of body iron stores (Fielding 1980). Serum iron is defined as
the amount of iron in the blood plasma bound to its specific transport

protein, transferrin.
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For the determination of serum iron, the mixed acid reagent induces
dissociation of the iron-transferrin complex, reduces Fe lll to Fe |l and also
precipitates the serum protein (Rice and Fennen 1974). This ensures
complete recovery of iron without any interference from haemoglobin iron

which is very resistant to acid hydrolysis.

Data for serum iron in this study demonstrate a fall soon after birth reaching
a nadir at about 3 weeks of post-natal life. Levels then increase again
resulting in adult values being not significantly different to those of the
neonate. A similar biphasic response has been reported in man (Saatinen
and Siimes 1977; Smith et al 1952; Sturgeon 1954). Where it was found
that serum iron concentration fell rapidly soon after birth and then increased
again in the early weeks before falling once more between 6 and 12 months
of age. It is not known whether the decrease in serum iron reflects the

onset of iron deficiency or its physiological requirement for those ages.

Liver iron measurement provides a clearer indication of body iron store since
the liver contains about one third of total body iron (Torrance and Bothwell
1981). In this present study liver iron measurement was determined using a
mixed acid reagent which extracts only non-heme iron. Liver iron
concentration in the neonate was found to be significantly greater than the
adult. Soon after birth a similar pattern as that observed with serum iron is
seen, reaching a minimum level at about 3 weeks before increasing back to

the adult level. One notable difference between serum iron measurement
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and liver iron is that no significant difference was found in serum iron

concentration between neonate and adult.

This may not be surprising since it is known that serum iron level is usually
maintained as iron stores diminish and only when iron stores are virtually

depleted does the serum iron level fall (Heinrich 1970).

The data obtained for the levels of bile and enterocyte iron also shows a
similar pattern to that observed for serum iron measurement, except that in
the enterocytes a high concentration of iron was found at about 3 weeks
postnatally. The reason for this is not clear but it could be the result of the
induction of iron binding proteins such as ferritin within these cells at this
stage of development as can be seen in later studies (Fig 7.5), which clearly

shows that ferritin levels are highest at this stage of development.

3.4 CoNcLUSION

As mentioned above iron deficiency in mammals is known to increase
intestinal iron absorption. Results from this study however imply that the
neonatal guinea pig is not iron deficient when compared with the adult and
the high rate of iron absorption in the neonate observed previously (Srai et
al 1988) therefore occurs despite the presence of substantial iron stores.
The underlying mechanism for this inappropriate iron uptake remains unclear
and may involve membrane or intracellular events at the duodenal level or

changes in the regional localisation of uptake.
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4.0 AUTORADIOGRAPHIC LOCALISATION OF IRON UPTAKE BY THE
SMALL INTESTINE OF THE DEVELOPING GUINEA PIG

4.1 INTRODUCTION

The cellular processes underlying the enhanced iron absorption in the

neonate are unknown. However since iron movement across the intestinal

enterocyte involves transport across the brush border membrane and

basolateral membrane as well as intracellular events, developmental

changes at one or more of these locations may be relevant.

Important structural and functional changes are known to occur as the
enterocyte migrates along the villus (Smith 1985). Recent work using
guinea pig duodenum has shown a slower epithelial turnover in newborn
compared to the adult animals (King et al 1981). A slower migration may
lead to the earlier expression of absorptive function, for example it is known
that under conditions which slow cellular migration in adult rat intestine the
functional surface for active nutrient uptake is expanded (Thompson and

Debnam 1986, 1988).

There has been no study to date describing the histological localisation of
the enterocytes involved in iron absorption of upper and lower small intestine
during development. Thus, the primary aim of the experiments described
here was to use autoradiographic techniques to assess the histological locus

of iron uptake along the villus axis in the upper and lower small intestine in
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the neonate and adult guinea pig.

4.2 MATERIALS AND METHODS

4.2.1 Autoradiography and Histology

1 cm sections of everted duodenum (10 cm from the Ligament of Trietz) or
ileum (10 cm from the ileal-caecal junction) were stretched over the end of a
perspex rod and mounted vertically in oxygenated uptake buffer A at 37°C
containing (in mmolar) NaCl 125, N-Z-hydroxymethylpiperazine-N-2-ethane
sulphonic acid (Hepes) 16, glucose 10, KCI 3.5, Ca Ci, 1, Mg SO, 10 (pH 7.4).
A stir-bar rotating at 1200 rev/min ensured exposure of all areas of the villus to
the preincubation solution. After 5§ minutes the buffer was replaced by fresh
uptake buffer containing, in addition, * Fe-ascorbate (100 uM

Fe? : 2000 pM ascorbate, specific activity 30 pci/umole). The 5 minute
incubation was terminated by washing with a tenfold excess of non-radioactive
Fe-ascorbate at 20°C in order to displace bound but not transported iron. The
tissue was then prepared for autoradiography as described previously (King et
al 1981) using a 10 day exposure period at 4°C. Counterstaining of the
sections with Haematoxylin and Eosin allowed both the localisation of
enterocytes involved in iron uptake and measurements of villus height to be

determined.

For determination of mucosal weight, measured lengths (5-10 cm) of fresh
duodenum or ileum were opened longitudinally to form a flat sheet. The
mucosa was removed by scraping with a microscope slide and weighed.

Results were calculated as mg per cm of small intestine.
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4.3 REsuLTs

Autoradiographs (figure 4.2) revealed that in the adult all enterocytes lining
ileal villi are involved in brush border iron uptake. In contrast, only those
cells located at the upper region of duodenal villi demonstrated this ability.
Villus height was found to be significantly higher in duodenum compared to
ileum (446.3 + 8.7 (12), 362.9 + 6.8 (15) um respectively, p < 0.01) but this
regional difference was not apparent in measurements of mucosal wet

weight (duodenum: 54.6 + 1.2 (60), ileum: §5.7 + 2.5 (6) mg/cm, p > 0.05).

For neonatal intestine, all the cells lining the villi of ileum and duodenum

demonstrated iron uptake (figure 4.3).
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4.4 DiscussiON
In common with other species, adult duodenal villi are finger-like in shape

and markedly larger than the leaf shaped ileal villi.

Adult animal also displays a villus gradient for the uptake of amino acids
(King et al 1981) and carbohydrates (Kinter and Wilson 1965; Debnam et al
1990). In previous investigations, microdensitometric analysis of
autoradiographs showed differences in the distribution of tritiated alanine
uptake along the villi of the newborn and adult rabbit. Uptake of alanine by
the newborn pig intestine falls slightly moving distally down the villus,
whereas in the adult uptake falls dramatically from the tip to the mid villus
(Smith 1981, 1984). This distribution of uptake along a greater portion of the
villus of the newborn guinea pig duodenum indicates that the slow cellular
migration along the villus which occurs in the neonate may result in an
increased time available for maturation of brush border transport processes.
Usually each villus is supplied with cells from about three crypts. At the
termination of proliferation in the upper third of the crypt differentiation is
initiated. The cells migrate out of the crypt and onto the villus, and are
eventually sloughed off into the lumen within 3 days (Trier 1968).
Differentiation is distinguished by physiological and morphological changes.
As a consequence of this, the epithelial cells of the villus acquire the specific
functions required for terminal digestion and absorption. The crypt cells
secrete large quantities of fluid but are not thought to have a digestive or ; _

absorptive role. The enzymes involved in terminal digestive processes
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increase markedly as cells migrate up the length of the villi (Fortin-Morgana
et al 1970) with maturation of the enterocyte, the mitochondria become more
numerous and elongated and the microvilli increase in length (Pearse and
Riecken 1967). Elongation of the microvilli and a raised intracellular
potassium concentration (Cremashi et al 1984) have also been noted during
the initial phase of enterocyte development at the villus base. In addition,
measurement of the potential difference across the duodenal brush border
membrane of intact epithelium have revealed higher values of villus
compared to crypt enterocytes (Stewart and Turnberg 1989) and this may be
relevant to the autoradiographic data in the context of the reported
dependence of brush border iron uptake on the magnitude of the

transmembrane potential difference (Raja et al 1989).

In contrast, to the adult duodenum, all ileal enterocytes demonstrate iron
uptake as do the neonatal duodenal and ileal cells. This indicates that both
the adult and neonatal ileal enterocytes have a similar maturity in terms of

the expression of brush border iron uptake.

In this context it is interesting that studies in the rat have reported that unlike

the upper small intestine, ileal villi do not display a crypt-villus gradient of

brush border potential difference (Stewart and Turnberg 1987, 1989).
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4.5 CoONCLUSIONS

Results from these autoradiographic experiments do not permit conclusions
regarding the amount of iron transported, per unit length across the brush
border of the small intestine. Although villus height and enterocyte column
size are similar in adult and neonatal duodenum (Debnam et al 1991)
indicating a similar anatomical absorptive surface, these measurements are
considered to be a poor index of the total number of cells making up the
epithelium (Clarke 1974) particularly in the context of developmental change

in villus shape as seen in this and other studies (Cummins et al 1989).

However what is clear in this present study is that ileal brush border in both
neonate and adult guinea pig is capable of iron uptake despite the fact that
the duodenum in the adult is reported to be the principal site of iron

absorption (Duthie 1964; Johnson et al 1983; Wheby et al 1964).
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5.0 REGIONAL LOCALISATION OF IRON ABSORPTION BY THE
GUINEA PIG SMALL INTESTINE DURING ONTOGENY
5.1 INTRODUCTION
It is generally accepted that the duodenum is the principal site of iron
absorption and that absorption diminishes progressively throughout the
jejunum and ileum (Duthie 1964; Johnson et al 1983; Wheby et al 1964).
Wheby et al (1964) observed that mucosal iron transfer was restricted to the
proximal small intestine whilst the rate of iron transfer to the carcass was the
limiting factor to overall iron absorption. Whilst the regulatory mechanism
controlling the amount of iron transferred remains to be defined it is known
that in the neonate iron absorption is inappropriately high compared to the
adult (Ezekiel 1967, Srai et al 1988). Studies on the changes in the regional
localisation of iron absorption during development are limited. Differences in
regional iron absorption in the small intestine between adult and neonate
may be one explanation for the high iron absorption observed in the
neonate. In these experiments the regional localisation of iron transfer

during ontogeny in the guinea pig has been investigated.

5.2 MATERIALS AND METHODS
5.2.1 Regional localisation of iron transfer to blood
Cannulated segments (15-20 cm long) of either duodenum/upper jejunum or

ileum of anaesthetized animals were washed through with warm saline (154
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mM) and flushed with air in order to clear the lumen of fluid. Measured
volumes (2-3 ml adult, 0.5-1.5 ml neonate) of uptake buffer (pH 7.4, 30°C)
containing (in mM), NaCl 125, N-2 hydroxymethylpiperazine -N-2 ethane
sulphuric acid (HEPES) 16, glucose 10, KCI 3.5, Cal, 1, MgSO, 10 and
Fe?* - ascorbate (200:4000 pM, specific activity 60uCi/umole) were
introduced into the lumen avoiding distension of the intestine or leakage of
the radioactive solution into the abdominal cavity. The segment was tied off
at either end and the abdominal cavity closed. Animal body temperature
was maintained at 37°C and additional anaesthetic administered as
necessary. After exactly 30 minutes, blood samples (2-5 ml) were removed
by cardiac puncture and the activity of radiolabelled iron in both blood and
uptake buffer determined by gamma-counting. Iron transfer from lumen to
blood was expressed as the percentage of luminal **Fe per 1 ml blood
following the 30 minute luminal exposure period. This time period (30
minutes) was chosen as the time when sufficient counts had been transfered

to the serum in order to minimise errors in counting.

5.3 REsuLTs

5.3.1 The appearance of absorbed **Fe in the blood

The rate of appearance of the **Fe in peripheral blood of the adult was
eleven-fold greater following duodenal, compared to ileal exposure to the
radiolabelled iron (p < 0.001) Figure 5.2. In contrast, in the neonate no such
regional difference was detected. The postnatal transition to the aduit

pattern of transfer was gradual and was complete at 16 days. Analysis of
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liver samples for radioactive iron content during these experiments showed
no measurable activity at the end of the 30 minute luminal exposure period.
The time course study shows that after 30 minutes transfer of iron is still
increasing and not saturated. However, a 30 minute incubation period was
chosen to minimise distress to the animal while ensuring sufficient

radioactivity had been transfered to the serum.



% luminal 59Fe ( x 102 )/ ml blood

time ( min)

Figure 5.1. Time dependence for the appearance of radiolabelled iron in
adult peripheral blood following exposure of the mucosa of tied-off loops
of duodenum in vivo to Fe-ascorbate (200 uM Fe).

At the different time intervals shown,2 ml of blood were taken from the
animal by cardiac puncture and counted for radioactivity using a gamma
counter. Results are shown as the % of the original Fe activity per ml of
blood at each point . Values are means + SD (n=4) .
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5.4 DiscussION

It has been shown that up to 2-22 weeks of age rats absorb virtually all of
the iron following an oral dose (Loh and Kaldor, 1971). Furthermore, iron
absorption during this development phase, unlike that in mature animals, is
not inhibited, body iron loading sufficient to promote substantial increases in
hepatic ferritin stores (Linder and Munro 1973). Thus, homeostatic control of
iron metabolism in the gastrointestinal tract is either poorly developed or
absent at birth (Mills and Davies 1979). Data in this present study indicates
that the ileum in the neonatal guinea pig plays an equally important role as
the duodenum and this alteration in the localisation of iron absorption could
be one of the factors responsible for the high iron absorption observed in
other neonatal species, including man (Gorten et al 1963; Joseph 1959;

Shultz and Smith 1958).

Ezekiel (1967) observed that treatment with cortisone significantly diminished
iron absorption in neonatal rat. This drug accelerates the development of
certain intestinal mucosal enzymes (Doeil and Krechmer 1964; Moog 1966),
the deepening of the mucosal crypts (Herbst and Sunshine 1969) and the
disappearance of pinocytosis (Clark 1959). This latter observation has led to
the suggestion that pinocytosis may play an important role in iron absorption
at this stage of development (Mills and Davies 1979). However in a
previous study (Gallagher et al 1973) cortisone was found to have no effect

on iron absorption in neonatal rat.



Data in this present study shows a gradual increase in duodenum : ileal ratio
which after 16 days reached the adult mode. In the guinea pig, solid food
may be consumed very soon after birth and there is a gradual decline in
breast feeding from around the 8th day of postnatal life reaching completion
at around 2 weeks (Weaver et al 1988). This process is accompanied by
gradual changes in epithelial morphology and cytokinetics and in mucosal
disaccharidase activities (Koldovsky 1966; Wall and Bailey 1985; Weaver
and Carrick 1989). It is possible that these changes may be associated with

transition of iron absorption in ileum to the aduit.

Absorption of iron by the ileum in neonates is probably a necessary device
by which the neonate can achieve the high demand for iron for rapid body
growth despite the inadequate amount of iron in maternal milk (Ezekiel
1967). In this context it is worth noting that for the neonatal rat, despite a
high concentration of iron in the maternal milk, iron stores in the suckling

animal become depleted.

It is interesting that active transport of calcium and of 3-0-methyl glucose is
detected in all regions of the rat small intestine during the first 2 weeks of
life. By the end of the 4th week this transport process is present largely in
the proximal intestine (Batt and Schachter 1969). It is generally agreed that
absorption of calcium during suckling in the rat occurs by a non-saturable
process that is independent of vitamin D (Henning 1987). However by the

end of the weaning period the mechanism of absorption is similar to that of
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the adult (Dostal and Toverud 1984; Ghishan et al 1984; Henning 1987) that

is, an active saturable process which is dependent on vitamin D.

Strontium and magnesium have been shown to be absorbed in the colon

during maturation (Meneeley et al 1982) but not in adult.

Strontium and lead have been shown to have a similar absorption curve to
iron (Forbes and Reina 1972). It was therefore suggested that the
maturation process is not element specific. Although the high absorptive
capacity for nutritional metals during suckling may be important in ensuring
adequate amounts of metals during development, it may also put the
neonate at risk from other toxic metals which include lead, cadmium,
mercury, barium (Buts et al 1983; Taylor et al 1962). It has been proposed
that lead may share the same absorptive site as iron in the neonatal animal
(Henning 1987). The human infant has been shown to absorb a much
greater proportion of lead than the adult (Ziegler et al 1978). Therefore a
mechanism is evidently acquired during growth which the adult uses to avoid
undue accumulation of certain elements which are present in the diet. Itis
likely that regional differences in the adult are genetically determined but
may be modified by environmental factors. Since genetic
haemochromatosis, a disease associated with an inappropriately high iron
absorption leading to body iron overload, it would be interesting to compare

ileal iron absorption in this disease with that of the normal adult.
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This present study indicates the important role of the ileum for the
absorption of iron in the neonate and this may be one of the factors
responsible for enhanced absorption of this metal at this developmental
stage. It is also evident that other factors may also be involved since
duodenal absorption of iron is greater in the neonate than the adult (Srai et

al 1988).

It is well established that a gradient of iron absorption occurs along the
length of the small intestine. Duthie (1964) observed a gradient of iron
absorption in dog small intestine with the duodenum as the main site of
absorption. Despite an increased absorption in iron deficiency, Duthie

(1964) found that this condition did not alter the gradient of absorption.

In other studies (Johnson et al 1983) noted a uniform mucosal uptake of iron
along the length of the rat small intestine whereas absorption of iron into the
carcass displayed a steep decreasing gradient from the duodenum to the
ileum. It was further demonstrated (Shumann et al 1990) that in normal
animals, iron uptake by duodenum was some three times higher than the

jejunum and decreased in the ileum to half the jejunal value.

The data in this present study support the notion that the proximal
duodenum is the main site of iron absorption in the adult. It is of interest
however that the ileum in the neonatal animal is of equal importance to the

duodenum. The transition to the adult was due to a progressive decrease in
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absorption in the ileum during ontogeny rather than a consequence of
increase duodenal transfer. The time course of the change in duodenal:
ileal ratio was similar to that noted previously for enhanced whole body iron
absorption during ontogeny (Srai et al 1988) indicating that this previous
observation may be due to regional changes in iron transfer into the carcass.
A previous study of copper uptake in neonatal rats (Mistilis and Mearick
1969) revealed regional changes with maturation similar to this present work
using iron. In addition it was noted that cortisone given to suckling rats
caused a marked reduction in copper uptake in the ileum and prematurely

induced a pattern of copper balance similar to that found in the adult.

Gallagher et al (1973) reported that although the rate of iron uptake by ileal
mucosa in the neonatal rat was greater than the adult, the amount of iron
transfer across the ileum to the blood circulation was insignificant. They
also observed that prior treatment with cortisone did not influence iron
transport. However their study was based on indirect evidence since their
procedure consisted of assessing the amount of residual radioactive iron in
the gut wall after the administration of radiolabelled iron solution into the

stomach.

5.5 CoNcLUSION

This present study has shown that the ileum of the neonatal guinea pig is of
equal importance to the duodenum in the process of iron transport from
lumen to blood. This may be relevant to the enhanced whole body iron
absorption observed in neonatal animals.
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6.0 [IRON UPTAKE AND BINDING ACROSS THE BRUSH BORDER
MEMBRANE DURING ONTOGENY
6.1 INTRODUCTION
Enhanced intestinal iron absorption observed in the neonate may reflect
brush border membrane adaptation since compartmental analysis of iron
absorptién in beagle dogs has suggested that the rate limiting step is the
uptake of iron from the gut lumen (Nathanson et al 1984; Nathanson et al
1985). The interaction of iron with the intestinal mucosal membrane is best
examined by using isolated brush border membrane vesicles which is a
relatively simple procedure and free from interference from intracellular
factors (Kimmich 1970; Muir et al 1984). Studies on the role of the brush
border membrane in the intestinal absorption of iron have, however, given
conflicting information. The work of Cox and O'Donnell (1980, 1981) on Fe*
binding by rabbit brush border membrane from normal and iron deficient
animals implicated a specific glycoprotein receptor which is involved in
regulation of iron absorption. In contrast, in a similar study by Marx and
Aisen (1981), binding was not observed and it was concluded that the brush
border membrane played a passive role in the Fe** absorption. In general
however, most studies agree that iron movement across the brush border
membrane is carrier-mediated (Cox and Peters 1979; Eastham et al 1977;

Stremmel et al 1987) and that the uptake mechanism for Fe** and Fe?* are

markedly different (Simpson et al 1984; Stremmel et al 1987). Although
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most studies have described uptake of iron by brush border membrane
vesicles prepared from duodenum of adult animals, studies using neonatal

animals and ileal tissue have been limited.

In this present study, iron accumulation by brush border membrane vesicles
prepared from mucosa of both adult and neonatal guinea pig duodenum and
ileum has been measured. Further studies of iron binding have enabled the
role of the brush border membrane to be assessed in the early postnatal

development.

6.2 MATERIALS AND METHODS

6.2.1 Brush border membrane vesicles

Vesicles were prepared from mucosal scrapings of duodenum, jejunum or
ileum (upper or lower 20 cm of small intestine respectively) using the
methods of Kessler et al (1978). In brief, the mucosa was suspended (28
ml/g tissue) in mannitol (50 mM): Hepes (2 mM) (pH 7.1) and homogenised
at full speed for 2 minutes using a Waring blender. Solid MgCl, was added
to achieve a final concentration of 10 mM and the mixture was left to stand
for 20 minutes. After centrifuging for 10 minutes at 3000 g, the pellet was
discarded and the supernatant centrifuged at 27,000 for 30 minutes. The
vesicles were resuspended in 20 ml of solution B containing (in mM)
mannitol 100, NaCl 100, MgSO, 0.1, Hepes 20, (pH 7.4) by passing 3-5
times through a 21 g needle. This suspension was centrifuged for 15

minutes at 6,000 g and the supernatant recentifuged at 27,000 g for a
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further 30 minutes. The brush border pellet was resuspended in solution B
to achieve a protein concentration of approximately 56 mg/ml. All steps were
carried out at-ice temperature and all buffers used were filtered (Millipore
0.45 um) before use. Protein concentration and alkaline phosphatase
activity in the mucosal homogenate and final vesicle concentration were
determined (Bradford, 1976; Forstner et al 1968) in order to calculate an

enrichment value for the enzyme in the membrane preparation.

6.2.2 JIron solution

The Fe?* ascorbate complex used to assess ferrous uptake and binding was
prepared by mixing solutions of **FeCl, and sodium ascorbate such that the
molar ratio was 1:20. Aliquots of this mixture were added to solution A (16

mM HEPES, 125 mM NaCl, 3.5 mM KCI, 1 mM Cal,, 10 mM MgSO, and 10

mM glucose, pH 7.4), to achieve the required iron concentration.

Measurement of Fe** uptake used on iron nitriloacetate (NTA) complex
prepared with a molar excess of NTA (Bates et al 1967) and **FeCl,. This

was added to Solution A for the desired concentration of iron.

6.2.3 Uptake

For the measurement of iron uptake vesicle suspension (1:10 ratio) was
added to varying concentrations of Fe-ascorbate or Fe-Nitriloacetic acid (0.4-
11.4 yM, final concentration) in uptake buffer A. After incubation for 1-2

minutes at 37°C, the process was stopped using vacuum filtration through
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Millipore filters (0.22 um) followed by two 5 mi washes with ice cold NaCl
(154 mM) containing a ten-fold excess of cold iron. Radioactivity of the
filters was measured using an Ultragamma counter (Model 1280, LKB, UK).

Vesicle uptake was calculated as pmoles/mg protein/minute.

6.2.4 Binding studies

Binding of Fe?* was initiated by adding brush border vesicles (1:10 ratio) to
varying concentrations of Fe?*-ascorbate (maximum 264 pM Fe?') in
incubation buffer (16 mM Hepes, 125 mM NaCl, 3.5 mM KCI, 1 mM Cal,, 10
mM MgSO, and 10 mM glucose, pH 7.4). After 5 hours at ice temperature
the reaction was terminated using vacuum filtration through Millipore filters
(0.22 um) followed by two 5 ml washes with ice cold NaCl (150 mM)
containing a 10-fold excess of iron. Radioactivity of the filters was measured

by gamma-counting.

In parallel experiments, non-specific binding was determined by adding a 20-

fold excess of cold iron to the incubation medium.

The dissociation constant (Kd) and binding capacity for specific binding was

obtained by Scatchard analysis.

6.2.5 Duodenal iron binding protein
Duodenal brush border membrane vesicles prepared as in section 6.2 (20

mg, 4 ml) were incubated for 30 min at 37°C with **Fe** (100 uM, 30
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HCi/uM) in 20 fold excess ascorbate in solution A. The membrane
suspension was dialysed overnight against NaHCO, (5 mM, pH 7.0) and
solubilised with Triton x-100 (1%) for 2 hours. Triton solubilised brush
border membrane suspension was centrifuged for 1 hour at 100,000 g at
4°C and the resulting supernatant (solubilised membrane proteins) was
separated from the pellet and applied to a SM2 Biobeads column (BIORAD)
in order to remove excess detergent. The eluent was pooled and a 5 ml
sample was chromatographed on sepharose CL-6B equilibrated with
NaHCO, (5 mM) pH 7.0. Elution was performed at 4°C at a flow rate of 30
mi/hour. Fractions of 4.5 ml were collected and their radioactivity was
determined by gamma counting. Resolved radioactive peaks were
concentrated to 0.6 mg protein/mi, subjected to sodium deodecyl
sulphate/polyacrylamide gel electrophoresis (SDS-PAGE) and stained for
protein using a Coomassie blue method. The gel was either dried
immediately or incubated with **Fe-ascorbate solution (100-2000 pM,
30uCi/uM) and exposed to x-ray film (Kodak) for 2 weeks at -70°C. The
developed film was inspected for radioactivity associated with protein bands

on the gel and the molecular weight of appropriate bands was estimated.

6.2.6 Alkaline phosphatase assay

Alkaline phosphatase was determined as previously described by Forstner et
al (1967) using p-nitrophenyl phosphate as substrate. The assay system
consisted of 0.5 ml of glycine buffer (50 mM glycine, 5 mM MgCl, and 1 mM

ZnCl,) pH 9.2, 15 mM substrate and 0.1 ml of enzyme. Enzyme and
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substrate were incubated for 15 minutes at 37°C. The reaction was
terminated by the addition of 2.5 ml of 0.02 M NaOH. Free p-nitrophenol

was determined spectrophotometrically at 400 nm.

For the blank, the enzyme was replaced by 0.1 mil of 0.1 M Mannitol buffer.
A standard curve was constructed by plotting appropriate concentrations of

p-nitrophenol against absorbance.

6.3 RESULTS

6.3.1 Purity of brush border membrane

Yield and purification of the brush border membrane were routinely
assessed by the marker enzyme alkaline phosphatase (see table 6.1). In our
preparation the specific activity of alkaline phosphatase in the final
membranes from duodenum were increased 14-16 fold over the homogenate
of intestinal scrapings at a yield of 15-17%. The enrichment factor was
slightly lower in membrane preparations from the ileum (table 6.1).
Enrichment of 12 fold or more is considered to give a relatively pure
preparation of membranes (Srai et al 1988) and was taken to be suitable for
uptake studies (Muir el al 1984 Eastham et al 1977). From 1g of mucosal

scrapings we obtained an average of 1.2mg of brush border vesicle protein.

6.3.2 Functional integrity of membranes

Functional integrity of vesicles was confirmed by the observation of an
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overshoot in measurements of Na* dependent D-glucose uptake with peak
values of 4-7 times the equilibrium. This result is similar to other studies

with brush border membrane (Muir, Hopfer and King 1984).

6.3.3 Uptake studies

The uptake of Fe-ascorbate by brush border vesicles was time and
concentration dependent (Figs 6.1, 6.2 and 6.4). Although Fe® uptake by
ileal vesicles did not saturate over the same concentration range (figure 6.4)
values for Fe** and Fe®* uptake by duodenal vesicles of neonate and adult
were similar. lron uptake by vesicles prepared from neonatal ileum was
consistently higher than that seen using adult ileal brush border membrane
but statistical significance was not evident at the higher end of the

concentration range.

6.3.4 Binding studies

Binding capacity of Fe** was similar for both adult and neonatal brush border
membrane vesicles (table 6.1). Although the dissociation constant for Fe?*
binding to brush border membrane vesicles prepared from neonate appeared
to be greater than that of adult, no statistically significant difference was

found.

6.3.5 Duodenal iron binding protein in adult

Following incubation of duodenal vesicles with radioactive iron, and

110



subsequent SDS-PAGE, autoradiography of the gel shows a protein
corresponding up as a single band to be responsible for iron binding (figure
6.7A and B). Comparison with standard marker revealed the molecular

weight of this protein to be approximately 200 kD.
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Purification fold % yield

Adult duodenum 15.48 ¢ 2.63 15.16 t 3.08
Adult ileum 12.57 = 1.10 13.27 ¥ 1.27
Neonate duodenum 1427 ¥ 1.03 17.54 ¥ 527
Neonate ileum 13.40 ¥ 1.59 12.27 ¥ 0.85

Table 6.1. Purification of brush border membrane as measured by
alkaline phosphatase activity.

Brush border membranes were prepared from either duodenal or ileal
adult and neonatal mucosa ,and were assayed for alkaline phosphatase
activity as described in the text. The activity of this marker enzymes of
the brush border membrane was compared to that of the original
homogenates. The purification folds and % recovery are calculated as
shown. Values are means+ SD ( n=3 ileum ; n=4 duodenum )
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Figure 6.1. Time dependence of iron uptake by adult brush border
membrane vesicles prepared from adult ileal mucosa.

Uptake was performed at 37 © C at a concentration of 6.1 M. At the
various time intervals shown,50 pl of samples (in duplicate) were
removed from the reaction mixture and and process as described in the
text (6.2.3) Values are means + S.EM (n=3).
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Figure 6.2. Concentration dependence of Fe uptake by brush
border membrane vesicles prepared from adult and neonatal
guinea pig duodenal mucosa.

Uptake was measured as a function of i 1ncreas1ng iron in the
external solution (0.4-3 um) at 37 °C. After 1 minute
incubation,50 pl samples (duplicate) were removed from
incubation mixture and the reaction terminated as described in
the text (6.2.3) and the results are expressed as the mean *
S.E.M. of 5-6 vesicle preparations.
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Figure 6.3. Concentration dependence of Fe uptake by brush
border membrane vesicles prepared from adult and neonatal
guinea pig duodenal mucosa .

Uptake was measured as a function of increasing iron in the
external solution (0.4-5 um) at 37°C. After 1 minute
incubation,50 pl of samples (duplicate) were removed from
the reaction mixture and the reaction was terminated as
described in the text (6.2.3) and the results are expressed as
the mean * S.E.M. of 5-6 vesicle preparations.
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Figure 6.4. Concentration dependence of Fe uptake by
brush border membrane vesicles prepared from adult and
neonatal guinea pig ileal mucosa .

Uptake was measured as a function of i 1ncreasmg iron in the
external solution (0.4-11.4 pm) at 37 °C. After 2 minutes
incubation,50 pl of samples (duplicate) were removed from
incubation mixture and the reaction terminated as described in
the text (6 2.3) and the results are expressed as the mean *
S.E.M. of 3%5-6 vesicle preparations.
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Fig 6.5. Binding of radiolabelled Fe to duodenal brush border
membrane vesicles.

50 pl of brush border membrane vesicles (2.8 mg/mi)
prepared from adult mucosa was incubated with Fe-ascorbate
( 264 uM Fe ) at the various time intervals shown . A
saturation equilibrium curve is obtained after 4 hours of
incubation .
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Figure 6.6. Binding of Fe2+ to duodenal brush border membrane
proteins as a function of iron concentration.

In A,50 pl brush border membrane protein (2.8 mg/ml) were incubated
with increasing concentrations of labelled iron for 5 hours at 4 OC.
Duplicate aliquots of samples from reaction mixture (50 pl\aliquot) were
passed through millipore filters (0.22 um) by rapid vacuum filtration.
Filters were washed (2 x 5 ml with 0.9% saline) and counted for
radioactivity in gamma counter. B. Scatchard analysis of the data shown
in A showing high affinity component after subtracting non-specific
binding.
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ADULT NEONATE P VALUE

Kd 9.11+1.97(6) | 4.81+1.33(6) 0.053
(x105)M"*

Binding
Capacity 2.8 + 0.41 (6) 1.5 + 0.17 (6) 0.114
(x10°)mole/
mg protein

Table 6.2: Kinetic parameters for high affinity (specific) binding of Fe** to
adult and neonatal BBM vesicles.

Binding experiments were performed as in Fig. 6.6 and the results shown

are the mean values + SE for 6 preparations analysed as a group using the
LIGAND computer programme.
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Figure 6.7. 7 Fe profile of solubilized duodenal brush

border membrane proteins fractionated on Sepharose C1-6B

5 ml of solubilised brush border membrane supernatant
(100,000 x g ) was applied to a column of sepharose C1-6B
(105 cmx 2.5 cm ). Fractions of 4.5 ml were collected and
counted for radioactivity in gamma counter.
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6.4 DiscussioN

Iron uptake by duodenal brush border membrane vesicles showed saturation
kinetics indicative of a carrier-mediated process. Values obtained for ileal
brush border indicated more complicated kinetics which precluded a

comparison of kinetic constants in the two regions.

The duodenum is recognised to be the main site of iron transfer from lumen
to blood (Duthie 1964; Johnson et al 1983; Wheby et al 1964). Itis
therefore interesting that brush border uptake expressed per mg protein
were higher in vesicles prepared from lower, compared with the upper region
of the intestine in both the adult and neonatal animal. Interestingly, in a
study using vesicles prepared from mouse intestinal mucosa, uptake of Fe**
by brush border membrane vesicles prepared from mouse distal ileum was
found to be higher than that observed with duodenal brush border

membrane vesicles (Simpson et al 1984).

These data suggest that although the ileum is capable of substantial iron
uptake from the lumen, it is the capacity to transfer iron into the blood that is

lacking.

Both in vivo and in vitro studies have demonstrated that hypoxia enhances
the rate of iron absorption (Hathorn 1971). Simpson et al (1985) observed
that hypoxia enhanced iron uptake by brush border membrane from mouse

duodenum but not in vesicles prepared from distal ileum. In addition iron
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uptake by brush border membrane vesicles isolated from duodenum of iron
deficient mice, was also enhanced (Muir and Hopfer 1985). These studies
suggested that on specific adaptable transport mechanism for iron exists in
the duodenal brush border membrane implying that this membrane is
involved in the regulation of iron absorption. Data in this present study
however provide no evidence for the involvement of the brush border in the
enhvanced iron absorption measured in vivo in the neonate (Srai et al 1988)
or for the difference in the regional gradient of iron absorption observed

previously (Duthie 1964; Johnson et al 1983; Wheby et al 1964).

Enterocyte brush border membranes form right side out vesicles and are
therefore ideally suited for binding and transport studies (Kenny and Booth

1978).

The results of earlier studies on iron absorption involving brush border
membrane are conflicting. In some earlier studies binding, as opposed to
transport, were reported (Greenberger et al 1969; Huebers et al 1971;
Kimber et al 1973; Savin and Cook 1978). Previous workers have reported
similarities in the handling of certain transition metal ions in the intestinal
pathway for absorption (Forth and Rummel 1973). O'Donnell and Cox
(1982) presented evidence for the presence of high affinity iron binding sites
in the microvillus membrane prepared from rabbit duodenum. They
observed that the binding activity of **Fe was strongly inhibited by the

addition of unlabelled iron. But addition of V** and CO* had only a weak
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inhibitory effect on **Fe binding activity. Sites for Fe?* were shown to be
reduced in brush border vesicles prepared from the rabbit ileum compared to

the duodenum (Cox and O'Donnell 1981).

Huebers et al (1971) also demonstrated high affinity binding sites in rat
jejunal brush borders. They showed that **Fe bound to brush border
membrane vesicles, unlike cobalt which could not be removed by repeated
washing. An observation which was not made in preparation of ileal

membrane.

However, in most of these early studies EDTA was employed and chelating
agents which help to maintain iron in a soluble form were not used. Support
for facilitated diffusion of iron has been gathered from several studies.
Eastham et al (1977) presented data indicating that uptake of iron at low
concentration was by facilitated diffusion. A role for thiol groups was
indicated in their study by the observation that this uptake could be blocked
by N-ethylmaleimide. With higher concentrations of iron they found that
uptake was no longer blocked by N-ethylmaleimide, suggesting that a

passive process such as simple diffusion becomes in operation.

Stremmel et al (1987) demonstrated carrier mediated transport of **Fe in
studies using brush border vesicles isolated from rat duodenum. Using
affinity chromatography as well as photoaffinity probe technique for detecting

iron binding protein, they found that the brush border membrane contained
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a single protein with high affinity for ferrous and ferric ions. In this isolated
form, the protein was found to have a molecular weight of 52,000 daltons
with no immunologic cross-reacting to either transferrin or ferritin. However
preliminary data in this present study using solubilised duodenal brush
border membrane from adult duodenum showed a high molecular weight
protein which has a high affinity for iron. SDS gel electrophoresis reveals
that this protein has a molecular weight of approximately 200,000 daltons. It
is still associated with radioactive iron even after electrophoresis suggesting
a strong binding. In order for a protein to act as a transporter across a
membrane, it needs to bind as well as release the ligand that it is
transporting. The strong binding of iron by this 200 kD protein, shown in this
study would be against such a role. However in the brush border membrane
it might be interacting with other factors which allows it to release iron under
other physiological conditions encountered. Further studies on this protein

and its role in iron transport merit further investigation.

The involvement of a protein in the iron uptake process across the brush
border membrane has long been suggested. A previous study by O'Donnell
and Cox (1982) presented evidence of a protein of approximately 100,000
daltons in rabbit microvillus membrane which was released from the

membrane in micellar solutions of Triton x-100.

In some earlier studies it was suggested that iron absorption was dependent

on oxidative phosphorylation (Jacobs et al 1966; Manis and Schachter
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1963). However since these experiments were performed using intact cells,
it is possible that some intracellular pathway of iron is dependent on this
system rather than the membrane transport of iron. Greenberger et al
(1969) and Kimber et al (1973) found no evidence for oxygen or glucose

dependence of iron uptake by isolated brush border membrane.

Binding studies in this present work further support the conclusion of uptake
data in that it is unlikely that changes at the level of the brush border

membrane are responsible for enhanced iron uptake in the neonatal guinea

pig.

Studies of Fe* transport by isolated brush border membrane vesicles have
been more limited than Fe?*. Marx and Aisen (1981) demonstrated binding
of Fe* to isolated rabbit microvillus vesicles and not transport. Increasing
osmolarity showed no effect on the amount of iron associated with the
vesicles was noted. In other studies Simpson et al (1989) using brush
border membrane vesicles prepared from mice duodenum, demonstrated
Fe* uptake, provided sufficient amounts of free Fe** were present in the

medium.

Stremmel, using rat duodenum, also demonstrated carrier mediated uptake

of Fe* by brush border membrane vesicles.

The results of the initial vesicle studies were conflicting and may have been
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as a result of the inability to determine and maintain the desired species of
iron in solution. Marx and Aisen (1981) demonstrated that in order to
minimise the formation of ferric hydroxide complexes at increasing pH, a
1000 fold molar excess of citrate to Fe lll is required to minimise the free
iron in the solution as well as to prevent hydrolysis (Aisen et al 1978).
Similarly, to prevent oxidation of ascorbic acid, at least a 20 fold molar
excess of L-ascorbic acid is required. Ascorbic acid is added at low pH so
that complexes of the Fe?* can form before the pH is adjusted to a more

physiological range (Khan and Martell 1967).

In this study special care was taken to keep the required forms of iron in
solution. A stop/wash solution of 0.1 mM FeCl, was employed in uptake
studies in order to eliminate non-specific binding of *Fe to the outer surface

of the brush border membrane vesicles.

In this study the purity of the brush border membrane was assessed by
measuring alkaline phosphatase enrichment compared with mucosal
scraping homogenates. Although other brush border membrane marker
enzymes were not employed in this study, the methods used for purification
have been well characterised in our laboratory using electron microscopy
and other marker enzymes. A mean alkaline phosphatase purification of 14-
15 fold (compared with the whole homogenates) was obtained in the purified
brush border membranes from duodenal mucosa and slightly lower from ileal

mucosa. These results compare favourably with the 11 fold purification
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obtained in the only other study in the guinea pig (HUbsch et al 1965) and

13.6 fold purification reported in the hamster (Miller and Crane 1961).

In this present study, functional integrity of the vesicles was tested by the
measurement of glucose transport competence in the presence of a
transmembrane electrochemical gradient for sodium. When the vesicles
were incubated with *H-glucose a typical overshoot was observed. This
phenomenon was not observed when phloridzin, an inhibitor of active

glucose transport, was present in the incubation buffer.

6.5 ConcLusION
Data of uptake and binding studies have shown that changes at the brush
border membrane during ontogeny are unlikely alone to account for the

enhance iron absorption observed in neonatal animals.
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7.0 PROFILE AND CHARACTERISATION OF IRON BINDING
PROTEINS IN THE CYTOSOL OF ENTEROCYTES DURING
ONTOGENY

7.1  INTRODUCTION

The events responsible for the processing of iron within the enterocyte and

its transfer from brush border to basolateral membrane is unclear.

Previously it was suggested that either intracellular ferritin or transferrin was

a regulator of iron uptake from the intestinal lumen (Huebers et al 1983;

Granick 1946). Hahn et al (1943) postulated that iron absorption was

regulated by a mucosal receptor which blocked absorption when it became

saturated with iron. Ferritin was suggested to be the receptor since it could
be visualised in intestinal mucosal cells of iron replete animals but its

appearance was sparse in iron deficiency (Granick 1946; Hahn et al 1943).

Apoferritin was postulated to be present in iron deficient mucosa and this

encouraged increased iron absorption. Immunologic and biochemical

studies have yielded no evidence for this hypothesis since there is little
apoferritin in deficient animals and the presence of iron promotes production

of this protein.

7.2 MATERIALS AND METHODS
7.2.1 In Vivo iron absorption

Guinea pigs were anaesthetized with urethane (see section 2.1), and a
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cannulated segment of duodenum emptied of its contents by flushing with
0.9% sodium chloride containing dithiothreitol (0.5 mM). The segment was
then filled (without distension) with 200 pM **Fe/4000 puM ascorbate in
HEPES buffer (pH 7.1). After 30 minutes the segment was removed from
the animal and villus enterocytes isolated as described in section 2.2. The
cells were washed three times and a homogenate (1:1 w\v) was prepared in
50 mM Tris 100 mM NaCl buffer pH 7.4. The homogenate was centrifuged
at 100,000 g for 1 hour at 4°C. The soluble supernatant was separated from

the pellet and chromatographed immediately as described below.

7.2.2 Analysis of soluble supernatant by chromatography on
sepharose CL-6B

A 5 ml sample of soluble supernatant was applied to a column (2.5 cm x
105 cm) equilibrated at 4°C with 50 mM Tris 100 mM Nacl pH 7.4 buffer.
Elution was performed at 4°C using the same buffer by pump driven
downward flow. This permitted accurate collection of constant volume
fractions. Fractions of 4.5 ml were collected and radioactivity was measured

using an LKB gamma counter.

7.2.3 Characterisation of Radioactive (**Fe) peak 1 fractions of
enterocyte soluble supernatant separated by sepharose CL-6B
chromatography

Since fractions corresponding to radioactive peak 1 had the same elution

characteristics as that of ferritin on sepharose CL-6B, imunoprecipitation
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using a ferritin antibody was used to characterise Peak |. Briefly, the
fractions corresponding to Peak | (300 pL) were incubated overnight with
ferritin antibody on a rotary mixer at 4°C. Protein-A sepharose (80 pL) was
added and incubated for a further 30 minutes with constant mixing. The
samples were washed in buffer A (0.01 M Tris pH 7.4, 0.5% aprotinin, 1%
Nonindet P-40, 2 mM EDTA, 0.16 M NaCl) four times. Both pooled
supernatants and pellets were counted for radioactivity. The same
procedure was used for Peak |V. In parallel control experiments, sheep

serum was used instead of the ferritin antibody.

7.2.4 Western Blotting for ferritin

A sample of the 100,000 g supernatant (130 ug protein) was loaded on SDS
PAGE and electrophoresis carried out as described in section 2.4. The
protein was transferred to nitrocellulose membrane using a semi-dry
electroblotter (Biorad) for 90 minutes at constant current (1 mA/cm?®). The
nitrocellulose sheet was then blocked in PBS buffer containing 5% non-fat
dry skimmed milk for 1 hour. This was then incubated with rabbit anti horse
spleen ferritin (200:1 dilution) in PBS overnight. This was followed by
incubation with peroxidase conjugated donkey anti rabbit IgG for 2 hours.
After every step, the blot was washed four times with PBS. The reaction for

ferritin was then detected using the ECL method as described in section 2.9.

7.2.5 Characterisation of radiolabelled peak IV

Radioactive peak IV (**Fe) eluted from sepharose CL-6B was analysed by
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SDS-PAGE as described in section 2.4. The gel was stained for protein and
incubated in Hepes buffer pH 7.4 containing **Fe?* for two hours. The gel
was washed with several changes in 50 mM Tris/100 mM NaCl buffer pH
7.4, dried and exposed to x-ray film at -70°C for 1 week (see section 2.7 for

details of autoradiography).

7.2.6 Antibody to peak IV protein

The protein band which showed association with *°Fe in the above
experiment was cut-out from the SDS gel and was eluted from the gel using
a BIORAD electro-eluter. The eluted protein (200 pg) was mixed with
Freund's complete adjuvant and injected intramuscularly into a rabbit. After
a period of 4 weeks, a boost was given to the animal with the protein (100
Hg) in Freund's incomplete adjuvant. After a further 2 weeks, blood was
taken from the rabbit and serum was prepared. Western blotting was then

used to investigate the expression of this protein during ontogeny.

7.2.7 Partial purification of the low molecular weight iron binding
protein

Soluble supernatant from neonatal enterocytes was obtained as previously
described (section 2.2). The cytosol was passed down through an Amicon
membrane with molecular weight cut off of 30 K (Amicon, Gloucestershire,
UK) under nitrogen. The filtrate was collected and concentrated, using a
second membrane of molecular weight cut off of 10 K, to a final volume of 3

ml.
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The solution was dialysed for 24 hours using three changes of 2.5 mM
TRIS/S mM NaCl buffer (pH 7.4). The protein solution was loaded on a
DEAE sepharose 4B column previously equilibrated with 2.5 mM TRIS/S mM
NaCl buffer pH 7.4 and washed with the same buffer. The column was
further eluted in stepwise method using increasing ionic strength (range 5-
100 mM TRIS/10-200 mM NaCl). Proteins eluted were anlaysed by SDS-

PAGE.

7.3 RESULTS

7.3.1 Profiles of iron binding in enterocyte cytosol

Soluble supernatants obtained from guinea pig enterocytes were fractionated
by gel chromatography on sepharose CL-6B. The eluants resolved into four
radioactive peaks designated |, II, lll and IV in order of their elution (Fig 7.2).
These peaks had an apparent molecular weights of 450, 90, 25 and 12 kD
respectively. Peaks | and |V accounted for 95% of the eluted radioactivity.
At birth peak IV is the major **Fe binding peak comprising 70-80% (Fig 7.3)
of radioactive counts. However by day 28 peak | reaches the adult levels

comprising 30-40% of total radioactivity.

7.3.2 Immunoprecipitation for ferritin

Immunoprecipitation with antiferritin revealed that 79% of the radioactivity in
peak | was associated with ferritin (Fig 7.4). Parallel experiments with peak
IV eluant showed only 5-6% of radioactivity was associated with ferritin.

This was equivalent to the amount of radioactivity precipitated using sheep
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serum for both peaks | and IV.

7.3.3 Western blotting for ferritin

Ferritin levels in duodenal enterocytes were semi-quantified during
development (Fig 7.5). Ferritin subunit (at 21-22 kD MW) is low at birth.
However by day 19 a sharp increase was observed before reaching the
adult level. A similar pattern was observed when analysing liver ferritin
during development (Fig 7.6). It is interesting to note that in the liver, ferritin

levels are high before birth and low at birth.

7.3.4 SDS-PAGE of enterocytes soluble supernatant

SDS PAGE of soluble supernatant obtained from the developing Guinea pig
duodenal enterocytes is shown in figure 7.7. This gives a broad indication of
the changes in levels of proteins during development. Of interest to this
study is the changes in the level of low molecular weight proteins
(radioactive IV peak region). A consistent pattern which emerges from this
developmental profile of proteins is that low molecular weight proteins are
high at birth but decrease during development. Another interesting
observation to emerge from this gel is that in adult ileal, low molecular wt
proteins profile is different to that of the adult duodenal profile (site of iron

absorption).

7.3.5 Characterisation of peak IV

Radioactive peak IV obtained from gel chromatography on sepharose CL-6B
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when analysed by SDS page followed by ligand blotting and autoradiography
reveals a single radioactive band corresponding with a molecular wt of
approximately 10 kD (Fig 7.8). Antibody raised against this radioactive band
cut out of the gel and was used for Western blotting. This antibody
recognised a single protein of molecular wt =10 kD which was high at birth

and decreased rapidly after four days (Fig 7.9).

7.3.6 Partial purification of peak IV low molecular weight iron binding
proteins

The low molecular weight iron binding proteins of soluble supernatant when
purified by a combination of molecular wt cut off membrane and iron
exchange chromatography results in three bands on SDS PAGE. The peak
IV low molecular wt protein was not retained on DEAE- sepharose gel.

SDS-PAGE (Fig 7.10) showed it to be eluted with two other proteins.
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Figure 7.1: Absorption spectrum of enterocyte cytosol. Protein fractions
eluted from sepharose CL-6B column. 5-8mi of soluble supernatant was
chromatographed on sepharose CL-6B as described in the text. The protein
elution profile was monitored at 280nm using a UV monitor.
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