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ABSTRACT

Iron deficiency anaemia is found in approximately 30% of the worlds population and is
particularly prevalent in developing countries. The majority of these deficiencies are
due to insufficient absorption of iron from the diet. Iron is absorbed primarily by the
proximal small intestine, however, there is evidence for a gradient of absorption along
the full length of the small intestine. In 1951 Ussing and Zerahn developed a bicameral
method for studying iron transport by in vitro epithelia. This method has been used

previously to investigate iron transport mechanisms in the proximal small intestine.

In the present study Ussing chambers were used to investigate iron absorption by the
full length of the mouse small intestine. Consistently high levels of iron were removed
from the mucosal compartment by all regions of the small intestine. This iron removal
was due to the physiological actions of the tissue and was not caused by iron adhering
to the interior of the Ussing chamber apparatus. There was no change in iron uptake

when large intestine or caecum was used in place of small intestine.

Ferrous gluconate was chosen as the reference test chemical as it is a readily
bioavailable form of iron which has been used previously to investigate iron absorption
with the Ussing chamber model. There was a consistently high level of iron uptake
when 27.9 mg/L or 9.3 mg/LL was added to the mucosal compartment, with no

significant differences between results for either concentration.

When 9.15 mg/L manganese sulphate was combined with 9.3 mg/L ferrous gluconate in
the mucosal compartment, iron removal was significantly lower in the proximal than the
mid - small intestine. This was presumably due to competition between the iron

and the manganese for transport by the DCT1 protein.

When 200 mg/L calcium chloride and 9.3 mg/L ferrous gluconate were added to the
mucosal compartment, there was no significant difference to results compared to ferrous

gluconate alone.

The addition of glucose to the intestinal lumen has been shown previously to increase

the passive transport of solutes across the intestinal mucosa. However, in the present



experiments when glucose was added to the mucosal Ringer’s solution in place of
mannitol there was a significant decrease in iron removed from the mucosal

compartment by all intestinal regions.

There was evidence that the gluconate portion of ferrous gluconate increased iron
absorption in the distal small intestine. This was supported by a significant decrease in
iron uptake by the distal small intestine when ferrous sulphate was used in place of

ferrous gluconate.

Ferric chloride was unsuitable for use in this system as it precipitated out of the

Ringer’s solution.

Histological examination of jejunal samples after a typical Ussing chamber experiment

found there was no damage to the tissue and the epithelial layer remained intact.

There were significant levels of iron found in both the intestinal tissue and secreted
mucus for all intestinal segments. The binding of iron to secreted mucus appears to
involve a significant proportion of iron and should be measured in all future Ussing

chamber studies.
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ERRATA

»”

p ii line 6 .. iron ...” should read: “... ion ...

p xii 5™ to last line .. micrograms ...” should read: ... milligrams ...”
p 3 line 9 .. Ussing Chamber ...” should read: “... Ussing chamber ...”
p 6 line 7 “... call I-like ...” should read: “... class I-like ...”

113

p 13 last line .. aeffective ...” should read: “... an effective ...”
p 30 Table 3.1 “... Weight (mM) ...” should read: “... Concentration (mM) ...”
p 30 line 12 “... began ...” should read: ... begun ...”

e

p 30 paragraph 3 line 1 *... was ...” should read: “... were ...”

p 31 paragraph 5 line 4 “... Figure 4.2 ...” should read: ... Figure 3.2 ...”

p 35 paragraph 3 line 3 “... (Table 4.2) ...” should read: “... (Table 3.2) ...”

p 36 line 2 “... Table 3.3 ...” should read: “... Table 3.2 ...”

p 42 paragraph 2 line 4 *... preformed ..."” should read: ... performed ...”

p 43 last line “... Figure 4.1 ...” should read: ... Figure 4.2 ...”

p 44 line 1 ¥, Figure 4.2 ...” shonld read: “... Figure 4.3 ...”

p 44 paragraph 2 line 3 . 'was no significant variation ...” should read: “... were no
significant differences ...”

p 44 paragraph 2 line 3 ... Figure 4.3 ...” should read: “... Figure 4.1 ...”

p 46 “... Figure 4.2 ...” should read: “... Figure 4.3 ...”

p 47 line 6 “... was no significant variation ...” should read: ... were no
significant differences ...”

13

p 48 last line .. was no significant variation ...” should read: “... were no

significant differences ...”



p 53 paragraph 3 line 1

p 56 line 1

p 57 line 2

p 58 Figure 4.11

p 61 paragraph 3 line 3
p 63 3™ to last line

p 63 penultimate line
p 64 penultimate line
p 64 last line

p 65 line 9

p 69 paragraph 2 line 1

p 73 paragraph 4 line 1
p 76 paragraph 2 line 6

p 76 paragraph 5 line 2

p 79 number 5

p 79 point 7

p 119 reference 6
p 121 line 1

p 124 reference

“... was no significant variation ...” should read: “... were no

significant differences ...”

B

... was also significant variation ...” should read: “... were
also significant differences ...”

“... was no significant variation ...” should read: “... were no
significant differences ...”

“... x200 ..” should read: “... x100...”

e

.. proir ...” should read: “... prior...”

.. added to ...” should read: *... present in ...”

13 ”

.. thesnon ...” should read: “... the ...

[

.. affects ...” should read: ... effects ...”

&

.. in Ussing ...” should read: “in an Ussing ...”

e

.. solutuion ...” should read: “solution ...”

-
"~

. was no significant variation ...” should read: *... were no
significant differences ...”

e

.. ere ...” should read: “... were ...”
“...rom ...” should read: “... from ...”

“... was no significant variation ...” should read: ... were no
significant differences ...”

... than absorbed ...” should read: “... than being absorbed ..."”
“... added the ...” should read: ... added to the ...”

.. Coning ...” should read “... Cloning ...”

“... 210(), 694-. ...”should read: “... 210, 694-700. ...”

“... Scricker ...” should read: “... Schricker ...”



CORRIGENDA

p ii paragraph 2, the final sentence should read:-
“There was no change in iron uptake when the small intestine was replaced with large

intestine or caecum.”

p 7-8, Section 2.4.1 should read:-

“As iron is not excreted as a waste product, physiological losses are small and iron
homeostasis is maintained by regulation of absorption from the diet (McCance and
Widdowson, 1938, cited in Hallberg, 2001). The purpose of the regulatory process is to
limit iron absorption to the amount needed to cover losses. Regulation of iron uptake is a
complex process whereby the iron status of the animal and iron content of the enterocytes
affect iron uptake (Conrad, Weintraub and Crosby, 1964; Bothwell et al., 1958). This

process 1s not yet fully understood.

The synthesis of a number of the proteins responsible for iron absorption is controlled by
iron regulatory proteins (IRPs). These bind to specific sections of mRNA called iron
response elements (IREs) when the body iron content is low (Eisenstein, 2000; Leibold
and Guo, 1992) causing the translation of mRNA to be either increased or decreased
depending on which protein is being synthesised (Eisenstein, 2000; Leibold and Guo,
1992). IREs are present in the mRNA of many proteins involved in the luminal uptake
(e.g. Divalent Cation Transporter 1 (DCTI1), see Section 2.4.4.2), intracellular storage
(e.g. ferritin, see Section 2.4.5) and serosal release (e.g. transferrin, see Section 2.4.6) of
iron (Eisenstein, 2000) indicating that these also play a role in the regulation of iron

absorption.”



p 18 end of first paragraph, add the following sentence:-
“Small amounts of endogenous iron are also excreted into the urine with values estimated

as being up to 0.3 mg/day (Beard et al., 1996).”

p 20 paragraph four, the first sentence should read:-
“Everted intestinal sacs are an in vitro method frequently used in the study of iron

absorption.”

p37 Table 3.2:-
“Final Concentration (mg/L)” should read: “Initial Test Chemical Concentration in the

Mucosal Ringers Solution (mg/L)”

p 39 third paragraph, the last sentence should read:-
“Before analysis all samples were collected and digested were necessary as described in
Sections 3.3.3 and 3.3.4, then diluted as necessary to ensure the iron concentration was

within this range.”

p 39 penultimate line:-

. removed from the chambers and immediately fixed ...” should read: “... removed

from the chambers, rinsed in 1% HNOj, and immediately fixed ...”

p 43 Table 3.1, the final sentence of the title should read:-
“All values are mean + se (number of intestinal segments) and are expressed per square

centimetre of tissue.”



p47 paragraph one, the last sentence should read:-

“Individual Student’s T tests showed that this was caused by the average percentage of
iron removed by the first intestinal segment being significantly (P<0.05) lower than the
average percentage removed by all other segments; there was no significant differences

between segments 2 to 8.”

p50 paragraph 1, the last sentence should read:
“These control experiments showed a significant (P=0.01) change in iron concentration
after the 90 minute experimental period which could not be accounted for by

measurement error (Table 4.6) .”

p 54 first paragraph, the final sentence should read:-
“Data for each test chemical were then grouped into three intestinal regions; proximal,

mid and distal; representing the duodenal, jejunal and ileal sections of the small intestine”

p 55 paragraph 3, the last sentence should read:-
*“This was within the range of iron removed from the mucosal solution by small intestinal
tissues, and was not significantly different to iron uptake averaged over all regions of the

small intestine.”

p56 paragraph four, the third sentence should read:-
“Although iron concentration tended to be higher in the proximal region of the small
intestine, a two way ANOVA showed no significant difference between the individual

intestinal segments (P=0.4).”



p 64 paragraph 7 should read:-
“3) There was no significant difference between the percentage iron removed when
starting concentrations of either 27.9 mg/L or 9.3 mg/L ferrous gluconate were present in

the mucosal Ringer’s solution.”

p 70 third paragraph, the second sentence should read:-

“This could explain why there was a decrease in iron concentration after the control
experiments containing both iron and calcium but no the tissue-mounted experiments
showed no significant difference between the percentage of iron absorbed with or without

calcium added to the mucosal Ringer’s solution.”

p 79 number 7:-

... was removed ...” should read ... may have been removed ...”

p80 number 11, the second sentence should read:-
“However, a qualitative difference in iron staining between tissue which had or had not
been exposed to iron in the mucosal Ringer’s solution could not be demonstrated with

Perl’s Prussian blue reaction.”

p 82, add the following paragraphs:-
“Where the mucosal Ringer’s samples were diluted to obtain iron concentrations within
the detection limits of the FAAS, the percentage iron removed from the mucosal Ringer's

solution was calculated as follows:

% removed = (start - (end*dil) | *100
start




start = concentration of iron in the mucosal solution at the start of the experimental period
end = concentration of iron measured in the mucosal solution at the end of the
experimental period

dil = dilution factor

The percentage iron removed from the mucosal solution for all other samples was

calculated as follows:

% removed =| start- end | *100
start

start = concentration of iron in the mucosal solution at the start of the experimental period

end = concentration of iron in the mucosal solution at the end of the experimental period”

p 124 reference 7 should read:-
“Schachter, D., Rosen, S. M. (1959). Active Transport of 4sCa by the Small Intestine and

its Dependence on Vitamin D. American Journal of Physiology, 196, 357- 362.”




1. INTRODUCTION

Iron deficiency is found in approximately 30% of the worlds population and is
particularly prevalent in developing countries (DeMaeyer and Adiel-Tegman, 1985).
The majority of these deficiencies occur when iron absorption from the diet is
insufficient to compensate for any physiological iron losses and fulfil the body’s

metabolic requirements for iron (Hallberg, 2001; Baynes and Bothwell, 1990).

As iron is not actively excreted from the body, iron homeostasis is maintained by the
regulation of iron absorption from the diet (McCance and Widdowson, 1937, cited in
Hallberg, 2001). However iron absorption is a complex process influenced by a number
of factors. For example, the iron status of the individual may affect iron uptake, with
anaemia increasing total iron absorption (Bothwell, Pirzio-Biroli and Finch, 1958). An
important factor influencing iron uptake is the bioavailability of iron in the diet. One
measurement of iron bioavailability is how readily the iron is absorbed by the small
intestine. This is influenced by both dietary constituents, which may interact with the
iron in the intestinal lumen, and the chemical forms of iron present (Wienk, Marx and
Beynen, 1999; Lynch, 1997). In order to prevent the development of iron deficiency it is
important to ensure adequate levels of bioavailable iron are present in the diet
(DeMaeyer and Adiel-Tegman, 1985). However iron bioavailability and uptake are
difficult to predict. Further understanding of the absorption process will aid this

prediction.

The majority of iron absorption occurs in the duodenum and many iron absorption
studies focus on this region (Rucker, Lonnerdal and Keen, 1994). However there is
evidence of iron absorption in the full length of the intestine, with a gradient of
absorption from high uptake in the duodenum to low uptake in the terminal ileum
(Chowrimootoo, Debnam, Srai and Epstein, 1992). Therefore investigation of

absorption in all regions is worthwhile.

In 1951, Ussing and Zerahn developed a method for studying nutrient transport using in
vitro tissues mounted in a bicameral chamber apparatus. This system has been modified
over time and has been used to successfully investigate iron transport in the proximal
small intestine (Costa, da Costa and de Sousa, 2000; Vaghefi, Nedjaoum, Guillochon,

Bureau, Arhan and Bougle, 2000; Vaghefi, Guillochon, Bureau, Neuvill, Jacob, Arhan
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and Bougle, 1998; Helbock and Saltman, 1967). It allows the investigation of specific
iron transport processes in different intestinal regions while retaining the physiological
processes present in the tissue. Therefore the Ussing chamber apparatus has been used
in the following experiments to investigate iron absorption along the full length of the

mouse small intestine.





