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and pancreatin-bile digestion, and the significance of the differences between the

means.

Table 2.13: Mean (+ SEM) concentrations of soluble and insoluble haem and non-haem
iron in meat (n=6) after cooking (Cook), after pepsin digestion (Pep) and after pepsin and
pancreatin-bile digestion (Panc).

Cook Pep Panc
Soluble haem (ug/g) 0.6 £0.2° 1.3+£0.3° 3.7+£0.2°
Insoluble haem (ug/q) 122+1.2° | 121+1.1° 5.0 £0.8°
Soluble non-haem (ug/g) 3.2+1.3° 5.4 £ 0.6° 14.0 £+ 0.6°
Insoluble non-haem (ug/g) | 9.9+ 0.9° 7.1+0.7° 4.4+0.4°

Within each row, means do not differ significantly (p>0.05) if they have a common letter
beside them.

Pepsin digestion significantly (p<0.01) decreased the concentration of insoluble
non-haem iron and also increased the concentrations of soluble non-haem and

soluble haem iron, but these changes were not significant (p>0.05).

Compared to pepsin digestion, pancreatin-bile digestion significantly (p<0.01)
increased soluble haem iron and decreased (p<0.001) insoluble haem iron
concentrations in meat. There was also a significant (p<0.001) increase in soluble
non-haem iron, which was greater than the decrease in the concentration of
insoluble non-haem iron (Table 2.13). This coincided with an overall significant
(p<0.001) decrease in the total haem iron concentration and a significant
(p<0.001) increase in the concentration of non-haem iron after pancreatin-bile
digestion (Table 2.14).

Table 2.14: Means (+ SEM) for the total haem and non-haem iron concentrations in meat
(n=6) after cooking (Cook), after pepsin digestion (Pep) and after pepsin and pancreatin-
bile digestion (Panc).

Cook Pep Panc
Haem iron (ug/q) 127+1.22 | 13.5%0.9° 8.6 £ 0.9°
Non-haem iron (ug/g) | 13.2+0.8° | 11.8+0.8 | 18.3+0.8
Total iron (ug/g) 259+1.6 253 1.1 26,6 £1.5

Within each row, means do not differ significantly (p>0.05) if they have a common letter or

no letter beside them.
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Table 2.15: Mean (x SEM) concentrations of soluble and insoluble haem and non-haem
iron in meat-plus-vegetables (n=3) after cooking (Cook), after pepsin digestion (Pep) and

after pepsin and pancreatin-bile digestion (Panc).

Cook Pep Panc
Soluble haem (ug/g) 2.4+0.3° 0.3+0.1° 6.1+1.3°
Insoluble haem (ug/qg) 50£0.72 | 33+1.1® | 1.0+0.5°
Soluble non-haem (ug/q) 1.3+0.3° 1.1+0.2° 5.8+0.9°
Insoluble non-haem (ug/g) 5.0 +0.2° 5.5+0.3° 1.9+0.7°

Within each row, means do not differ significantly (p>0.05) if they have a common letter
beside them.

Pepsin digestion significantly (p<0.05) reduced the concentration of soluble haem
iron and increased the concentration of insoluble non-haem iron; this latter effect
was only significant (p<0.05) when the values were expressed as percentage
concentrations (Figure 2.3). The apparent loss of haem iron due to pepsin
digestion was not accompanied by an increase in the concentration of insoluble
haem iron or of soluble or insoluble non-haem iron (Table 2.15), but was

accompanied by a 30% drop in the total iron concentration (Table 2.16).

Table 2.16: Means (+ SEM) for the total haem and non-haem iron concentrations in meat-
plus-vegetables (n=3) after cooking (Cook), after pepsin digestion (Pep) and after pepsin
and pancreatin-bile digestion (Panc).

Cook Pep Panc
Haem iron (ug/g) 7.4+ 1.0° 3.6+ 1.0° 7.1 +0.9°
Non-haem iron (ug/g) 6.3+0.3 6.6+0.1 7.7 £0.6
Total iron (ug/g) 13.8+0.8° | 10.2+0.9° | 14.8+1.1°

Within each row, means do not differ significantly (p>0.05) if they have a common letter or
no letter beside them.

The soluble haem iron, apparently lost after pepsin digestion, ‘reappeared’ after
pancreatin-bile digestion (Table 2.15), and was accompanied by a significant
(p<0.05) increase in total iron concentration to approximately that measured
before pepsin digestion (Table 2.16). Pancreatin-bile digestion also significantly
(p<0.01) increased the concentrations of soluble haem and soluble non-haem iron
and caused significant (p<0.05) decreases in the concentrations of insoluble non-
haem and insoluble haem iron; this latter effect, on insoluble haem iron, was only
significantly (p<0.01) different to the concentration after pepsin digestion when

the values were expressed as percentage concentrations (Figure 2.3).
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2.3.2.2.3 Comparison of meat and meat-plus-vegetable haem and non-haem iron
concentrations

Since the total iron concentrations were lower in the meat-plus-vegetables than in
the meat (Table 2.9), statistical comparisons between the concentrations of iron in
the four iron fractions of meat and meat-plus-vegetables were performed using the
concentrations expressed as a percentage of the total iron concentration. Overall,
there were no statistically significant (p>0.05) differences between the meat and
meat-plus-vegetables (treatment by vegetable interaction) for insoluble haem iron
or soluble non-haem iron (Table 2.12). Therefore, results are presented only for
the percentage concentrations of soluble haem and insoluble non-haem iron (Table
2.17).

Table 2.17: Statistical comparisons between meat (Mt) and meat-plus-vegetables (Mt +
Vg) for concentrations of soluble haem and insoluble non-haem iron after cooking (Cook),
after pepsin digestion (Pep) and after pepsin and pancreatin-bile digestion (Panc).

90 Total iron concentration
Soluble haem iron Insoluble non-haem iron
Mt Mt + Vg p Mt Mt + Vg p
Cook | 21+08 | 175+15 | ™ | 383+1.8 | 36.4+22 | NS
Pep 53+1.1 | 3.2+1.2 | NS | 25.1+25 | 554+64 | ™
Panc | 13.8+£09 | 40574 | ™ | 16.1+1.2 | 125+4.1 | NS

Levels indicgting the diffg!;gnces between the meat and meat-plus-vegetables are NS=not
significant, p<0.01 and ~ p<0.001.

As shown in Table 2.17, compared to the meat, the percentage concentration of
soluble haem iron was significantly greater in the meat-plus-vegetables after
cooking and after pancreatin-bile digestion, but was similar after pepsin digestion.
The absence of any significant difference after pepsin digestion may be due to the
loss of haem iron in the meat-plus-vegetables after pepsin digestion (Table 2.16).
However, despite the greater concentrations of haem iron in the meat-plus-
vegetables, a higher proportion of meat haem iron was solubilised by digestion: 2
to 14% in meat (Figure 2.2) and 18 to 41% in meat-plus-vegetables (Figure 2.3).
The difference in insoluble non-haem iron between meat and meat-plus-vegetables
after pepsin digestion may be due to the apparent loss of haem iron (Table 2.16).
This led to a reduction in the total iron concentration, thus affecting the non-haem

iron concentration when expressed as a percentage of the total iron concentration.
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the sensitivity and accuracy of all assays were similar to those reported previously
(Hornsey, 1956; Carter, 1971; Ahn et al, 1993; Carpenter and Clark, 1995; Clark
et al, 1997). Over 90% of haem and non-haem iron spikes were recovered from
the soluble raw meat homogenate. The sums of the haem and non-haem iron
concentrations for cooked meat and meat-plus-vegetables and the digested meat-
plus-vegetables were comparable to the total iron concentrations determined by
the total iron assay (Table 2.6). This demonstrates that the sum of the haem and
non-haem iron concentrations provide an accurate estimate of the total iron

concentrations in these types of samples.

It was not expected that any haem iron would be present in the vegetables. As
the sum of the soluble and insoluble non-haem iron was comparable to the iron
concentration determined by the total iron assay (Table 2.6 and 2.8), it seems
likely that the apparent haem iron concentration is due to interference within the
haem iron assay. The source of this interference in peas may be chlorophyll g,
which is also extracted in 80% acetone and has an absorbance peak at 645nm
(Arnon, 1949). Thus, the absorbance at 640nm by the vegetables was thought not
to be due to the presence of haem iron. As a result, determination of haem iron
concentration using the Hornsey (1956) method is not possible for the vegetables
due to interference, possibly by chlorophyll a  Interestingly, this haem iron
interference was not observed in the meat-plus-vegetables; the reason for this is

unknown.

2.4.2 Experiment Two

The aim of the Experiment Two was to examine the effects of pepsin and
pancreatin-bile digestion on the solubility and forms of iron in cooked meat, either
alone or as part of a 'meal’ with vegetables. The gastrointestinal digestion
procedure and iron assay methods were validated in Experiment One (Section
2.3.1). Results for Experiment Two showed that cooking reduced the solubility of
iron in meat, but pepsin and pancreatin-bile digestion increased the solubility of

both haem and non-haem iron.
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2.4.2.1 Iron concentrations in beef

As shown in Table 2.10, the mean for the haem iron concentration expressed as a
percentage of total iron was 78% for raw beef. This is higher than some published
data (Schricker et al, 1982b; Jansuittivechakul et af/, 1985; Kalpalathika et al,
1991), but similar to others (Buchowski et al, 1988; Carpenter and Clark, 1995).
Cook and Monsen (1976) reported that haem iron ranges from 50 to 60% of total
iron in beef. Similarly, Schricker et a/ (1982b) found the mean haem iron
concentration of beef to be 62%. However, in studies by Buchowski et a/. (1988)
and Carpenter and Clark (1995) haem iron concentrations of 71% and 78%,
respectively, were reported. Furthermore, higher concentrations of haem iron in
ground beef, approximately 90% of total iron, have been reported (Chen et al,
1984). The variation in haem iron concentration between studies may be due to
differences in the muscle type analysed. Schricker et a/ (1982b) reported ranges
for haem iron of 59 to 63% of total iron concentrations in longissimus dorsi, biceps
femoris, gluteus medius and triceps brachii muscles. This was similar to findings in
a recent study (Purchas et a/, 2003) where haem iron concentrations differed by
as much as 5% between three beef muscles (longissimus, triceps brachii and
semitendinosus). Further, the lower haem iron percentage reported by Cook and
Monsen (1976) and Schricker et a/ (1982b) could be due to their non-haem iron
assay method, which has been shown to also measure haem iron (Ahn et al,
1993). Despite differences in percentage concentrations of haem iron, the total
iron concentration of 22.1ug/g (Table 2.10) is comparable to other published data
for various beef muscles (Hazell, 1982; Schricker et al, 1982b; Chen et al, 1984;
Buchowski et a/, 1988; Han et al, 1993; Carpenter and Clark, 1995; Purchas et
al, 2003).

2.4.2.2 Cooking effects

When meat is cooked using conventional methods, such as frying or grilling, the
temperature within the meat will not be the same at all sites. Thus, for the current
study described here, the variation in temperature was minimised by cooking the
meat within plastic bags, which were suspended in water maintained at a constant

temperature of 65°C for 90 minutes.
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2.4.2.2.1 Haem and non-haem iron

Cooking had no effect on the total iron concentration of beef, however, the haem
iron concentration was reduced after cooking (Table 2.10). This was accompanied
by an increase in non-haem iron concentrations. These results are in agreement
with those from other groups (Schricker et al, 1982b; Schricker and Miller, 1983;
Chen et al, 1984; Jansuittivechakul et a/, 1985; Buchowski et a/,, 1988; Kristensen
and Purslow, 2001). It is thought that an increase in the non-haem iron
concentrations after cooking results from the release of iron from the haem
complex of myoglobin and haemoglobin (Schricker and Miller, 1983). Heating may
cause oxidative cleavage of the porphyrin ring of haem, leading to the release of
iron (Schricker et al, 1982b; Schricker and Miller, 1983). Indeed, it is generally
accepted that /n vivo degradation of haem in humans and animals involves
oxidation, by molecular oxygen, of the porphyrin ring producing ring cleavage and
an unstable iron complex, which subsequently releases the iron (Elder, 1980). The
observation of Igene et al (1979) that hydrogen peroxide, a strong oxidant,
released 60% of the total iron in unheated meat haem pigments supports the
hypothesis that conversion of some of the haem iron to non-haem iron by cooking

meat involves oxidation of the porphyrin ring.

2.4.2.2.2 Iron solubility

Few studies have included measures of the effect of cooking on iron in the soluble
and insoluble fractions of meat. One such study, by Han et a/ (1993), showed that
the iron concentration in a water-soluble fraction decreased, while that of the
insoluble fraction increased, in beef cooked to internal temperatures of 55, 70, 85
and 100°C. Compared with raw beef, iron in the water-soluble fraction decreased
by 52%, while that in the insoluble fraction increased by 103% after cooking at
70°C. By contrast, in the present study cooking at 65°C reduced soluble iron by
81% and increased insoluble iron by 338% (Table 2.10). The reason for the
difference between these results is unclear, but may be due to differing
preparation and heating methods. Han et a/ (1993) prepared meat slurries, which
were heated in glass beakers by a steam water bath until the desired internal
temperature was obtained, whereas in this study steak-sized pieces of meat were

cooked in a water-bath maintained at a constant 65°C. A limitation of the Han et
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al. (1993) study is that it is unknown whether the reduction in soluble iron was due

to a decrease in the haem or non-haem iron concentration.

Water-soluble iron in raw meat includes low molecular weight iron, haem iron as
myoglobin or haemoglobin and ferritin iron (Torrance et al, 1968; Hazell, 1982).
In cooked meat, soluble iron would only include low molecular weight iron and
haem iron as undenatured or intact myoglobin, haemoglobin and ferritin iron. All
iron that cannot be extracted by water is considered insoluble and includes iron in

denatured myoglobin, haemoglobin and ferritin (Han et a/, 1993).

In the present study, cooking caused a considerable loss of soluble haem iron
(Figure 2.1). After 90 minutes at 65°C, the percentage of soluble haem iron
decreased from 68 to 2% of the total iron concentration. There are three possible
explanations for this. The first is the formation of insoluble haem iron within the
meat as denatured myoglobin, haemoglobin and ferritin; secondly, as outlined
above, conversion of haem iron to soluble or insoluble non-haem iron within the
meat by the oxidative release of the iron from the porphyrin ring; and thirdly, the

loss of iron, either soluble or insoluble, in the cooking juices.

As shown in Figure 2.1, the decrease in soluble haem iron with cooking was
accompanied by an increase in both insoluble haem and insoluble non-haem iron.
Compared to raw meat concentrations, cooking increased insoluble haem iron by
370% and insoluble non-haem iron by 320%. Since there was no difference in the
concentration of soluble non-haem iron between the raw and cooked meat (Figure
2.1), the ‘lost’ soluble haem iron must have been converted to insoluble haem
and/or non-haem iron. There is also a possibility that soluble haem iron leached
into the cooking juices, however, iron concentrations in the cooking juices were not

evaluated in this study.

The changes in soluble haem iron concentrations due to cooking could reduce the
amount of bioavailable iron. As discussed in Section 1.5.2, non-haem iron
availability for intestinal absorption is influenced by a variety of enhancing, such as

ascorbic acid, and inhibiting, such as polyphenols and phytates, substances
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consumed in the diet (Layrisse et a/, 1968). Availability of haem iron, on the other
hand, is not affected by the composition of the diet. As a result, non-haem iron
has a lower bioavailability compared to that of haem iron (Monsen et al, 1978;
Hunt and Roughead, 2000). Thus, by destroying the porphyrin ring and releasing
iron into the non-haem iron pool, cooking presumably decreases the amount of
highly bioavailable haem iron that is contributed by meat. Furthermore, it is
generally accepted that only soluble iron can be absorbed by the enterocytes of the
small intestine (Wienk ef al, 1999). As shown in Table 2.10, cooking significantly
reduced the concentration of soluble iron in meat, thereby decreasing the amount

of iron that is in a form readily absorbed by the intestine.

2.4.2.3 Effects of gastrointestinal digestion on iron solubility

The in vitro digestion procedure used in this study was intended to simulate the
effects of the gastric and intestinal environments and enzymes on food as it passes
through the gastrointestinal tract. By its very nature, it cannot accurately reflect
the complexity of the /in vivo situation due to, for instance, the variation in gastric
emptying rate due to the size and consistency of the meal (Davenport, 1982), but

can provide information regarding the effects of enzymes on iron solubility.

Overall, pepsin and pancreatin-bile digestion increased the solubility of iron in
meat, vegetables and meat-plus-vegetables. However, the effects of
gastrointestinal digestion on iron solubility differed between the food samples. For
instance, the action of pepsin at pH 2.0 had little effect on the solubility of iron in
meat and meat-plus-vegetables, but significantly increased soluble non-haem iron
in the vegetables. Despite this, the greatest increase in soluble iron for the meat,
vegetables and meat-plus-vegetables was brought about by the action of
pancreatin and bile at pH 7.0.

2.4.2.3.1 Meat

After cooking, the majority of the iron was in an insoluble form (Figure 2.2 and
Table 2.13). Pepsin digestion had no significant effect on the solubility of haem
and non-haem iron. Pancreatin-bile digestion caused the greatest increase in the

solubility of meat haem and non-haem iron, with the majority of iron present as
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soluble non-haem iron (Figure 2.2). The percentage concentration of total soluble
iron in meat after pepsin digestion was 30% and after pancreatin-bile digestion
was 70% (Figure 2.5), which is similar to levels reported previously (Crews et al,,
19854, b).

As shown in Table 2.14, pancreatin-bile digestion of meat produced a net decrease
in the total concentration of haem iron. Compared to 13ug/g and 14ug/g after
cooking and after pepsin digestion, respectively, the haem iron concentration after
pancreatin-bile digestion was significantly reduced to 9ug/g. Since there was no
change in the total iron concentration after cooking, after pepsin digestion and
after pancreatin-bile digestion, the decrease in haem iron concentration was not
due to a loss of iron. Instead, the iron was recovered in the non-haem iron
fraction, which significantly increased from 12ug/g following pepsin digestion to
18ug/g after pancreatin-bile digestion. Thus, the results reported in this study
suggest that a proportion of the haem porphyrin complexes were broken down by
the action of pancreatic enzymes. Conrad et al. (1966a) also reported a small

quantity of haem degradation within the duodenal lumen, releasing non-haem iron.

The solubilisation of meat haem and non-haem iron is likely to involve two phases:

1. Lysis of the insoluble complexes binding haem and non-haem iron.

Insoluble iron is likely to be bound to denatured proteins (Section
2.4.2.2.2).

2. Interaction of haem and non-haem iron with compounds that will maintain

them in a soluble form.

The release of iron from the insoluble fraction of cooked meat has not been well
studied. There have, however, been several studies (Conrad et a/, 1966a, b,
1967; Conrad and Schade, 1968) on the digestion of haemoglobin by pepsin and
pancreatic enzymes. These studies show that haemoglobin is degraded to haem
and globin degradation products in the small intestine. The globin degradation
products, which include amino acids, amides and polypeptides, maintain the haem
molecule in a soluble state, thus in a form available for absorption. Indeed, early

absorption studies in both humans and animals indicate greater absorption of iron
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from oral doses of haemoglobin than from comparable doses of haem alone
(Conrad et al, 1966a, 1967). Additionally, as discussed in Section 1.5.2.2,
gastrointestinal digestion of meat releases a ‘meat factor,, which enhances the
solubility of non-haem iron. This meat factor is thought to comprise peptides
(Kane and Miller, 1984; Statkavitz and Clydesdale, 1988; Kapsokefalou and Miller,
1991; Seth et al, 1999) and/or amino acids, such as cysteine (Layrisse et al,
1984; Taylor et al, 1986; Glahn and Van Campen, 1997; Garcia et a/, 1996) and
histidine (Seth and Mahoney, 2000; Swain et a/, 2002).

2.4.2.3.2 Vegetables

Unlike for the meat and meat-plus-vegetables, pepsin digestion significantly
increased the solubility of iron in the vegetables (Table 2.18). However, there was
no difference in the solubility of non-haem iron between meat and meat-plus-
vegetables, thus the presence of vegetables had no effect on meat non-haem iron
solubility. The percentage concentration of total soluble iron in vegetables after
pancreatin-bile digestion was 75% (Figure 2.5), which is the same as that reported

for a previous study (Crews et al, 1983).

2.4.2.3.3 Meat-plus-vegetables

Like the meat, the majority of the iron in the meat-plus-vegetables after cooking
was present in an insoluble form (Figure 2.3 and Table 2.15). Pancreatin-bile
digestion also caused the greatest increase in the solubility of the meat-plus-
vegetables haem and non-haem iron, with a higher proportion of iron present as
soluble non-haem and, unlike meat, also as soluble haem iron (Figure 2.3).
Previous studies (Crews et al., 1985a) have also reported that the solubility of iron
in beef (and crab meat) was altered by the presence of other food constituents.
For example, the addition of a 10% soya mix to a beef burger patty decreased the
solubility of iron after pepsin digestion, but increased iron solubility after

pancreatin-bile digestion.

Pepsin digestion of the meat-plus-vegetables reduced the total haem iron
concentration (Table 2.16). The lost haem iron was not recovered in the non-

haem iron fraction. Therefore, the sum of the haem and non-haem iron
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concentrations, i.e. the total iron concentration, after pepsin digestion was less
than that after cooking. However, the haem iron lost during pepsin digestion
‘reappeared’ as soluble haem iron after pancreatin-bile digestion (Table 2.15). The
cause of the lower recovery of haem iron after pepsin digestion is unclear,
although it suggests that haem iron, in both the soluble and insoluble fractions,
was converted to a state in which it could not be detected by the haem iron assay.
Since this did not occur in the pepsin digested meat, possible interactions between

the meat and vegetable components may be involved.

Unlike the meat, haem iron was not degraded in the meat-plus-vegetables after
pancreatin-bile digestion. Thus, along with a higher proportion of soluble haem
iron in the meat-plus-vegetables after cooking (Table 2.17), the lack of haem
degradation led to a higher percentage of soluble haem iron in the meat-plus-
vegetables, than in meat, after pancreatin-bile digestion (Table 2.17). This may be
due to compounds in the vegetables, which interact with meat, resulting in the

protection of the porphyrin ring from degradation.

An overall increase in the solubility of iron, combined with the protection of haem
iron from degradation, suggests that the meat iron present with vegetables may
have a higher bioavailability than meat iron alone. Along with a meat factor,
vegetable components released during digestion also have the potential to affect
the solubility of iron. However, whereas proteolytic digestion products of meat
enhance iron bioavailability, the release of vegetable components, such as ascorbic
acid and polyphenols, can enhance and inhibit iron bioavailability, respectively.
These affect the solubility and availability of iron for intestinal absorption by
forming complexes with iron; inhibitors form large, insoluble polymers, whereas

enhancers form soluble, monomeric complexes (Conrad and Schade, 1968).

2.4.2.3.4 Comparison between the soluble iron in the meat, vegetables and meat-
plus-vegetables

Although statistical analysis was conducted on the data presented in Figure 2.5,
comparisons between the soluble iron in the meat, vegetables and meat-plus-

vegetables cannot be reliably made due to the following factors:
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e The degradation of haem iron to non-haem iron in the meat after
pancreatin-bile digestion (Table 2.14).

e The loss of soluble haem iron in the meat-plus-vegetables after pepsin
digestion (Table 2.15).

e The fact that only non-haem iron contributed to the soluble iron fraction in
vegetables, whereas in the meat and meat-plus-vegetables haem and non-

haem iron were present.

2.5 Conclusions

e Cooking at 65°C for 90 minutes reduced the soluble iron concentration in
beef longissimus muscle.

o Cooking also caused a reduction in the haem iron concentration of beef,
which was accompanied by an increase in non-haem iron concentrations.

o Gastrointestinal digestion increased the solubility of iron in the meat,
vegetables and meat-plus-vegetables. Pepsin digestion had little effect on
the solubility of haem and non-haem iron in the meat and meat-plus-
vegetables, but significantly increased non-haem iron solubility in the
vegetables. The greatest increases in soluble iron in the meat, vegetables
and meat-plus-vegetables were seen after digestion with pancreatin-bile.

o A proportion of the haem iron in the meat was broken down by the action of
pancreatic enzymes leading to an increase in non-haem iron concentrations.
This was not seen for the meat-plus-vegetables.

¢ Overall, the solubility of iron in cooked food was low, but is increased by the
actions of pepsin and pancreatin-bile.  Thus, when estimating the
bioavailability of iron from foods, changes in the solubility of haem and non-
haem iron in food before and after cooking as well as throughout the

gastrointestinal digestion process must be considered.

The present study focussed on the effects of pepsin and pancreatin-bile digestion
on a meat sample from one muscle type from one animal. Future studies should
include a range of meat samples from various muscle cuts and also animals of
different ages and sex. Furthermore, it was assumed that all haem and non-haem

iron in the soluble form was available for absorption by the enterocytes of the small
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intestine. However, there is a possibility that soluble iron may not be in a form
that can be absorbed by the intestinal mucosa (Miller and Berner, 1989).
Therefore, in the following Chapters, experiments are described in which the
absorption of iron from digested meat, vegetables and meat-plus-vegetables is

investigated using live intestinal tissues.
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CHAPTER THREE

Validation of an /n vitro system using Ussing chambers
for the assessment of iron bioavailability

3.1 Introduction
Since its development in 1951 by Ussing and Zerahn (1951), the Ussing chamber

has been used extensively to study epithelial transport mechanisms /in vitro (Field
et al., 1971; Powell et al., 1972; Binder and Rawlins, 1973; Schwartz et a/, 1974,
Kaufman et al, 1980; Heyman et a/, 1980; Clauss et al, 1985; Sheldon et a/,
1989; Schroder et al, 1995; Madsen et al, 1996). However, when using any in
vitro technique, it is necessary to first establish that the tissues remain functionally
viable throughout the experiment. Traditionally, functional viability of tissues in the
Ussing chamber has been determined by measuring the changes in transepithelial
potential difference and/or short-circuit current in response to specific absorptive or

secretory stimuli.

Table 3.1: Effects of theophylline, glucose and carbachol on the secretion and/or
absorption of charged ions by intestinal epithelium.

Effect on ion secretion/absorption by epithelium

Increases intracellular cAMP secretion, which causes chloride ion
channels to open on the mucosal side of the enterocytes. This results
in the secretion of negative chloride ions causing an increase in short-
circuit current.

Glucose absorption is linked to sodium ion uptake. Addition of glucose
to the mucosal medium causes absorption of glucose, and the
associated influx of positive sodium ions into the enterocytes. This
causes an increase in short-circuit current.

Increases intracellular calcium ion levels, which causes chloride ion
channels to open on the apical side of the enterocytes. This results in
a net efflux of negative chloride ions causing an increase in short-
circuit current.

Theophylline

Glucose

Carbachol

In the present study, theophylline, glucose and carbamyicholine chloride
(carbachol) have been used to validate the physiological viability of mouse
intestinal tissue mounted in the Ussing chamber. These test reagents were chosen
due to their stimulatory effects on the absorption or secretion of charged ions by

the intestinal epithelium (Table 3.1). To provide further evidence that tissue
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integrity is maintained, the tissues were examined histologically after they had
been removed from the Ussing chambers. Along with integrity and biological
viability, assessment of iron absorption by the intestinal tissue is also vital to
ensure suitability of this technique for iron absorption measurements. Ussing
chambers have been used in previous studies of iron absorption in rats (Helbock
and Saltman, 1967, Vaghefi et a/, 1998, 20003, b) and mice (Costa et a/, 2000).
These studies reported absorption of both haem and non-haem iron by intestinal
tissue mounted in the Ussing chambers. In the present study, the removal of

inorganic iron by mouse intestinal tissue was investigated.

3.2 Materials and Methods

The experiments described in this Chapter were approved by the Massey University
Animal Ethics Committee (MUAEC #01/41).

3.2.1 Animals

Twenty male, Balb/c mice aged between 6 and 12 weeks were obtained from the
Massey University Small Animal Production Unit (Palmerston North, New Zealand).
They were housed in groups of no more than six on wood shavings in plastic cages
with stainless steel covers, and were provided free access to tap water in plastic
bottles equipped with stainless steel spouts. The mice were fed Rodent Diet 83, a
pelleted diet prepared by the Food Processing Unit at Massey University. The

composition of the diet is given in Table 3.2.

Table 3.2: Composition of Rodent Diet 83.

Ingredient %
Wheat 40.35
Barley 30
Broll 5
Lucerne 5
Meat and bone 6
Fishmeal 7
Skim milk powder 5
Soya bean oil 1
Methionine 0.1
Salt 0.05
Vitamin/mineral premix 0.5
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The pellets were placed on top of the cage and were available ad /ibitum to all
mice throughout the experimental period. Room temperature and humidity were
maintained at 22 + 1°C and 55 + 5%, respectively, with lighting set at a 12 hour
light and dark cycle, with dawn and dusk transitional periods of approximately 10

to 15 minutes.

3.2.2 Tissue preparation

The mice were euthanased by cervical dislocation, and the duodenum and jejunum
were removed and carefully washed with Ringer’s solution (Table 3.3) at room

temperature (pH 7.4; 290mOsm/L water).

Table 3.3: Composition of the Ringer’s solution (A.G. Butt, personal communication).

Electrolytes and substrates Concentration (mM)
Sodium chloride (NaCl)? 120
Potassium chloride (KCI)!
Calcium chloride (CaCl,)*
Magnesium chloride (MgCl,)*

Sodium phosphate dibasic (NaH,P0,)? 1.8
Sodium phosphate monobasic (Na,HPO,)? 0.2
Sodium bicarbonate (NaHCO5)? 25
Pyruvate? 2
Glutamine® 2

!BDH Chemicals, Poole, UK; Sigma Chemicals, St Louis, USA.

Four individual segments (2cm each) of the proximal small intestine comprising the
duodenum (segments 1 and 2) and jejunum (segments 3 and 4) were studied from
each animal. Each segment was opened longitudinally along the mesenteric border
and mounted as an intact, flat sheet between siliconised Ussing half chambers
(World Precision Instruments, Sarasota, Florida), with an exposed tissue surface

area of 0.67cm?.

3.2.3 Ussing chamber experiments
The Ussing chamber, with a segment of intestinal tissue in place is shown in Figure
3.1. The epithelium was bathed on both mucosal and serosal sides independently

with 10ml of Ringer’s solution. Solutions were oxygenated and circulated with
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carbogen gas (95% O, and 5% CO,) (BOC Gases, Wellington, New Zealand), which
was first bubbled through water to minimise evaporative water loss. The
temperature of the Ringer’s solution was maintained at 37°C by water-jacketed

reservoirs (World Precision Instruments, Sarasota, Florida).
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o O (37°C)
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O
@
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® ®
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Intestinal tissue 0,/CO,
L /
\
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~dlh—

mVv
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Figure 3.1: Diagram of the Ussing chamber apparatus with intestinal tissue mounted
between the two half chambers.

The mucosal and serosal solutions were connected via two salt-agar bridges (3.5%
agar, 3M potassium chloride) situated close to the epithelium, to separate calomel
reference electrodes (Radiometer Pacific, Copenhagen, Denmark) immersed in
saturated potassium chloride, for measurement of the potential difference across
the tissue. In order to provide short-circuited conditions, a second pair of salt-agar
bridges positioned at either end of each half chamber were connected to silver

chloride electrodes immersed in saturated potassium chloride, which passed the
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current through the tissue using an automatic voltage clamp unit (Biodesign, South

Campus Electronics, University of Otago, New Zealand).

The tissues were short-circuited at all times by the clamping units. Tissue
resistance was determined by imposing a potential difference of 5mV for 0.5
seconds across the tissue every 5 minutes. Using Ohm's Law, the clamp units then
automatically divided the applied potential difference by the recorded change in
current at the end of the pulse. The clamping units automatically compensated for
fluid resistance, which had been measured previously using the clamp units in the
absence of tissue. Short-circuit current and tissue resistance were recorded with a
Powerlab data acquisition system (ADInstruments, Castle Hill, Australia) using
Chart for Windows, version 4.0.1 (ADInstruments, Castle Hill, Australia). Values of
short-circuit current and tissue resistance were divided by the surface area of the

tissue (0.67cm?) and reported as pAmps/cm? and Q/cm?, respectively.

Values less than 25Q for tissue resistance indicated loss of integrity of the tissue,
whereas values close to OpAmps for short-circuit current indicated the tissue was
not actively secreting or absorbing and therefore no longer viable. Such tissues

were discarded from the experiment.

3.2.4 Test reagents
Solutions of theophylline, glucose and carbachol were prepared as follows:

Grucose: 1.8g glucose (BDH Chemiicals, Poole, UK) in 10mi deionised water;
0.1ml added to mucosal Ringer’s solution.

THEOPHYLLINE: 0.18g theophylline (Sigma, St Louis, USA) in 10ml 0.1M
sodium hydroxide; 0.1ml added to mucosal Ringer’s solution. The 0.1M sodium
hydroxide vehicle produced no alteration in basal short-circuit current or tissue
resistance.

CarBAcHOL: 0.0018g carbachol (Sigma, St Louis, USA) in 10ml deionised

water; 0.1ml added simultaneously to mucosal and serosal Ringer’s solutions.

These solutions were added to the Ussing chambers to provide the final mucosal

and/or serosal concentrations shown in Table 3.4.
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Table 3.4: Test reagent concentrations and final bath concentrations in 10ml Ringer’s

solution.
Test reagent Volume (ml) Final bath
Test reagent concentration | added to 10ml | concentration
Glucose 1.0M 0.1 10mM
Theophylline 0.1M 0.1 1mM
Carbachol 1.0mM 0.1 0.01mM

3.2.5 Histological examination of intestinal tissues

Eight segments of intestinal tissue from the duodenum and jejunum were removed
from the chambers after a 2-hour incubation and immediately immersed in 10%
formalin for 12 hours. The tissues were then impregnated into paraffin using an
automatic tissue processor (Leica Jung TP105) and mounted in paraffin blocks.
Sections (6um thick) were cut with a rotary microtone (Leitz Wetzlar) and placed

on glass slides.

Table 3.5: Method for staining intestinal sections for histological analysis.

Process Reagent Time
Xylene 2 changes x 7 minutes
- Absolute ethanol 3 - 5 seconds
Deparaffinising 70% ethanol 3 - 5 seconds
Tap water 3 - 5 seconds
Mayer's haemalum | 10 minutes
Tap water 3 - 5 seconds
. Scott's tap water 2 minutes
Staining Tap water 3 - 5 seconds
1% aqueous eosin 2 minutes
Tap water 3 - 5 seconds
70% ethanol 3 - 5 seconds
Differentiate and dehydrate Absolute ethanol 2 changes x 3 - 5 seconds
Xylene 2 changes x 3 - 5 seconds

The slides were stained using the procedure outlined in Table 3.5 before mounting
with DPX mountant (BDH Chemicals, Poole, UK) and sealed with a cover slip. The
sections were examined using an Olympus CHS microscope (Olympus Inc., Japan),
with the photomicrographs taken using a Nikon Coolpix 4500 digital camera (Nikon

Instruments, Japan).
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3.2.6 Iron absorption experiments
Removal of iron from mucosal solution by mouse intestinal tissue in Ussing

chambers was assessed using the following protocol.

3.2.6.1 Iron preparation

Ferrous gluconate (Aldrich Chemical Company Inc., Milwakee, USA) was used for
all experiments. A 5500ug/g solution was prepared by dissolving 0.4822g in 10ml
of warm deionised water. Then, 0.1ml of this iron solution was added to the 10m!

mucosal Ringer’s solution giving a final bath concentration of 55ug/g.

3.2.6.2 Sample collection
After addition of the iron solution, sequential 500ul samples of the mucosal and

serosal Ringer’s solution were taken at 0, 15, 30, 60, and 90 minutes.

3.2.6.3 Iron analysis

Before analysis, all mucosal solutions were diluted 10-fold with deionised water to
bring the concentration of iron within the detection range of the assay. Iron
assays were performed on a Roche Cobas Fara II clinical chemistry analyser
(Hoffman La Roche, Basel, Switzerland) using a diagnostic kit for iron (Hoffman La
Roche, Basel, Switzerland). The kit was based on the Ferrozine method without
deproteinisation (Siedel et af., 1984) and was used according to the manufacturer’s

instructions.

3.2.7 Statistical analysis

For short-circuit current and tissue resistance, the statistical significance of the
differences between baseline and maximum/minimum values reached were
determined by paired-samples t tests using SPSS version 11.0 (SPSS Inc.). For the
removal of iron from the mucosal solution, a linear regression line was generated

using the linear regression model in GraphPad Prism 3.0 (GraphPad Software Inc.).






























































































































































































































































