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Abstract — We used the Ussing chamber model to study heme iron absorption by rat duodenal
mucosa. Heme iron was obtained by enzymic digestion of bovine haemoglobin and concentration of
heme (HPH). Its uptake and mucosal transfer was compared to iron gluconate (Gluc), at 100 uM and
1 mM. At 100 pM iron uptake (Qtot), mucosal retention (Qm) and transfer across the mucosa (Qs)
was similar for the two sources of iron. Qs was significantly higher at 1 mM for Gluc but not for HPH,
and was associated with higher levels of Qm. Addition of L-histidine did not improve iron absorp-
tion and indeed it decreased it if iron was provided as Gluc. L-cysteine increased the transfer of iron
of both sources. In the in vitro model using rat digestive mucosa, heme iron appeared to be an effi-
ciently used source of iron, which might prevent its accumulation by gut when supplied in excess.
©Inra/Elsevier, Paris
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Résumé — Effet des acides aminés sur I’absorption digestive du fer héminique et non héminique.
Le modele de 1a chambre de Ussing a été utilisé pour étudier I’absorption du fer héminique par le duo-
dénum de rat ; le fer héminique a été obtenu par hydrolyse enzymatique d’hémoglobine bovine, sui-
vie d’une concentration de I'héme (HPH) ; il a éié comparé au gluconate de fer (Gluc) aux concen-
trations de 100 uM et de 1 mM. A 100 uM, la captation (Qtot), la rétention par la muqueuse (Qm) et
le transfert séreux (Qs) du fer ne différaient pas entre les deux groupes. A 1 mM, une augmentation
significative de Qs a ét€ observée uniquement pour Gluc et s’est accompagnée d’une augmentation
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significative de Qm. L addition d’histidine a diminué I’absorption du gluconate de fer ; la cystéine
a augmenté significativement le transfert muqueux de fer & partir des deux sources. Dans ce modele
in vitro utilisant ’intestin de rat, le fer héminique s’est avéré étre une source efficace de fer, pouvant
protéger contre 1’accumulation de fer par la muqueuse en cas d’apport excessif. © Inra/Elsevier,

Paris
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1. INTRODUCTION

Iron deficiency is a major problem in
developing countries and affects 500 to
600 million people world-wide. Food for-
tification is generally considered to be the
best long-term strategy for combating iron
deficiency. However, the common forms of
inorganic iron have a low bioavailability,
and are subject to nutrient—nutrient interac-
tions [16].

Heme iron is present in meat, fish and
poultry and is absorbed by a different path-
way than that for inorganic iron: it is
absorbed as an intact metalloporphyrin across
the intestinal brush border and is cleaved
inside the enterocyte by a heme oxygenase.
It then enters the inorganic iron pool and
enters the bloodstream. Its bioavailability
is far higher than that of inorganic iron
because heme is soluble at high pH, and is
less affected by digestive interactions [4],
although it is affected by some [12]; a large
range of results has been reported [2, 11,
12,22, 28], depending on whether haemog-
lobin or heme is used. Purifying heme
increases iron concentration, but is usually
associated with lower levels of iron absorp-
tion [5, 6].

The aim of this study was to compare the
digestive absorption of a concentrated
hydrolysate of heme peptides (HPH), pro-
duced by enzymic hydrolysis of haemo-
globin, with that of inorganic iron in the form
of gluconate (Gluc). We used the model of
Ussing chamber which makes it possible to
differentiate between the various steps of
absorption. We also assessed the effects of
two amino acids that probably increase iron

absorption (L-cysteine, L-histidine) for both
forms of iron.

2. MATERIALS AND METHODS

2.1. Animals

Female Sprague-Dawley rats, 200-250 g in
weight, were obtained from the Caen University
farm. They were housed at 20-22 °C in a room
with controlled lighting. The rats had free access
to a maintenance diet for adult animals (UAR;
Villemoisson-sur-Orge, France; [Fe] = 240 mg-kg !
diet) and deionised water. Six animals were stud-
ied in each group.

2.2. Preparation of the concentrate
of heme peptides hydrolysate (HPH)

HPH was prepared at the Laboratoire de tech-
nologie des substances naturelles (Lille Univer-
sity, France); bovine blood was first centrifuged
and hemolysed by addition of chlorhydric acid
(pH = 4); haemoglobin hydrolysis was initiated
by addition of pepsin; precipitates were elimi-
nated by continuous centrifugation; pepsin was
then inactivated by increasing the pH to 8; heme
concentration was realised by ultrafiltration; the
resulting concentrate of heme and peptides was
spray-dried to produce a water-soluble powder
containing 96 % dry matter (95 % protein; 4.6 %
heme; 502 mg iron /100 g powder).

2.3. Ussing chamber

The diffusion cell (Marty Technologies, Mar-
cilly-sur-Eure, France) is made of two acrylic
half-cells separated by the digestive membrane
(1 cm? area); each half-cell contains 3 mL.

Before the experiments, cells were washed
with dilute (1/1 000) nitric acid (Merk Labora-
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tories, Nogent-sur-Marne) to prevent contami-
nation.

Ringer Lavoisier solution (Laboratoires Chaix
et Marais) was used for luminal and serosal solu-
tions; it is made of Na*: 139 mEq/L, K*:
2.7 mEg/L, Ca** : 1.8 mEg/L, HCO,: 2.4 mEg/L
and CI~: 141.4 mEq/L, at a pH of 6.55. Luminal
medium was prepared by addition of an adequate
amount of iron of 100 UM or I mM iron as glu-
conate (Gluc) or HPH; iron Gluc (C,H,,FeO,,,
2H,0) was purchased from Merk Laboratories;
L-cysteine and L-histidine (Sigma, Saint Quentin-
Fallavier) were added as required, at previously
used concentrations: cysteine/iron (w/w) = 105
and histidine/iron = 210 [25]. D-glucose (20 mM)
was added to the serosal medium to help maintain
tissue viability; mannitol (20 mM) was added to
the luminal solution to keep an equal osmolarity
of 300 mOsm on each side of the mucosa [10].
pH was adjusted to 6.5-7 by addition of nitric
acid to maintain both forms of iron in a soluble
state [4]. Solutes were circulated by gas lift con-
trolled by valves (O, 95 %/CO, 5 %). A small
amount of an antifoaming agent (Silicone 414,
Rhodorsil, France) was added to each medium
to prevent the development of a foam due to gas
circulation.

The diffusion cells and the media were pre-
heated to 37 °C by a block heater, which main-
tained this temperature throughout the experi-
ment.

2.4. Experimental design
and sample analysis

Animals fasted overnight before the experi-
ment. They were killed by intracardiac injection
of Pentobarbital (Doléthal, Vétoquinol). A mid-
line incision was made to expose the intestine. A
2 cm segment of duodenum, immediately distal
to the first 2 cm measured from the pylorus, was
removed and washed in oxygenated Ringer
Lavoisier solution. Muscularis mucosa was care-
fully scraped from the mucosa; the first proxi-
mal centimetre of duodenum was opened along
its mesenteric border to expose its epithelial sur-
face and was placed on the pins of a half-cell.
The matching half-cell was joined to seal the dif-
fusion apparatus [9]. The distal fragment of duo-
denum was used to measure the basal content of
iron of digestive membrane.

At the end of the experiment (2 h) the integrity
of the mucosa was checked by histology. Lumi-
nal and serosal media were analysed before and

at the end of the experiment. The two half-cells
were rinsed with diluted nitric acid until no iron
could be desorbed from cell walls or digestive
membrane.

Pieces of duodenum were dried in an oven
until their weight was stable and were digested by
incubating with 2 mL nitric acid (65 %) for 24 h.

Iron concentration was measured in luminal
and serosal media and in duodenal tissues by
atomic absorption spectrometry (Perkin Elmer
1 100B).

The following were calculated:

Qtot: the total amount of iron removed from
the luminal medium during the experiment;

Qm: the total amount of iron stored by the
mucosa during the experiment (after subtraction
of the basal iron concentration of distal duode-
num mucosa);

Qs: the total amount transferred across
mucosa to the serosal medium during the exper-
iment.

Qm/Qtot and Qs/Qtot ratios were calculated to
assess the fate of iron after its uptake by the ente-
rocyte.

2.5, Statistical analysis

Results are expressed as means = 1 SD.

Student’s r-test was used to compare Qtot,
Qm and Qs for HPH and gluconate, and to assess
differences in these values after addition of
L-cysteine and L-histidine. The significance level
was set at P =0.05.

3. RESULTS

Figure 1 shows iron absorption from
100 uM and | mM solutions. There was no
difference at 100 uM between HPH and
Gluc iron for Qtot (t =0.38), Qm (r = 0.18),
or Qs (t=0.76).

There was a significant difference
between 100 uM and 1 mM HPH in terms
Qtot (r=5.3, P <0.001) and Qm (t = 5.4,
P <0.001), but not Qs (¢ =0.87, P =0.41).
There was a significant difference between
100 uM and 1 mM Gluc iron in terms of
Qtot (r =43.8, P <0.001), Qm (¢ =45.5,
P <0.001)and Qs (r=10.1, P <0.001).
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Figure 1. Effect of iron concentration (100 uM versus 1 mM) on its absorption when provided as an
hydrolysate of heme peptides (HPH) or as gluconate (Gluc) by rat duodenal mucosa using the Uss-
ing chamber. x + 1 SD; n = 6/group. A, moles; B, percentage initial luminal content. Qtot, iron
taken up from luminal half cell; Qm, iron retained by the mucosa; Qs, iron accumulated in the serosal
half-cell. 100 pM: no significant difference between HPH and Gluc. 1 mM: HPH versus Gluc,
P <0.001 for Qtot, Qm and Qs. 100 uM versus 1 mM, Gluc: P < 0.001 for Qtot, Qm and Qs. 100 uM
versus 1 mM, HPH: Qtot P < 0.001, Qm P < 0.001, Qs P =0.41.

At a concentration of 1 mM, there was a
significant difference (P < 0.01) between
HPH and Gluc in Qtot (r = 3.5), Qm
(t=17.3)and Qs (t =4.9).

Figures 2 and 3 show the effects of
L-histidine and L-cysteine on the absorp-
tion of 100 uM HPH and Gluc iron. L-His-
tidine significantly reduced Qtot, Qm and
Qs for Gluc iron. It did not significantly
affect HPH iron absorption. Therefore Qs
was significantly higher for HPH than for
Gluc iron.

Addition of L-cysteine significantly
reduced Qm and significantly increased iron
absorption (Qs) from HPH, whereas Qtot
did not change. L-Cysteine significantly
increased Qtot and Qs for Gluc. The addition
of cysteine resulted in significant differ-
ences between Qtot for HPH and Gluc.

Neither Qm/Qtot nor Qs/Qtot (figure 3)
differed between HPH and Gluc, whether
used alone or with histidine or cysteine.

4. DISCUSSION

The high prevalence of iron deficiency
and the low unpredictable rate of its diges-
tive absorption [4, 16] have led to the search
for an efficient, protected form of iron.
Haemoglobin iron is naturally protected
from digestive interactions [16]. Heme is
taken up intact by the enterocyte via a spe-
cific pathway after it has been cleaved from
globin by digestive enzymes, and is released
into the mucosal cell by the action of an
heme oxygenase [4, 5]. The bioavailability
of heme iron depends on iron stores [4, 5,
11, 13, 27] but is rather independent of the
composition of the diet and of the content of
the lumen [4, 22]. Increased heme iron
intake is associated with an improved iron
status in infants [26]. Heme iron has been
successfully used for food fortification [15,
32]. It decreases the negative interactions
between iron and minerals and trace ele-
ments [28]. The main disadvantage of
haemoglobin, however, is its very low iron
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Figure 2. Effect of the addition of L-histidine (His) or L-cysteine (Cys) to the luminal half-cell of the
Ussing chamber on the absorption of iron provided as a hydrolysate of heme peptides (HPH) or as glu-
conate (Gluc). Initial iron concentration: 100 uM; His/Fe (mg/mg): 210; Cys/Fe (mg/mg):105. A, HPH;
B, gluconate iron. Qtot, iron taken up from luminal half cell; Qm, iron retained by the mucosa;
Qs, iron accumulated in the serosal cell. Groups with the same superscript are significantly different.
Gluconate versus HPH: a: P < 0.01; b: P =0.02; ¢: P < 0.001. Effect of amino acids: experimental
versus control group (HPH or Gluc):* P < 0.02; ** P < 0.005.

content. The haemoglobin hydrolysate
(HPH) used in this study was concentrated
(0.5 % iron versus 0.35 % in native haemo-
globin); it has a low peroxidation potential
and is stable in response to pH variations in
vitro [20].

The Ussing chamber allows the differ-
entiation of uptake from the mucosal step
of iron absorption [9]. Contrary to cell cul-
tures, it uses live, fully organised digestive
membranes, including the mucus layer,
which affects the diffusion of iron from the
lumen to the enterocyte [4]. The two iron
concentrations used in our model were cho-
sen to mimic the concentrations that occur
during digestion of a meal or after the inges-
tion of a pharmacological supplement.

As expected the rate of iron transfer
across the membrane was lower for 1| mM
than for 100 UM solutions of both forms of
iron, demonstrating that absorption of HPH
iron is regulated. A small increase in Gluc
iron transfer across the cell was observed.
However, it was associated with a large
increase in mucosal retention, which could
lead to oxidative stress in the mucosa [1,
21]. Mucosa seems to be protected from
accumulation of iron when it is provided as
HPH [29].

For 100 uM solutions, the absorption of
HPH iron was similar to that of Gluc iron
which is a highly bioavailable iron source

[16].
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Figure 3. Effect of the addition of L-histidine (His) or L-cysteine (Cys) to the luminal half-cell of the
Ussing chamber on the two intestinal phases of iron absorption from an hydrolysate of heme peptides
(HPH) or gluconate (Gluc). Initial iron concentration: 100 uM; His/Fe (mg/mg): 210; Cys/Fe (mg/mg):
105. % Qm/QTot: ratio of iron accumulated by the mucosa to total iron uptake; % Qs/QTot : ratio of
iron acumulated in the serosal cell to total iron uptake. Groups with the same superscript are signif-
icantly different. Gluconate versus HPH: no significant difference. Effect of amino acids: experimental
versus control group; * different from control group (HPH): P < 0.001; + different from control

group (Gluc): P =0.0001.

The absorption of heme iron is less influ-
enced by environmental factors than that of
inorganic iron [4]. However, previous stud-
ies have shown that the bioavailability of
heme iron varies widely according to the
process used to produce heme: intact, non-
denatured haemoglobin is better absorbed
than pure heme without globin. The rate of
absorption of heme hemolysate iron is
higher than haemoglobin iron, but decreases
with further purification [2, 5, 6, 11, 12, 22,
27, 28, 30]. Presence of meat increases the
absorption of heme iron [7, 11, 18, 23, 25,
28]. The mechanisms are not fully under-
stood but may be related to the inhibition

of the polymerisation of heme molecules in
the presence of protein digestion products,
which disappear during purification. There-
fore, it is important to note that the amino
acid profile of the HPH peptides is quite
similar to the composition of globin [20].

Non-heme iron absorption is affected
mainly by reducing agents which keep it in
a ferrous state and by weak ligands which
bind Fe?* and keep it soluble till it reaches
mucin [4]. Peptides produced by the diges-
tion of meat are rich in cysteine [31]; cys-
teine and reduced cysteinyl-glycyl from glu-
tathione increase heme iron absorption [19,
24]. Cysteine and histidine, which are tri-
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dentate ions [17], also improve non-heme
iron absorption [3, 24, 31, 33]. Histidine,
however, has no effect in humans {19, 23].
We confirmed that cysteine increased iron
absorption whereas histidine did not. This
effect was observed for heme and non-heme
iron. As cysteine affects non-heme iron
absorption mainly by reduction rather than
by increasing its solubility [8, 14, 24], our
results suggest that the absorption of heme
iron is positively affected by interaction with
reducing agents whether provided as
haemoglobin or as concentrated heme
hemolysate.

Our results showed that amino acids
affect both the uptake and the mucosal trans-
fer of iron, which were decreased by histi-
dine and increased by cysteine. Cysteine
decreased iron accumulation by the entero-
cyte which could prevent the production of
free radicals induced by iron in the mucosa
[1, 21]. The effects of cysteine on the diges-
tive clearance of heme iron suggest that the
preparation of HPH was responsible for a
partial loss of the stability of heme in vivo,
which could be restored by adding the amino
acid, as suggested by previous reports [5,
6].

Iron is cleaved from heme within the
enterocyte, and enters the common iron
pool; thus it could be expected that both
forms of iron should display the same
metabolism inside the enterocyte and should
be similarly affected by amino acids.

Our results are not consistent with pre-
vious data from van Campen [3] which
showed no significant effect of the transfer
of amino acids across the membrane on iron
absorption. It is unclear, however, how cys-
teine improves the transfer of iron to the
basal pole of the membrane. It may form a
low-molar-mass complex with iron or main-
tain it in a reduced form, which could favour
its transfer across endosome membranes,
and, therefore, its binding to transferrin
which carries iron into the bloodstream via
the basolateral membrane.

5. CONCLUSION

Iron absorption from a concentrated heme
hydrolysate was studied with the Ussing
chamber model. Atlow concentration it was
similar to iron gluconate absorption; iron
absorption was increased by adding L-cys-
teine which affected both mucosal uptake
and the transfer of heme and non-heme iron.

However, at pharmacological levels, the
increase in iron absorption from heme was
less than that from gluconate, suggesting
that mucosa is protected from wide fluctu-
ations of iron intakes when iron is provided
as heme.

The high bioavailability of this concen-
trated heme should be tested by human stud-
ies.
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