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Summary
Iron is an essential element because it is a key
absorption was upregulated in the posterior intestine in
response to prior haemoglobin depletion of the fish, and
constituent of the metalloproteins involved in cellular
the transport showed a Q10 value of 1.94. Iron absorption
respiration and oxygen transport. There is no known
in the other segments of the intestine did not correlate
regulated excretory mechanism for iron, and homeostasis
with haematocrit, and Q10 values were lower.
is tightly controlled via its uptake from the diet. This study
Manipulation of the luminal pH had no effect on in vitro
assessed in vivo intestinal iron uptake and in vitro iron
iron absorption. The present study demonstrates that a
absorption in a marine teleost, the European flounder
marine teleost absorbs Fe2+ preferentially in the posterior
Platichthys flesus. Ferric iron, in the form 59FeCl3, was
2+
reduced to Fe by ascorbate, and the bioavailability of
intestine. This occurs in spite of extremely high luminal
Fe3+ and Fe2+ were compared. In vivo Fe2+ uptake was
bicarbonate concentrations recorded in vivo, which may
significantly greater than Fe3+ uptake and was reduced by
be expected to reduce the bioavailability of divalent
the iron chelator desferrioxamine. Fe2+ was also more
cations as a result of the precipitation as carbonates (e.g.
bioavailable than Fe3+ in in vitro studies that assessed the
FeCO3).
temporal pattern and concentration-dependency of iron
absorption. The posterior region, when compared with the
anterior and mid regions of the intestine, was the
Key words: iron, European flounder, Platichthys flesus,
bioavailability, intestine.
preferential site for Fe2+ uptake in vivo. In vitro iron

Introduction
Iron is an essential element involved in cellular respiration
and oxygen transport. In higher vertebrates, there is no known
regulated excretory mechanism for iron, and iron homeostasis
is tightly controlled via its uptake. In the case of fish, iron is
acquired predominantly from the diet, with the contribution
from iron uptake from the water via the gills probably being
negligible (Roeder and Roeder, 1966; Andersen, 1997). The
estimated daily dietary requirement for iron of teleost fish
ranges between 30 and 170 mg kg−1 (Watanabe et al., 1997),
and aquacultural practice is to add iron to the feed. Deviations
from this supplementation can compromise fish health, and
iron-deficient diets result in a reduction in hepatic iron stores
and haematocrit (Andersen et al., 1997), whereas iron-rich
diets are toxic, causing reduced growth (Desjardins et al.,
1987) as well as being linked to an increase in pathogen
virulence (Fouz et al., 1994).
The mechanisms by which the teleost fish intestine absorbs
iron are poorly understood, but bioavailability is influenced
by the form in which iron is found in the diet (Andersen et

al., 1997). In Atlantic salmon, Fe(III)2O3 is poorly absorbed
(Maage and Sreier, 1998), whereas haem iron is more
bioavailable than iron(II) sulphate, which in turn is more
bioavailable than elemental iron (Andersen et al., 1997). In
contrast, mammalian dietary iron uptake processes have been
characterised, and there are two distinct forms of iron, haem
and non-haem (Fe3+). In the case of non-haem iron, the acidic
environment of the stomach solubilises iron from its ingested
matrix (Powell et al., 1999), probably in the ferric form
(Fe3+), and gastric and small intestine mucins bind this iron
and maintain iron solubility at pH values approaching
neutrality in the intestine (Whitehead et al., 1996). Ferric iron
is reduced either via dietary compounds, such as ascorbate
(Raja et al., 1992), or via a membrane-bound ferric reductase
(McKie et al., 2001). The microclimate close to the tissue is
maintained acidic and protected from the lumen via the
mucus layer covering the mucosa. This environment helps
solubilise ferrous iron and it is this form that enters the
enterocyte via a pH-dependent Fe2+/H+ cotransporter, termed
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a divalent cation transporter (DCT; Gunshin et al., 1997;
Fleming et al., 1997). The DCT is part of the evolutionarily
conserved family of Nramps (natural resistance-associated
macrophage proteins) that are involved in membrane metal
transport (Cellier et al., 1995; Orgad et al., 1998; Dorschener
and Phillips, 1999; Portnoy et al., 2000; Thomine et al.,
2000). Transfer of iron across the lateral membrane of the
enterocyte into the circulation occurs via an iron-regulated
transporter (IREG1). This transporter is closely linked to
hephaestin, an integral membrane copper oxidase that
oxidises Fe2+ to Fe3+ as it is released from IREG1, enabling
Fe3+ binds to to transferrin (McKie et al., 2000). Haem-iron
absorption is probably facilitated via a haem receptor, and a
common intracellular pathway exists with inorganic iron
(Conrad et al., 1999). The transferrin/iron complex circulates
in the body, where it enters the cells by the well-characterised
transferrin-receptor-mediated endocytosis (Andrews et al.,
1999).
Evidence for a similar intestinal iron uptake pathway in fish
comes from the recent cloning of cDNAs encoding for the
Nramps in rainbow trout (Dorschener and Phillips, 1999) and
the identification of ferroportin1, which is identical to the
IREG1 protein (McKie et al., 2000), in zebrafish (Donovan et
al., 2000). However, an interesting difference exists in the
chemical composition of the lumen in freshwater and marine
teleost intestines. Marine teleosts live in a hyperosmotic
environment and thus, to prevent dehydration, they drink sea
water. Conversely, freshwater fish reside in hypo-osmotic
habits and thus need to minimise water uptake; consequently,
they imbibe little water. Wilson (Wilson, 1999) observed that
intestinal pH and bicarbonate/carbonate levels differ greatly
between freshwater-adapted and seawater-adapted euryhaline
teleost species. For example, freshwater rainbow trout or
flounder have a mildly acidic intestine (pH 6.7 and 6.4,
respectively) and low bicarbonate/carbonate levels
(12 mmol l−1, and undetectable, respectively), whereas in sea
water they have an alkaline intestine (pH 9.1 and 8.4,
respectively) with high bicarbonate/carbonate levels
(120 mmol l−1 and 75 mmol l−1, respectively). The increased
base secretion into the intestine of seawater teleosts is believed
to play a role in osmoregulation by facilitating the precipitation
of divalent ions, such as Ca2+ and Mg2+ (Walsh et al., 1991;
Wilson, 1999). On the basis of these findings, the intestine of
seawater teleosts would appear to be an inhospitable
environment for ferrous iron uptake via a DCT. The high levels
of bicarbonate/carbonate cause precipitation of calcium and
magnesium carbonate (Walsh et al., 1991). The solubility
product (Ks) for FeCO3 is lower than for CaCO3 and MgCO3,
as reflected by pKs (−logKs) values at room temperature of 10.5
for FeCO3, 8.1 for CaCO3 and 4 for MgCO3 (Hägg, 1973). So,
one might also expect Fe2+ to be precipitated as FeCO3 and
that the high pH would create a disadvantageous proton
gradient. This study aimed to characterise inorganic iron
bioavailability and uptake across the intestinal apical
membrane of a marine teleost, the European flounder
Platichthys flesus.

Materials and methods
Experimental animals and solutions
European flounders Platichthys flesus L. (252–541 g) were
caught in the Baltic Sea and kept in flowing ambient sea water
(21 ‰) at Kerteminde Aquatic Research Centre, Funen,
Denmark. Water temperature was 13 °C, and the fish were
maintained in holding tanks for at least a week prior to
experimentation. They were not fed during this period. Fish
were killed with an overdose of anaesthetic (MS-222),
and plasma and fluid from the stomach, anterior, mid and
posterior intestine were taken for analysis of total CO2
(Toledo-Corning 965 analyser), pH (Radiometer BMS3/PHM
73) and osmolarity (Wescor vapour pressure osmometer).
Transepithelial resistance (TEP) was monitored using agar/salt
bridges (3 mol l−1 KCl in 4 % agar) connected through
Ag/AgCl electrodes (World Precision Instruments Inc.) to a
Radiometer pHM 84 high-impedance electrometer. All TEP
values were expressed relative to the mucosal side of the
intestinal sac preparation as 0 mV while the sac was bathed on
the mucosal and serosal surfaces with saline of the appropriate
composition. Tip potential was routinely less than 1 mV, and
the electrodes were checked for symmetry. The mucosal side
was accessed via the cannulation catheter and the serosal side
via the outside bathing solution. Triplicate measurements over
a 5 min period were averaged. On the basis of a detailed
analysis of blood plasma and intestinal fluid (M. Grosell,
C. M. Wood, N. R. Bury, C. Hogstrand, J. C. Rankin, R. W.
Wilson and F. B. Jensen, unpublished data), artificial salines
were made to concentrations (in mmol l−1) of, for intestinal
saline, Na+, 135.2; K+, 2.5; Mg2+, 1.5; Ca2+, 3; Cl−, 137;
SO42−, 1.5; PO43−, 3; HCO3−, 1.2; glucose, 5.6, and for plasma
saline, Na+, 149; K+, 5; Mg2+, 0.9; Ca2+, 1.6; Cl−, 142.3;
SO42−, 0.9; PO43−, 3; HCO3−, 11.9; glucose, 5.6.
Radiolabelled ferric chloride was purchased from
Amersham International (59FeCl3 the specific activity of which
was either 166 MBq ml−1, 316 µg Fe ml−1 or 266 MBq ml−1,
315 µg Fe ml−1 depending on the batch used). To assess
whether the ferrous (Fe2+) or ferric (Fe3+) form of iron was
more bioavailable, ferric iron was reduced by ascorbate using
the methods of Randell et al. (Randell et al., 1994). Briefly,
an appropriate quantity of 59FeCl3 (depending on the
concentration desired) was added to intestinal saline containing
20 mmol l−1 Hepes, pH 7.4, and then mixed with nitroacetic
acid (NTA), forming Fe–NTA complexes, at a concentration
four times that of iron. After mixing for 20 min, 1 mmol l−1
ascorbic acid was added. The solution was mixed for a further
15 min and then adjusted to pH 7.9. Under these conditions,
90 % of the iron is reduced to Fe2+ (Randell et al., 1994). For
experiments assessing ferric (Fe3+) iron uptake, the iron was
prepared in a similar manner except that the ascorbate step was
omitted. Throughout this article, the term ferrous iron will refer
to that formed from ferric iron by the methods described above.
The effect of the iron chelator desferrioxamine mesylate (DFO;
Sigma) on in vivo iron uptake was assessed by the addition of
10 mmol l−1 DFO to the intestinal saline.
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In vivo uptake studies
Flounders (mean mass 403.5±76.6, N=18) were
anaesthetised (1 g l−1 MS-222), and a small incision was made
in the body wall to expose the intestine. A 7–8 cm segment of
the anterior, mid or posterior region was ligated with surgical
thread, ensuring that no major blood vessels leading to the
hepatic portal vein were trapped. Using a 25 gauge needle, 2 ml
of intestinal saline, containing 2.4 µmol l−1 59Fe2+, was injected
into the ligated region. The intestines were carefully replaced
into the body cavity and the incision stitched. The fish were then
placed into free-flowing sea water. After 8 h, the fish were killed
with an overdose of anaesthetic, and 1 ml of blood was removed
from the caudal vein via a heparinised 18 gauge needle. The
ligated region of intestine containing the 59Fe saline was
excised, the mucosal fluid was removed and the surface area of
the ligated region was determined by the methods of Grosell
and Jensen (Grosell and Jensen, 1999). The intestinal tissues of
the ligated region and the mucosal contents of this region were
counted for radioactivity, as were subsamples of the blood, gill,
liver, kidney, spleen, bile, intestine and muscle/skin, using a
gamma counter (1480 Wizard 3 Automatic Wallac, Turku,
Finland). The proportional mass of the tissues and blood as a
percentage of the total mass of the fish was determined for six
fish, and the counts present in the subsamples of the tissues were
then multiplied by this value to give a total body count. Iron
uptake rates (R) are calculated from the following:
R = Tcpm/(SA × A × M × t) ,

(1)

where Tcpm is the total number of counts retrieved from the
tissues, SA is the specific activity of the solution injected into
the intestine (cts min−1 nmol−1), A is the surface area of the
ligated intestine (cm2), M is the mass of the fish (kg) and t is
the duration of the experiment (h).
In vitro uptake studies
The cost of the isotope prohibited further characterisation of
in vivo iron uptake, and a widely accepted (Grosell and Jensen,
1999) in vitro approach was adopted. Flounder were killed
with an overdose of anaesthetic, and the intestine was severed
just below the pyloric caecum and above the rectal sphincter.
The intestines were flushed with intestinal saline to remove
food and faeces. Cleansed intestinal tracts were divided into
three segments of approximately 2–4 cm in length, an anterior
section, just below the pyloric caecae, a mid section, and a
posterior section just above the rectal sphincter. One end of the
segment was sealed tightly with surgical thread and, into the
other end, a 5 cm piece of PE-50 tubing was inserted and tied
to allow for administration and sampling of the intestinal
saline. To assess the bioavailability of ferric and ferrous iron,
salines were prepared as described above. In the case of the
concentration study, the specific activity was adjusted by the
addition of ferric chloride; thereafter, all procedures were the
same as described above.
To these ‘gut sacs’, 1 ml of radiolabelled intestinal saline
(range of 59Fe2+ or 59Fe3+ used was 0.2–20.2 µmol l−1
depending on the experiment) was added, and a 50 µl sample

was taken for initial counting. The PE tubing was sealed, and
the sacs were placed into 18 ml of plasma saline that was
constantly bubbled with a 99.5 % O2/0.5 % CO2 gas mixture
delivered from a Wösthoff (Bochum, Germany) gas-mixing
pump. Temperature was 13 °C (except for the experiment
in which the effect of temperature was assessed). The
osmolarities of the plasma saline and intestinal saline were
similar, 286 mosmol l−1 and 291 mosmol l−1, respectively.
After a 3 h incubation (except where the temporal pattern of
iron absorption was assessed), the mucosal fluid was removed,
and a 50 µl subsample was taken for counting. A 10 ml sample
of the plasma saline bath was also counted. The gut sac was
cut open, and the mucosa was dried with tissue paper. The
whole sac was then washed for 1 min in intestinal saline
containing 1 mmol l−1 EDTA, pH 7.9, blotted dry and washed
again for an additional minute. The mucosa was dried again by
blotting, and the epithelium was scraped from the muscle layer,
using a glass slide, placed into pre-weighed vials and the
mass of the scrapings was determined. Preliminary tests
demonstrated that the washing procedure removed essentially
all the mucus and loosely bound 59Fe, so the radioactivity
incorporated into the epithelial tissue was considered to
represent iron absorption. For example, the final wash solution
from intestinal sacs (N=3) incubated for 3 h with 59Fe2+ (at
a count concentration of 281 000 cts min−1 ml−1) possessed
1094±363 cts min−1 (N=3, means ± S.E.M.), the epithelial
scraping from these samples possessed 1956±252 cts min−1,
the muscle layer, 247±39 cts min−1 and no counts were
detected in the serosal bathing solution. In a small number of
cases, counts were found in the serosal bath as a result of
inadequate ligation. These preparations were discarded.
Epithelial iron absorption (E) was calculated as follows:
E = T/(SA × Ms × t) ,

(2)

where T is the total cts min−1 of the epithelial scrapings, SA is
the specific activity of the ferrous or ferric solution
(cts min−1 nmol−1), Ms is the mass of the scrapings (g) and t is
the duration (h) of the incubation.
Effects of temperature and pH on Fe2+ uptake
To investigate the effects of temperature on ferrous iron
uptake (1 µmol l−1 iron), epithelial iron absorption was
assessed in the anterior, mid or posterior regions of the
intestine at ambient temperature (13 °C) and at 1 °C. The latter
temperature was achieved by placing the containers possessing
the gut sacs and serosal medium in an ice bath.
To assess the effects of pH on posterior intestinal ferrous
iron absorption (1 µmol l−1 iron), the radiolabelled intestine
saline was prepared as described above and then adjusted to
pH 5, 6, 7 or 8 using H2SO4. The osmolarities of these salines
were adjusted to parity to each other by the addition of
mannitol, as was that of the serosal bathing medium.
Effects of reduced haematocrit on Fe2+ uptake
Flounders (252–504 g, mean mass 419±55 g, N=5) were
anaesthetised, and 6–10 ml of blood was removed via a

Statistical evaluation
All values are expressed as means ± S.E.M. Analysis of
variance (ANOVA) followed by a least significance difference
(LSD) test was used to assess differences between in vivo iron
uptake and in vitro iron uptake at the different times in the
three intestinal region and the in vitro iron absorption at
different pH values. Student’s t-tests were used to compare in
vivo ferric (Fe3+) and ferrous (Fe2+) iron uptake rates, the
effect of the iron chelator DFO on these rates, the differences
between in vitro iron absorption when iron was present in the
Fe3+ or Fe2+ form after different incubation periods and at
different concentrations, and differences in rates of Fe2+
absorption between control and haemoglobin-depleted fish.
Linear regression analysis was performed to determine the
relationship between haematocrit values and in vitro iron
absorption. Analysis was performed using the SPSS6
computer package, and P<0.05 was taken as the level of
significance.
Results
The fluids collected along the tract from the stomach to the
rectum were associated with a reduction in osmolarity from
510 to 318 mosmol l−1 (Table 1). At the same time, total
CO2 concentrations increased dramatically (stomach,
1.7±0.9 mmol l−1; posterior intestine, 75±10 mmol l−1) and pH
increased to 8.45 (Table 1). The in vitro transepthelial potential
of the anterior, mid and posterior gut regions, with plasma
Table 1. Osmolarity, pH, total CO2 content of the gut fluids
and blood plasma and the in vitro transepithelial potential of
the stomach and the anterior, mid and posterior regions of the
intestine of European flounder acclimated to 21 ‰
Region of
intestine

Osmolality
(mosmol l−1)

Stomach
Anterior
Mid
Posterior
Plasma

510±55
359±45
332±30
318±22
323±24

pH

Total CO2
(mmol l−1)

TEP
(mV)

8.24±0.1
8.35±0.1
8.45±0.1
7.79±0.1

1.7±0.9
52±19
63±16
75±10
10±1.1

−13.7±1.8
−17.7±1.3
−19.7±2.1

In vitro transepithelial potential (TEP) values are with plasma
saline on the serosal surface and intestinal saline on the mucosal
surface.
Values are the mean ± S.E.M. (N=5, except for the stomach where
N=3).
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‡

1.5
1.0
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*

0

Fe2+

Fe3+

Fig. 1. In vivo ferric (Fe3+) and ferrous (Fe2+) iron uptake (filled
columns) from the posterior region of the intestine of the European
flounder and the influence of the iron chelator desferrioxamine
(DFO; open columns) on this uptake rate. Values are means + S.E.M.
(N=5–6). An asterisk indicates a significant difference between the
control iron (Fe3+ or Fe2+) uptake rate and the uptake rate in the
presence of DFO, and a double dagger indicates a significant
difference in uptake rate between the forms of iron, Fe3+ or Fe2+
(Student’s t-test, P<0.05).

saline on the serosal surface, and intestinal saline on the
mucosal surface was serosa-negative (Table 1).
Assessment of iron uptake in vivo showed that ferrous iron
(Fe2+), formed from the reduction of FeCl3 by ascorbate prior
to injection into the posterior region of the flounder intestine,
was significantly more bioavailable than ferric iron (Fig. 1).
Over an 8 h period, the influx rate of ferrous iron was
significantly reduced by desferrioxamine mesylate (DFO),
but DFO had no significant effect on ferric iron
bioavailability (Fig. 1). A significantly greater ferrous iron
uptake rate was observed in flounder in which radiolabelled
iron had been injected into the posterior region of the
intestine compared with either the mid or anterior regions
(Fig. 2).
Rate of Fe2+ uptake [pmol (cm2 kg h)-1]

heparinised 18 gauge needle and syringe inserted into the
caudal artery/vein complex. The fish were then placed into
flowing sea water to recover for 5 days, after which the blood
haematocrit was determined by caudal artery/vein sampling
and the regions of the intestine were prepared as intestinal sacs
(described above) to assess in vitro Fe2+ absorption (1 µmol l−1
iron). The haematocrit and Fe2+ absorption of control fish
(N=5) were also determined.

Rate of iron uptake [pmol (cm2 kg h)-1]
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Fig. 2. In vivo ferrous (Fe2+) iron uptake rate in the different regions
of the intestine of the European flounder. Values are means + S.E.M.
(N=5–6). An asterisk indicates a significance difference between the
iron uptake rates from the three regions (ANOVA followed by an
LSD test, P<0.05).
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In vitro temporal iron absorption studies showed that the
ferrous form of iron was more bioavailable than the ferric
form in all regions of the intestine (Fig. 3). Ferrous iron
absorption was 2.6, 4.2 and 5.8 times greater than ferric
iron absorption in the anterior, mid and posterior
regions, respectively. Therefore, at this low concentration
(0.2 µmol l−1 iron), a significantly greater proportion of
ferrous iron was absorbed in the posterior region compared
with the anterior or mid regions after a 400 min incubation
period (Fig. 3). The temporal pattern of ferrous iron
absorption in the anterior and posterior regions reflected a
rapid phase of absorption over the first 15 min followed by a
plateau phase (anterior region) or a gradual slower rate of
iron absorption (posterior region, Fig. 3). The mid region
showed a more-or-less linear increase in iron absorption over
time (Fig. 3).
The concentration-dependency of iron absorption showed a
larger rate of absorption of Fe2+ than of Fe3+ in all regions of
the intestine and at all iron concentrations tested (Fig. 4).
Absorption of ferric and ferrous iron appeared to be linear with
respect to the iron concentration of the lumen (Fig. 4), but
there was no significant difference between the iron absorption
rates of the three intestinal regions in this series (ANOVA
follows by an LSD test, P=0.08).
Reducing the temperature to 1 °C reduced ferrous iron
absorption by the epithelium in all regions of the intestine
compared with iron absorption at 13 °C (Fig. 5). The calculated
Q10 values were 1.5, 1.2 and 1.9 for the anterior, mid and
posterior regions, respectively (Fig. 5).
Five days after removal of blood, the haematocrit was

[Iron] (µmol

15

20

l-1)

Fig. 4. Concentration-dependent in vitro ferrous (Fe2+; filled
symbols) and ferric (Fe3+; open symbols) iron absorption in the three
regions of the intestine of the European flounder, anterior (䊏, ⵧ),
mid (䊊, 䊉) and posterior (䉲, 䉮). Values are means ± S.E.M.
(N=3–6). At each concentration and in each region of the intestine,
the rate of iron absorption in the presence of Fe2+ is significantly
greater than that in the presence of Fe3+ (Student’s t-test, P<0.05).

significantly reduced (5.4±1.2, N=5) compared with that of
control fish (19±0.8, N=5; P<0.001). Ferrous iron absorption
was significantly increased in the posterior intestine of
anaemic flounder compared with control fish, and iron
absorption correlated well with blood haematocrit (Fig. 6).
However, in the anterior and mid segments of the intestine,
the rates of Fe2+ absorption did not increase with reduced
haematocrit, and the correlation with blood haematocrit was
insignificant (Fig. 6).
Posterior gut sacs filled with saline adjusted to pH values of
5, 6, 7 and 8 had altered their pH to 7.1, 7.3, 7.6 and 7.8,
respectively (Fig. 7), after a 3 h incubation. There were no
significant differences in rates of Fe2+ absorption between
these pH values (Fig. 7).
Rate of Fe2+ absorption (fmol g-1 h-1)

Fig. 3. Temporal pattern of in vitro ferrous iron
filled
symbols) and ferric iron (Fe3+; open symbols) absorption at a
concentration of 0.2 µmol l−1 iron in the three regions of the intestine
of the European flounder; anterior (䊏, ⵧ), mid (䊊, 䊉) and posterior
(䉲, 䉮). Values are means ± S.E.M. (N=3–4). An asterisk indicates a
significant difference between the absorption of Fe3+ and Fe2+ at a
particular time (Student’s t-test, P<0.05), and values with differing
letters indicate significant differences between Fe2+ absorption of the
three regions at the 400 min incubation point (ANOVA followed by
an LSD test, P<0.05). There are no significant difference between
Fe2+ absorption of the three regions at the other time points.
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Fig. 5. In vitro ferrous iron (1 µmol l−1 Fe2+) absorption in the
posterior region of the intestine of the European flounder at 1 °C
(filled columns) and 13 °C (open columns). Values are means +
S.E.M. (N=5–6).

3784 N. R. Bury and others

Rate of Fe2+ absorption (fmol g-1 h-1)

Discussion
120 A
80 D
This is the first study to measure iron
100
uptake and absorption in a marine teleost
70
intestine. The two main conclusions drawn
60
80
are that, in the intestine of the European
50
flounder, iron in the ferrous form (Fe2+) is
60
40
more bioavailable than iron in the ferric form
3+
(Fe ) and that in vivo iron uptake occurs to
30
40
a greater extent in the posterior region of the
20
intestine than in the anterior and mid
20
10
segments.
0
These findings are remarkable because
0
0
5
10
15
20
25
base secretion into the intestine of marine
teleosts results in a progressive increase in
80
E
B
pH and bicarbonate/carbonate concentrations
70
80
towards the posterior region that would lead
60
to an environment in which divalent metal
ions would be predicted to precipitate
50
(Table 1); see also Walsh et al. (Walsh et al.,
60
40
1991), Wilson et al. (Wilson et al., 1996),
30
Wilson (Wilson, 1999) and Grosell and
Jensen (Grosell and Jensen, 2000). Indeed,
20
precipitates of CaCO3 and MgCO3 are
40
10
present in the intestine (Walsh et al., 1991)
and, since the solubility product of FeCO3 is
0
0
5
10
15
20
25
even lower than those of CaCO3 and MgCO3,
it is predicted that Fe2+ would also
50 C
40
F
precipitate. The apical uptake of Fe2+ in
*
35
mammals is via a divalent cation transporter
40
30
(DCT) that avidly binds Fe2+ and transports
iron under mildly acidic conditions (Fleming
25
30
et al., 1997; Gunshin et al., 1997). Even
20
though the total CO2 content and pH of the
20
marine teleost intestine, in principle, would
15
reduce substrate availability and prevent
10
10
apical metal/proton cotransport, there is
5
molecular evidence for an analogous Fe2+/H+
cotransporter in fish. Clones of two cDNAs
0
0
25
0
5
10
15
20
encoding for the two Nramp genes have been
Control Reduced
Haematocrit
haematocrit
identified in freshwater rainbow trout
(Dorschener and Phillips, 1999), and partial
Fig. 6. In vitro rates of ferrous iron (Fe2+) absorption at 1 µmol l−1 in the three regions of
cDNA sequences have been detected in the
the intestine of the European flounder, (A,D) anterior, (B,E) mid and (C,F) posterior, of
zebrafish (GenBank accession number
control (filled circles and open columns) and anaemic (open circles and filled columns)
AF190508) and marine sea bass (GenBank
fish. Values are means + S.E.M. (N=4–5). An asterisk indicates a significant difference in
the rates of iron absorption (Student’s t-test, P<0.05). Linear regression analysis for iron
accession number AY008746).
absorption
versus haematocrit shows r=−0.57, P=0.085 for the anterior region, r=0.10,
Metal absorption and transfer across the
P=0.63
for
the mid region and r=−0.86, P=0.003 for the posterior region.
teleost intestine are complex and involve an
integration of biochemical and biophysical
epithelium’ (Loretz, 1995) that may allow the passage of iron
processes. In vitro transepithelial potential measurements,
via a paracellular route. This is the proposed route of entry for
recorded under the conditions of the present experiments, show
trivalent ions (Powell et al., 1999) and may, in part, explain
that all three regions of the flounder intestine are serosal-side
Fe3+ uptake (Fig. 1). However, the uptake of divalent ions is
negative (Table 1). This electrochemical gradient would
generally believed to be via more specific transcellular routes
encourage the absorption of metal ions into the intestinal
(Whitehead
et al., 1996) that enable physiological regulation
mucosa. Furthermore, the lower electrical resistance of the
of
the
uptake
of essential, but potentially toxic, metals. This is
anterior and mid regions of the marine teleost intestine
supported
by
the limited number of studies on divalent metal
compared with the posterior region demonstrates a ‘leaky

Rate of Fe2+ absorption (fmol g-1 h-1)
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Fig. 7. In vitro rate of ferrous iron (1 µmol l−1 Fe2+) absorption in the
posterior region of the intestine of the European flounder at different
pH values. The pH of the intestinal lumen changed over the
experimental period; see text for details. Values are means + S.E.M.
(N=5–6). There were no significant differences between rates of iron
absorption.

ion uptake in the intestine of fish. Active transport and cationor anion-dependent cotransport have been demonstrated for
Mg2+, Ca2+, Cu2+ and Zn2+ in the fish intestine (Shears and
Flectcher, 1983; Flik et al., 1990; Bijvelds et al., 1998; Handy
et al., 2000) (C. N. Glover and C. Hogstrand, in preparation),
and the presence of an Fe2+ uptake mechanism in flounder
intestine confirms this hypothesis.
In vivo studies better mimic the situation in the intact animal
because blood circulation is maintained and iron does not have
to pass through the serosal membrane. Consequently, the ironbinding protein transferrin is present in the blood plasma to
accept iron after basolateral transfer of Fe2+ by IREG1 and
subsequent oxidation to Fe3+ (McKie et al., 2000). In these
conditions, the posterior segment of the flounder intestine is
the dominant site of Fe2+ uptake (Fig. 2). Support for regulated
ferrous iron uptake in this region comes from the gut sac
studies and, because in vitro there is no notable transfer of
radiolabel into the serosal medium, the higher rate of transport
in the posterior segment is due to an upregulation in an apical
membrane-bound transport mechanism. The posterior intestine
is the only region that has a Q10 approaching 2 (Q10=1.94,
Fig. 5), which suggests that, in addition to simple diffusion,
there is also a carrier-mediated uptake process involved. It is
also the only region in which iron absorption is significantly
increased in response to a reduced iron status and that shows
a strong negative correlation between blood haematocrit and
iron absorption (Fig. 6).
Similarly, iron deficiency in mammals also induces an
increase in iron uptake that is associated with a rise in duodenal
DCT expression (Trinder et al., 1999). However, the situation
is complicated by the fact that in vitro iron absorption in the
posterior region was only significantly greater than in the other
regions at low iron concentrations (Fig. 3, Fig. 4). Absorption
will consist of a simple diffusion component and a facilitated
uptake component, and this disparity between the in vivo and
in vitro situations suggests that the other regions (anterior and

mid) of the intestine possess a low-affinity/high-capacity
transporter system or Fe2+ absorption is via simple diffusion
and/or that, in these regions, there is a greater abundance
of non-specific apical membrane divalent-cation-binding
moieties. In contrast, the posterior region is the site of a highaffinity Fe2+ transporter that is upregulated in response to
perturbed iron homeostasis.
In mammals, the anterior (duodenal) segment of the intestine
is the site for dietary iron absorption (Gunshin et al., 1997). It
is therefore surprising that the posterior intestine is the
dominant, but not the only, site for iron uptake in marine fish
(Fig. 2). The reason why flounder have evolved this strategy is
unclear, and the situation is further complicated by the high
concentrations of bicarbonate/carbonate that reduce divalent
ion availability (see above). The marine fish must have
developed specialised mechanisms to maintain metal
bioavailability and ionic metal transport in these hostile
conditions. Gastric and intestinal mucins and the mucous layer
covering the intestinal wall probably play a pivotal role in
metal availability and uptake (Whitehead et al., 1996; Powell
et al., 1999). Mucins maintain iron solubility as the pH rises in
the mammalian intestine (Powell et al., 1999). Specifically, the
layer of mucus acts as a buffer between the lumen fluids and
the tissues, generating a pH gradient with mildly acidic
conditions close to the tissue, which aids metal–mucus
dissociation and metal/proton cotransport (Whitehead et al.,
1996). Interestingly, adjusting luminal pH had no effect on the
rate of iron absorption (Fig. 7). In freshwater rainbow trout,
intestinal mucus production is stimulated by perfusion with
zinc (C. N. Glover and C. Hogstrand, in preparation). It awaits
verification whether other metals stimulate mucus production,
but this may be one way in which the marine flounder
maintains Fe2+ soluble in the microclimate close to the
intestinal transport site.
In the mammalian duodenum, dietary ferric iron is reduced
to the bioavailable ferrous form by an apical-membrane-bound
ferric reductase (McKie et al., 2001). The reduced
bioavailability of ferric iron in the flounder intestine (Fig. 1)
suggests that the level, or functional capacity, of a teleost ferric
reductase is low. Under these conditions, the posterior
positioning of the ferrous iron uptake processes may be
beneficial because it will prolong the period that dietary
reducing agents (e.g. ascorbate) have to convert dietary Fe3+
to Fe2+. In addition, other physio-chemical factors may play a
role. The autochthonous bacteria of fish intestines have been
poorly assessed, but the population does contain anaerobic
organisms (Ringo and Birkbeck, 1999). This indicates that
favourable redox conditions may exist in some areas of the
intestine that encourage Fe2+ formation.
Desferrioxamine (DFO) treatment had no effect on Fe3+
bioavailability, but inhibited Fe2+ uptake (Fig. 1). This
siderophore is secreted in its iron-free form by actinomycetes
acting as an extra- or intracelluar chelator of iron (Richardson
and Baker, 1992). In yeast, it can aid iron uptake by
complexing environmental Fe3+ and either presenting Fe3+ to
a membrane-bound reductase linked to a Fe2+ transport system
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or the siderophore/iron complex is internalised by endocytosis
(Yun et al., 2000). DFO has been used to stimulate iron uptake
in mammalian cells (Richardson and Baker, 1990; Richardson
and Baker, 1992). In the present study, DFO was added in
excess (10 mmol l−1 DFO versus 1 µmol l−1 iron) and remained
in solution for the 8 h experimental period. This time is
insufficient to observe a positive effect of DFO on the rate of
iron uptake (Richardson and Baker, 1994; Randell et al.,
1994), and thus it is acting solely as an extracellular ironchelating agent. The absence of effect of DFO on ferric iron
accumulation indicates that this siderophore is not acting to
enhance Fe3+ bioavailability in the flounder intestine, but
other siderophores may operate in fish. However, the
inhibition of intestinal Fe2+ uptake suggests that the flounder
intestinal iron uptake pathway is at least in part via a ferrous
iron transporter.
Aquacultural practice is to supplement feed with
60–100 mg iron kg−1, and it is of interest in the light of the
greater bioavailability of Fe2+ than of Fe3+ in the present study
that this is in the form of ferrous salts (Andersen et al., 1996).
However, Andersen et al. (Andersen et al., 1997) showed that
the bioavailability of dietary haem-bound iron is greater than
that of ferrous salts. Organically bound iron may therefore be
an important source of dietary iron in fish. As alluded to above,
dietary ferric iron must be converted by components within the
diet and/or by reducing environments in the marine fish
intestine. In the present study, ferrous iron was formed by
chelation of ferric iron to nitroacetic acid and reduction by
ascorbate, a method that has been used to assess Fe2+ uptake
in mammalian systems (Randell et al., 1994). Ascorbate is
routinely added to fish feeds in aquaculture, but its influence
on iron status is variable. For example, iron methionine
bioavailability is enhanced by ascorbate in catfish (Lim et al.,
2000), whereas Fe2+ is readily bioavailable in salmonids and
ascorbate either has little effect (Hilton, 1989; Andersen et al.,
1997) or enhances iron status (Dabrowski et al., 1989). The
importance of dietary reducing agents in fish intestine metal
bioavailability requires further study.
The increased Fe2+ bioavailability and upregulation of ironbinding proteins in response to a physiological stimulus
(haemoglobin depletion) suggests that a regulated divalent iron
transport process is present in the intestine of the marine
flounder. The evidence suggests that this transport process is
probably via a protein that belongs to the Nramp gene family,
a family of genes that has been shown to transport Fe2+ in
plants and mammals (Conrad et al., 1999; Thomine et al.,
2000), and analogous sequences have been cloned from
rainbow trout (Dorschener and Phillips, 1999). However, the
result of this study are of interest when placed in the context
of the chemistry of the marine teleost intestine that would
predict divalent ion carbonate precipitation and an
unfavourable proton gradient for Fe2+/H+ cotransport.
Consequently, it will be important to determine the
mechanisms by which the marine teleost intestine maintains
iron and other essential metals bioavailable for uptake in spite
of the chemical obstacles confronted.
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