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Summary
Iron is an essential element because it is a key absorption was upregulated in the posterior intestine in

constituent of the metalloproteins involved in cellular
respiration and oxygen transport. There is no known
regulated excretory mechanism for iron, and homeostasis
is tightly controlled via its uptake from the diet. This study
assessedn vivo intestinal iron uptake and in vitro iron
absorption in a marine teleost, the European flounder
Platichthys flesus Ferric iron, in the form >9FeCls, was
reduced to F&* by ascorbate, and the bioavailability of
Fe3* and Fe2* were compared.In vivo Fe2* uptake was
significantly greater than F&* uptake and was reduced by

response to prior haemoglobin depletion of the fish, and
the transport showed a Qg value of 1.94. Iron absorption
in the other segments of the intestine did not correlate
with  haematocrit, and Qo values were lower.
Manipulation of the luminal pH had no effect onin vitro
iron absorption. The present study demonstrates that a
marine teleost absorbs F& preferentially in the posterior
intestine. This occurs in spite of extremely high luminal
bicarbonate concentrations recordedin vivo, which may
be expected to reduce the bioavailability of divalent

the iron chelator desferrioxamine. F&* was also more cations as a result of the precipitation as carbonates (e.g.

bioavailable than Fé* in in vitro studies that assessed the FeCQg).

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 flounderPlatichthys flesus

preferential site for Fe2* uptake in vivo. In vitro iron bioavailability, intestine.

Introduction

Iron is an essential element involved in cellular respiratioral., 1997). In Atlantic salmon, Fe(IpDs is poorly absorbed
and oxygen transport. In higher vertebrates, there is no knowiMaage and Sreier, 1998), whereas haem iron is more
regulated excretory mechanism for iron, and iron homeostasisoavailable than iron(ll) sulphate, which in turn is more
is tightly controlledvia its uptake. In the case of fish, iron is bioavailable than elemental iron (Andersen et al., 1997). In
acquired predominantly from the diet, with the contributioncontrast, mammalian dietary iron uptake processes have been
from iron uptake from the watetia the gills probably being characterised, and there are two distinct forms of iron, haem
negligible (Roeder and Roeder, 1966; Andersen, 1997). Thaend non-haem (FBé). In the case of non-haem iron, the acidic
estimated daily dietary requirement for iron of teleost fiskenvironment of the stomach solubilises iron from its ingested
ranges between 30 and 170 mgk@watanabe et al., 1997), matrix (Powell et al., 1999), probably in the ferric form
and aquacultural practice is to add iron to the feed. Deviatior(§e3*), and gastric and small intestine mucins bind this iron
from this supplementation can compromise fish health, andnd maintain iron solubility at pH values approaching
iron-deficient diets result in a reduction in hepatic iron storegeutrality in the intestine (Whitehead et al., 1996). Ferric iron
and haematocrit (Andersen et al., 1997), whereas iron-ricls reduced eithevia dietary compounds, such as ascorbate
diets are toxic, causing reduced growth (Desjardins et al(Raja et al., 1992), aria a membrane-bound ferric reductase
1987) as well as being linked to an increase in pathogeiMcKie et al., 2001). The microclimate close to the tissue is
virulence (Fouz et al., 1994). maintained acidic and protected from the lumea the

The mechanisms by which the teleost fish intestine absorlmsucus layer covering the mucosa. This environment helps
iron are poorly understood, but bioavailability is influencedsolubilise ferrous iron and it is this form that enters the
by the form in which iron is found in the diet (Andersen etenterocytevia a pH-dependent B&H* cotransporter, termed
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a divalent cation transporter (DCT; Gunshin et al., 1997; Materials and methods
Fleming et al., 1997). The DCT is part of the evolutionarily Experimental animals and solutions
conserved family of Nramps (natural resistance-associated European flounderBlatichthys flesug. (252-541g) were

macrophage proteins) that are involved in membrane mete!iught in the Baltic Sea and kept in flowing ambient sea water
transport.(Celller et al., 1995; Orgad et al., 1998; I_Dorschen?él%o) at Kerteminde Aquatic Research Centre, Funen,
and Phillips, 1999; Portnoy et al., 2000; Thomine et al.nonmar \water temperature was 13°C, and the fish were
2000). Transfer of iron across the lateral membrane of thl%aintained in holding tanks for at least a week prior to

enterocyte into the C|rcu_lat|on occwa an |ron-regL_JIated experimentation. They were not fed during this period. Fish
transporter (IREG1). This transporter is closely linked toWere kiled with an overdose of anaesthetic (MS-222),

giil?j?::sst::% tinF é”ltzgri?lisn:;ren;sr:dn?‘ro(;:?ggefxgjnagf;inthghd plasma and fluid from the stomach, anterior, mid and
' gposterior intestine were taken for analysis of total,CO

o . . r
Fe? bln_ds to to transferrln_ .(MCK'e et al., 2000). Haem Iron(ToIedo—Corning 965 analyser), pH (Radiometer BMS3/PHM
absorption is probably facilitateda a haem receptor, and a .

73) and osmolarity (Wescor vapour pressure osmometer).

common intracellular pathway exists with inorganic iron o . . .
(Conrad et al., 1999). The transferrin/iron complex circuIate-rr.ans'ep'the''61I resistance (TEP) was monitored using agar/salt
N ) idges (3molt! KCI in 4% agar) connected through

in the body, where it enters the cells by the well-characterise Y
transferrin)frece tor-mediated endoc )t/osis (Andrews et alﬁglAgCI electrodes (World Precision Instruments Inc.) to a
1999) P y Radiometer pHM 84 high-impedance electrometer. All TEP

Evidence for a similar intestinal iron uptake pathway in fishvalue§ were expressgd relative to t'he mucosal side of the
ntestinal sac preparation as 0 mV while the sac was bathed on

comes from the recent cloning of cDNAs encoding for th | and | surf ith sall fth ot
Nramps in rainbow trout (Dorschener and Phillips, 1999) an € mucosatand serosal surfaces with saiine ot the appropriate
composition. Tip potential was routinely less than 1 mV, and

the identification of ferroportinl, which is identical to the he ol q hecked f Th I sid
IREGL1 protein (McKie et al., 2000), in zebrafish (Donovan efhe electrodes were chec ed for symmetry. The mucosa slde
al., 2000). However, an interesting difference exists in thdvas accesseda the cannulation catheter and the serosal side

chemical composition of the lumen in freshwater and maringiathe outside bathing solution. Triplicate measurements over

teleost intestines. Marine teleosts live in a hyperosmoti@ °Min period were averaged. On the basis of a detailed
environment and thus, to prevent dehydration, they drink se'alysis of blood plasma and intestinal fluid (M. Grosell,
water. Conversely, freshwater fish reside in hypo-osmoti€: M- Wood, N. R. Bury, C. Hogstrand, J. C. Rankin, R. W.
habits and thus need to minimise water uptake; consequentw,'lson and F. B. Jensen,_ unpu_bllshed data), ar_t|f|C|aI_ salines
they imbibe little water. Wilson (Wilson, 1999) observed thatVereé made to concentrations (in mmé)lof, for intestinal
intestinal pH and bicarbonate/carbonate levels differ greatl§@line, N&, 135.2; K, 2.5; Mg, 1.5; C&", 3; CI, 137,
between freshwater-adapted and seawater-adapted euryhal _2_’ 1.5, PQ¥, 3; HCQy", 1.2; glucose, 5.6, and for plasma
teleost species. For example, freshwater rainbow trout G@iine, N& 149; K, 5; Mg, 0.9; C&*, 1.6; CI, 142.3;
flounder have a mildly acidic intestine (pH6.7 and 6.4SQ%" 0.9; PQ¥, 3; HCQ", 11.9; glucose, 5.6.

respectively) and low bicarbonate/carbonate  levels Radiolabelled ferric chloride was purchased from
(12mmol 1, and undetectable, respectively), whereas in seAmersham Internationa?{FeCh the specific activity of which
water they have an alkaline intestine (pH9.1 and 8.4was either 166 MBqmt, 316ugFemf! or 266 MBgmi,
respectively) with high  bicarbonate/carbonate  levels3151ug Femf! depending on the batch used). To assess
(120mmolt! and 75mmoltL, respectively). The increased Whether the ferrous (P8 or ferric (F&*) form of iron was
base secretion into the intestine of seawater teleosts is believ@@re bioavailable, ferric iron was reduced by ascorbate using
to play a role in osmoregulation by facilitating the precipitationthe methods of Randell et al. (Randell et al., 1994). Briefly,
of divalent ions, such as &aand M@* (Walsh et al., 1991; an appropriate quantity of%eCk (depending on the
Wilson, 1999). On the basis of these findings, the intestine éPncentration desired) was added to intestinal saline containing
seawater teleosts would appear to be an inhospitabR) mmollt Hepes, pH7.4, and then mixed with nitroacetic
environment for ferrous iron uptak&a DCT. The high levels acid (NTA), forming Fe-NTA complexes, at a concentration
of bicarbonate/carbonate cause precipitation of calcium arf@ur times that of iron. After mixing for 20 min, 1 mmot
magnesium carbonate (Walsh et al., 1991). The solubilitpscorbic acid was added. The solution was mixed for a further
product Ks) for FeCQ is lower than for CaC@®and MgCQ, 15min and then adjusted to pH7.9. Under these conditions,
as reflected by p{(-logKs) values at room temperature of 10.5 90 % of the iron is reduced to #gRandell et al., 1994). For

for FeCQ, 8.1 for CaC@and 4 for MgCQ@ (Hagg, 1973). So, experiments assessing ferric Heiron uptake, the iron was
one might also expect Feto be precipitated as FeG@nd  prepared in a similar manner except that the ascorbate step was
that the high pH would create a disadvantageous protapmitted. Throughout this article, the term ferrous iron will refer
gradient. This study aimed to characterise inorganic iromo that formed from ferric iron by the methods described above.
bioavailability and uptake across the intestinal apicallhe effect of the iron chelator desferrioxamine mesylate (DFO;
membrane of a marine teleost, the European floundedigma) onin vivoiron uptake was assessed by the addition of
Platichthys flesus 10 mmol 1 DFO to the intestinal saline.
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In vivo uptake studies was taken for initial counting. The PE tubing was sealed, and
Flounders (mean mass 403.5+76.6\=18) were the sacs were placed into 18ml of plasma saline that was
anaesthetised (1glMS-222), and a small incision was made constantly bubbled with a 99.5%/0.5% CQ gas mixture
in the body wall to expose the intestine. A 7-8cm segment @telivered from a Wasthoff (Bochum, Germany) gas-mixing
the anterior, mid or posterior region was ligated with surgicabump. Temperature was 13°C (except for the experiment
thread, ensuring that no major blood vessels leading to tHé Which the effect of temperature was assessed). The
hepatic portal vein were trapped. Using a 25 gauge needle, 2 gmolarities of the plasma saline and intestinal saline were
of intestinal saline, containing 2unol 11 59Fe2*, was injected  Similar, 286 mosmolt and 291mosmott, respectively.
into the ligated region. The intestines were carefully replaceffter a 3h incubation (except where the temporal pattern of
into the body cavity and the incision stitched. The fish were thelfion absorption was assessed), the mucosal fluid was removed,
placed into free-flowing sea water. After 8 h, the fish were kille@nd a 5@l subsample was taken for counting. A 10 ml sample
with an overdose of anaesthetic, and 1 ml of blood was remové&d the plasma saline bath was also counted. The gut sac was
from the caudal veiia a heparinised 18 gauge needle. Thecut open, and the mucosa was dried with tissue paper. The
ligated region of intestine containing t€Fe saline was whole sac was then washed for 1min in intestinal saline
excised, the mucosal fluid was removed and the surface areatghtaining 1 mmoftt EDTA, pH7.9, blotted dry and washed
the |igated region was determined by the methods of Gros@gain for an additional minute. The mucosa was dried again by
and Jensen (Grosell and Jensen, 1999). The intestinal tissue®#tting, and the epithelium was scraped from the muscle layer,
the ligated region and the mucosal contents of this region weksing a glass slide, placed into pre-weighed vials and the
counted for radioactivity, as were subsamples of the blood, gilnass of the scrapings was determined. Preliminary tests
liver, kidney, spleen, bile, intestine and muscle/skin, using 8emonstrated that the washing procedure removed essentially
gamma counter (1480 Wizard 3 Automatic Wallac, Turku@ll the mucus and loosely bourtdFe, so the radioactivity
Finland). The proportional mass of the tissues and blood asicorporated into the epithelial tissue was considered to
percentage of the total mass of the fish was determined for digPresent iron absorption. For example, the final wash solution
fish, and the counts present in the subsamples of the tissues wi@n intestinal sacsN=3) incubated for 3h witt¥%Fe** (at
then multiplied by this value to give a total body count. Iron@ count concentration of 281000 cts miml™) possessed
uptake ratesR) are calculated from the following: 1094i363f0t5 mi‘: (N=3, mleans iS-E-M-L, the epithill‘s@
scraping from these samples possessed 19564252 ctsmin
R=Tepnf(SAx Ax M x1), @ the muscle layer, 247+39ctsminand no counts were
where Tcpm is the total number of counts retrieved from thedetected in the serosal bathing solution. In a small number of
tissues SAis the specific activity of the solution injected into cases, counts were found in the serosal bath as a result of
the intestine (ctsmitnmoll), A is the surface area of the inadequate ligation. These preparations were discarded.

ligated intestine (cA), M is the mass of the fish (kg) ands Epithelial iron absorptionH) was calculated as follows:
the duration of the experiment (h). E = T/(SAX Ms X 1), @
In vitro uptake studies whereT is the total cts mirt of the epithelial scraping§Ais

The cost of the isotope prohibited further characterisation ahe specific activity of the ferrous or ferric solution
in vivoiron uptake, and a widely accepted (Grosell and Jense(gts mirrlnmol?), Ms is the mass of the scrapings (g) dnsl
1999) in vitro approach was adopted. Flounder were killedthe duration (h) of the incubation.
with an overdose of anaesthetic, and the intestine was severed
just below the pyloric caecum and above the rectal sphincter. Effects of temperature and pH on’Feiptake
The intestines were flushed with intestinal saline to remove To investigate the effects of temperature on ferrous iron
food and faeces. Cleansed intestinal tracts were divided intgptake (Jumoll iron), epithelial iron absorption was
three segments of approximately 2—4 cm in length, an anteriassessed in the anterior, mid or posterior regions of the
section, just below the pyloric caecae, a mid section, and iatestine at ambient temperature (13°C) and at 1°C. The latter
posterior section just above the rectal sphincter. One end of themperature was achieved by placing the containers possessing
segment was sealed tightly with surgical thread and, into thihe gut sacs and serosal medium in an ice bath.
other end, a 5cm piece of PE-50 tubing was inserted and tiedTo assess the effects of pH on posterior intestinal ferrous
to allow for administration and sampling of the intestinaliron absorption (umoll=2 iron), the radiolabelled intestine
saline. To assess the bioavailability of ferric and ferrous irorsaline was prepared as described above and then adjusted to
salines were prepared as described above. In the case of fgi¢5, 6, 7 or 8 using ¥$Qu. The osmolarities of these salines
concentration study, the specific activity was adjusted by theere adjusted to parity to each other by the addition of
addition of ferric chloride; thereafter, all procedures were thenannitol, as was that of the serosal bathing medium.
same as described above.

To these ‘gut sacs’, 1 ml of radiolabelled intestinal saline Effects of reduced haematocrit or?Feiptake
(range of 59Fe2* or 59Fe&3* used was 0.2-20pmol |1 Flounders (252-504g, mean mass 419+5Blg5) were
depending on the experiment) was added, andph &mple  anaesthetised, and 6-10ml of blood was removied a
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heparinised 18 gauge needle and syringe inserted into tl a
caudal artery/vein complex. The fish were then placed int <, 20; t
flowing sea water to recover for 5 days, after which the bloo %
haematocrit was determined by caudal artery/vein samplin = 15l
and the regions of the intestine were prepared as intestinal s: g
(described above) to ass@ssitro Fe2* absorption (umol 171 =
iron). The haematocrit and Feabsorption of control fish % 1.0
(N=5) were also determined. ‘g
. . 8 0.51 T *
Statistical evaluation =
All values are expressed as means.&M. Analysis of ° 0 . ’_T_‘
variance (ANOVA) followed by a least significance difference § Fo3+ Fe2t

(LSD) test was used to assess differences betimegwnoiron
uptake andn vitro iron uptake at the different times in the Fig. 1. In vivo ferric (Fé*) and ferrous (F&) iron uptake (filled
three intestinal region and thHa vitro iron absorption at columns) from the posterior region of the intestine of the European
different pH values. Studenttstests were used to compaine flounder and the influence of the iron chelator desferrioxamine
vivo ferric (Fé*) and ferrous (F&) iron uptake rates, the (PFO; open columns) on this uptake rate. Values are meamswt
effect of the iron chelator DFO on these rates, the differenC((N=5_6)_‘ An asterisk indicates a significant difference betwgen the
betweenin vitro iron absorption when iron was present in thecontrol iron (F€” or F&") uptake rate and the uptake rate in the
Fe3t or Fe* form after different incubation periods and at presence of DFO, and a double dagger mdlc.atei & S'gT'flcam
. . . . difference in uptake rate between the forms of iror$’ e Fe&
different concentrations, and differences in rates of* Fe (Student'st-test,P<0.05).
absorption between control and haemoglobin-depleted fisl
Linear regression analysis was performed to determine tt
relationship between haematocrit values amdvitro iron  saline on the serosal surface, and intestinal saline on the
absorption. Analysis was performed using the SPSSGucosal surface was serosa-negative (Table 1).
computer package, anB<0.05 was taken as the level of Assessment of iron uptalke vivoshowed that ferrous iron
significance. (Fe2%), formed from the reduction of Feflly ascorbate prior
to injection into the posterior region of the flounder intestine,
was significantly more bioavailable than ferric iron (Fig. 1).
Results Over an 8h period, the influx rate of ferrous iron was
The fluids collected along the tract from the stomach to theignificantly reduced by desferrioxamine mesylate (DFO),
rectum were associated with a reduction in osmolarity fronbut DFO had no significant effect on ferric iron
510 to 318 mosmott (Table 1). At the same time, total bioavailability (Fig. 1). A significantly greater ferrous iron
COz concentrations increased dramatically (stomachuptake rate was observed in flounder in which radiolabelled
1.7+0.9 mmoltl; posterior intestine, 75+10mmot) and pH  iron had been injected into the posterior region of the
increased to 8.45 (Table 1). Timevitro transepthelial potential intestine compared with either the mid or anterior regions
of the anterior, mid and posterior gut regions, with plasméFig. 2).

Table 1.0smolarity, pH, total C@content of the gut fluids

N
o
*

R
and blood plasma and the vitro transepithelial potential of E,
the stomach and the anterior, mid and posterior regions of thi * 1
intestine of European flounder acclimated to 21 %o S 1.5
Region of Osmolality Total C® TEP g
intestine (mosmolh) pH (mmol FY) (mv) gﬁ 1.0
Stomach 510455 1.7+0.9 s
Anterior 359445 8.24+0.1 52+19 -13.7£1.8 > 051
Mid 332+30 8.35+0.1 63+16 -17.7+1.3 E
Posterior 318+22 8.45+0.1 75+10 -19.7%2.1 5
Plasma 323+24 7.79+0.1 10£1.1 § Antérior M'id Postérior

In vitro transepithelial potential (TEP) values are with plasm

. . W . . .
saline on the serosal surface and intestinal saline on the muco:F'g' 2.In vivoferrous (F€") iron uptake rate in the different regions

of the intestine of the European flounder. Values are meamswt

surface. T I .
Values are the meansem. (N=5, except for the stomach where _(N—5—6). An asterisk indicates a S|gn|_f|cance difference between the
N=3). iron uptake rates from the three regions (ANOVA followed by an

LSD test,P<0.05).
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Fig. 3. Temporal pattern ofn vitro ferrous iron (F&*; filled [Iron] (umol I-1)

symbols) and ferric iron (B& open symbols) absorption at a ) ) ) )
concentration of 0.2mol I-L iron in the three regions of the intestine Fi9- 4. Concentration-dependerin  vitro ferrous (Féf; filled

of the European flounder; anteridl,(C]), mid O, ®) and posterior symbols) and fgrrlc (fsé; open symbols) iron absorption in the three
(¥, V). Values are means .M. (N=3—4). An asterisk indicates a "€gions of the intestine of the European flounder, anteBor{),
significant difference between the absorption of*fend Fé&* ata Mid (O, @) and posterior Y, V). Values are means $Em.
particular time (Student'stest, P<0.05), and values with differing (N=3-6). At each concentration and in each region of the intestine,

letters indicate significant differences betwee*Bdsorption of the ~the rate of iron absorption in the presence of* Be significantly
three regions at the 400 min incubation point (ANOVA followed by 9reater than that in the presence c'R&tudent’s-test,P<0.05).
an LSD test,P<0.05). There are no significant difference between
Fe2* absorption of the three regions at the other time points.
significantly reduced (5.4+1.2N=5) compared with that of
control fish (19+£0.8N=5; P<0.001). Ferrous iron absorption

In vitro temporal iron absorption studies showed that thavas significantly increased in the posterior intestine of
ferrous form of iron was more bioavailable than the ferricanaemic flounder compared with control fish, and iron
form in all regions of the intestine (Fig. 3). Ferrous ironabsorption correlated well with blood haematocrit (Fig. 6).
absorption was 2.6, 4.2 and 5.8 times greater than ferridowever, in the anterior and mid segments of the intestine,
iron absorption in the anterior, mid and posteriorthe rates of F& absorption did not increase with reduced
regions, respectively. Therefore, at this low concentratiomaematocrit, and the correlation with blood haematocrit was
(0.2umol 71 iron), a significantly greater proportion of insignificant (Fig. 6).
ferrous iron was absorbed in the posterior region compared Posterior gut sacs filled with saline adjusted to pH values of
with the anterior or mid regions after a 400 min incubatiorb, 6, 7 and 8 had altered their pH to 7.1, 7.3, 7.6 and 7.8
period (Fig. 3). The temporal pattern of ferrous ironrespectively (Fig. 7), after a 3h incubation. There were no
absorption in the anterior and posterior regions reflected significant differences in rates of #eabsorption between
rapid phase of absorption over the first 15 min followed by @hese pH values (Fig. 7).
plateau phase (anterior region) or a gradual slower rate « ~
iron absorption (posterior region, Fig. 3). The mid region
showed a more-or-less linear increase in iron absorption ov
time (Fig. 3).

The concentration-dependency of iron absorption showed

D
o

Q10=1.94

a1
=}
—

i
=2
S
E
larger rate of absorption of Fethan of Fé* in all regions of = 40 Q10-1.16
the intestine and at all iron concentrations tested (Fig. 4 %
Absorption of ferric and ferrous iron appeared to be linear witl é 30
respect to the iron concentration of the lumen (Fig. 4), bu 2 20 Qi0=1.54
there was no significant difference between the iron absorptic o T T
rates of the three intestinal regions in this series (ANOV/ ."'c_; 104
follows by an LSD test?=0.08). @ j
Reducing the temperature to 1°C reduced ferrous iro & o : : —
Anterior Mid Posterior

absorption by the epithelium in all regions of the intestine

compared with iron absorption at 13°C (Fig. 5). The calculaterig, 5. In vitro ferrous iron (imollt Fe?*) absorption in the

Quo values were 1.5, 1.2 and 1.9 for the anterior, mid anposterior region of the intestine of the European flounder at 1°C

posterior regions, respectively (Fig. 5). (filled columns) and 13°C (open columns). Values are means +
Five days after removal of blood, the haematocrit was.em. (N=5-6).
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Discussion

This is the first study to measure i
uptake and absorption in a marine tel
intestine. The two main conclusions dre
are that, in the intestine of the Europ
flounder, iron in the ferrous form (B9 is
more bioavailable than iron in the ferric fo
(Fe&3*) and thatin vivoiron uptake occurs |
a greater extent in the posterior region of
intestine than in the anterior and r
segments.

These findings are remarkable bec:
base secretion into the intestine of ma
teleosts results in a progressive increas
pH and bicarbonate/carbonate concentra:
towards the posterior region that would |
to an environment in which divalent me
ions would be predicted to precipit
(Table 1); see also Walsh et al. (Walsh e
1991), Wilson et al. (Wilson et al., 199
Wilson (Wilson, 1999) and Grosell a
Jensen (Grosell and Jensen, 2000). Inc
precipitates of CaC® and MgCQ are
present in the intestine (Walsh et al., 1¢
and, since the solubility product of Fe€i®
even lower than those of Cagénd MgCQ,
it is predicted that P& would alsc
precipitate. The apical uptake of ¥ein
mammals isvia a divalent cation transpori
(DCT) that avidly binds F& and transport
iron under mildly acidic conditions (Flemii
et al.,, 1997; Gunshin et al.,, 1997). E
though the total C®content and pH of tt
marine teleost intestine, in principle, wo
reduce substrate availability and pre\
apical metal/proton cotransport, there
molecular evidence for an analogoud'fAd*
cotransporter in fish. Clones of two cDN
encoding for the two Nramp genes have t
identified in freshwater rainbow trc
(Dorschener and Phillips, 1999), and pa
cDNA sequences have been detected i
zebrafish (GenBank accession nun
AF190508) and marine sea bass (Gent
accession number AY008746).

Metal absorption and transfer across
teleost intestine are complex and involve
integration of biochemical and biophysi

processes.In vitro transepithelial potential measurements,epithelium’ (Loretz, 1995) that may allow the passage of iron
recorded under the conditions of the present experiments, shawa a paracellular route. This is the proposed route of entry for
that all three regions of the flounder intestine are serosal-sidevalent ions (Powell et al., 1999) and may, in part, explain
negative (Table 1). This electrochemical gradient would=e* uptake (Fig. 1). However, the uptake of divalent ions is
encourage the absorption of metal ions into the intestingjenerally believed to beéa more specific transcellular routes

mucosa. Furthermore, the lower electrical resistance of th@Vhitehead et al., 1996) that enable physiological regulation
anterior and mid regions of the marine teleost intestinef the uptake of essential, but potentially toxic, metals. This is
compared with the posterior region demonstrates a ‘leaksupported by the limited number of studies on divalent metal

Rate of Fé* absorption (fmol g1 h'1)

Fig. 6.In vitro rates of ferrous iron (P& absorption at fimol 1 in the three regions of

the intestine of the European flounder, (A,D) anterior, (B,E) mid and (C,F) posterior, of
control (filled circles and open columns) and anaemic (open circles and filled columns)
fish. Values are meanssi.m. (N=4-5). An asterisk indicates a significant difference in
the rates of iron absorption (Studerttt®st,P<0.05). Linear regression analysis for iron
absorptionversushaematocrit shows=-0.57,P=0.085 for the anterior regions0.10,
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P=0.63 for the mid region and--0.86,P=0.003 for the posterior region.
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a mid) of the intestine possess a low-affinity/high-capacity
f 501 transporter system or Feabsorption isvia simple diffusion
%’ T and/or that, in these regions, there is a greater abundance
£ 401 of non-specific apical membrane divalent-cation-binding
g 30 I T moieties. In contrast, the posterior region is the site of a high-
=1 affinity Fe?* transporter that is upregulated in response to
2 201 perturbed iron homeostasis.
o In mammals, the anterior (duodenal) segment of the intestine
P 10 is the site for dietary iron absorption (Gunshin et al., 1997). It
k] is therefore surprising that the posterior intestine is the
% 0 . . . . dominant, but not the only, site for iron uptake in marine fish
o 7.1 7.3 76 78 (Fig. 2). The reason why flounder have evolved this strategy is
pH unclear, and the situation is further complicated by the high

Fig. 7.In vitro rate of ferrous iron (imol X Fe2*) absorption in the _concentratiqrjs of bicarbonate/carbonatg that_ reduce divalent
posterior region of the intestine of the European flounder at differedPn availability (see above). The marine fish must have
pH values. The pH of the intestinal lumen changed over théleveloped specialised mechanisms to maintain  metal
experimental period; see text for details. Values are mearsm: bioavailability and ionic metal transport in these hostile
(N=5-6). There were no significant differences between rates of iroponditions. Gastric and intestinal mucins and the mucous layer
absorption. covering the intestinal wall probably play a pivotal role in
metal availability and uptake (Whitehead et al., 1996; Powell
ion uptake in the intestine of fish. Active transport and cationet al., 1999). Mucins maintain iron solubility as the pH rises in
or anion-dependent cotransport have been demonstrated the mammalian intestine (Powell et al., 1999). Specifically, the
Mg2*, Ca&*, Cw#* and Z#* in the fish intestine (Shears and layer of mucus acts as a buffer between the lumen fluids and
Flectcher, 1983; Flik et al., 1990; Bijvelds et al., 1998; Handyhe tissues, generating a pH gradient with mildly acidic
et al., 2000) (C. N. Glover and C. Hogstrand, in preparationjonditions close to the tissue, which aids metal-mucus
and the presence of anZFeuptake mechanism in flounder dissociation and metal/proton cotransport (Whitehead et al.,
intestine confirms this hypothesis. 1996). Interestingly, adjusting luminal pH had no effect on the
In vivostudies better mimic the situation in the intact animarate of iron absorption (Fig. 7). In freshwater rainbow trout,
because blood circulation is maintained and iron does not havgestinal mucus production is stimulated by perfusion with
to pass through the serosal membrane. Consequently, the iramc (C. N. Glover and C. Hogstrand, in preparation). It awaits
binding protein transferrin is present in the blood plasma teerification whether other metals stimulate mucus production,
accept iron after basolateral transfer of*Fey IREG1 and but this may be one way in which the marine flounder
subsequent oxidation to ¥e(McKie et al., 2000). In these maintains F&" soluble in the microclimate close to the
conditions, the posterior segment of the flounder intestine istestinal transport site.
the dominant site of Péuptake (Fig. 2). Support for regulated  In the mammalian duodenum, dietary ferric iron is reduced
ferrous iron uptake in this region comes from the gut sato the bioavailable ferrous form by an apical-membrane-bound
studies and, because vitro there is no notable transfer of ferric reductase (McKie et al., 2001). The reduced
radiolabel into the serosal medium, the higher rate of transpdboioavailability of ferric iron in the flounder intestine (Fig. 1)
in the posterior segment is due to an upregulation in an apicsiliggests that the level, or functional capacity, of a teleost ferric
membrane-bound transport mechanism. The posterior intestineductase is low. Under these conditions, the posterior
is the only region that has azQapproaching 2 (@=1.94, positioning of the ferrous iron uptake processes may be
Fig. 5), which suggests that, in addition to simple diffusionbeneficial because it will prolong the period that dietary
there is also a carrier-mediated uptake process involved. It isducing agents (e.g. ascorbate) have to convert dietdty Fe
also the only region in which iron absorption is significantlyto Fe*. In addition, other physio-chemical factors may play a
increased in response to a reduced iron status and that shawte. The autochthonous bacteria of fish intestines have been
a strong negative correlation between blood haematocrit aqmborly assessed, but the population does contain anaerobic
iron absorption (Fig. 6). organisms (Ringo and Birkbeck, 1999). This indicates that
Similarly, iron deficiency in mammals also induces anfavourable redox conditions may exist in some areas of the
increase in iron uptake that is associated with a rise in duoderiatestine that encourage ¥dormation.
DCT expression (Trinder et al., 1999). However, the situation Desferrioxamine (DFO) treatment had no effect od*Fe
is complicated by the fact that vitro iron absorption in the bioavailability, but inhibited F& uptake (Fig. 1). This
posterior region was only significantly greater than in the othesiderophore is secreted in its iron-free form by actinomycetes
regions at low iron concentrations (Fig. 3, Fig. 4). Absorptiomacting as an extra- or intracelluar chelator of iron (Richardson
will consist of a simple diffusion component and a facilitatedand Baker, 1992). In yeast, it can aid iron uptake by
uptake component, and this disparity betweeninthévoand  complexing environmental Eeand either presenting Feto
in vitro situations suggests that the other regions (anterior armlmembrane-bound reductase linked to% ffansport system



3786 N. R. Bury and others

or the siderophore/iron complex is internalised by endocytosis This study was in part funded by a University Fellowship,
(Yun et al., 2000). DFO has been used to stimulate iron uptakéniversity of Exeter, to N.R.B., a Royal Society travel grant
in mammalian cells (Richardson and Baker, 1990; Richardsaio N.R.B. and R.W.W., an NSERC research grant to C.M.W.,
and Baker, 1992). In the present study, DFO was added & Journal of Experimental Biology Travelling Fellowship to
excess (10 mmott DFOversusl umol I=1iron) and remained M.G. and the Danish Natural Science Research Council to
in solution for the 8h experimental period. This time isF.B.J. C.M.W. is also supported by the Canada Research
insufficient to observe a positive effect of DFO on the rate oChair Program. The authors wish to thank Annie Bach for
iron uptake (Richardson and Baker, 1994; Randell et alexcellent technical assistance.

1994), and thus it is acting solely as an extracellular iron-

chelating agent. The absence of effect of DFO on ferric iron
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