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Iron transport across polarized intestinal epiUlelium was studied by using Caco-2 cells grown in bicameral 
chambers. When cells were grown under conditions of low, normal, or high iron concentration not only was the iron 
content of the cells markedly altered but the low iron cells exhibited a nearly 2-fold increase in transepithe|ia| 
electrical resistance (TEER). SgFe uptake from the apical surface into cells and transport into the basal chamber 
was affected both by the valency of the iron and the iron status of the cells. Uptake from SgFe(|l)-ascorbate was 
about 600 pmol SgFe/h per mg protein, increased about 2-fold in low iron cells, and was about 13-200-fold greater 
than uptakes from S9Fe(lll) chelated to nitrilotriacetic acid, BSA, or citrate. Transport into the basal chamber from 
sgFe(ll)-ascorbate was 3.7+_1.7 p m o l / h  per cm 2 for Fe-defieient cells vs. 0 .72+0.1  p m o l / h  per cm 2 for 
normaI-Fe cells and from s9Fe(IH)-BSA 1.1 + 0.2 p m o l / h  per em z vs. 0.3 _+ 0.03 p m o i / h  per cm '~ for deficient vs. 
normal iron cells, respectively. The greater transport of iron both from Fe(|l) and in iron deficient cells supports 
the use of the Caco-2 cells as a model for iron transport. 

Introduction 

Total body iron balance is regulated by iron absorp- 
tion which occurs primarily in the proximal small intes- 
tine. Tile regulation is unique in nutrient uptake in 
that there are no regulated excretory pathways for iron 
and the intestinal cell is sensiti~e both to total body 
iron stores and levels of erythropoiesis [1,2]. The sys- 
tems which have been used previously to study mecha- 
nisms of iron absorption are either composed of multi- 
ple cell types as with isolated gut loops [3-7] or have 
examined uptake into vesicles isolated from the apical 
(lumenal) surface of small intestine mucosa [8-10]. 
While there are studies involving primary cell cultures 
of ceils derived from intestinal mucosa, these prepara- 
tions, which do not form tight cell monolayers an,a may 
be composed of more than one cell type, do not permit 
analysis of transport of iron from the apical to the 
basal-lateral surface. The Caco-2 cell line has been 
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used to examine a variety of intestinal functions [11] 
and is attractive to use for the study of iron transport 
tor several reasons: the cells form a highly polarized 
monolayer, exhibit many of the features of small intes- 
tine cells, and have been used to demonstrate vectorial 
transport [11]. In the present study we examine the 
utility of Caco-2 cells grown on porous membranes in 
bicameral chambers to study transport of iron from the 
apical to the basolateral surface and demonstrate the 
transport to be responsive both to the iron status of the 
cells and to the valency of iron. 

Material and Methods 

Caco-2 cells, from American Type Culture Collec- 
tion No. HTB37 (Rockville, MD), were maintained in 
Dulbecco's Modified Eagle Medium supplemented with 
10% Fetal Bovine Serum (FBS, (Gibco, Gaithersburg, 
MD)), 1% non-essential amino acids, and antibiotics/ 
antimycotic (100 u/ml Penicillin-G, 100 u/mi Strepto- 
mycin and 250 ng/ml Fungizone). To culture cells 
under low iron conditions Dulbecco's MEM without 
added iron (Gibco) was used supplemented with iron 
depleted FBS prepared by titrating the FBS to pH 4.5 
in the presence of 300 g/l  Chelex (Sigma, St. Louis, 
MO); after 2 h the ph  was increased to pH 7.4 with 
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NaOH and the FBS allowed to sit overnight in the 
presence of Chelex. To culture cells under high iron 
condition~, the medium was made 65/zM in Fe(III) by 
the addition of Fe(III)-NTA. Cells were grown in Tran- 
swell bicameral chambers with 3 /,tm pore size mem- 
brane (Costar, Cambridge, MA) coated with collagen. 
The collagen film was applied to the filter as 50/,tl of 
collagen solution (3 mg/ml, 60% ethanol; rat tail, 
type I, Collaborative Research Products) and then the 
Transwells were inverted and dried under sterile lami- 
nar air flow. Formation of a monolayer was monitored 
by measuring the transepitheliai electrical resistance 
(TEER) with a Milliccll electrical resistance system 
(Milliporc) [ll]. iron uptake was measured only after 
TEER had risen to a level indicating the formation of 
an intact monolaycr [11-13]. S')Fe (S')FeCI.~, 5-85 Ci/g, 
NEN-DuPont) was added as Fe(ll)-ascorbate at an 
Fe/ascorbate [14] ratio of 1 : 10G0 or as Fc(III) chelated 
to: NTA (1:4) [15,16], citrate (1:3000) [6,17], BSA [18], 
or transferrin [19]. The S')Fe chelates were added at 
500 nM Fe to the apical or upper chamber in 50 mM 
Hepes-buffcred saline solution (HBS) (pH 7.4), pre- 
pared from 193 mM Hepes diluted with an isotonic salt 
solution consisting of 130 mM NaCI, 10 mM KCi, 1 
mM CaC! 2, and 1 mM MgSO4. The buffer in the basal 
or lower chamber was HBS made 50 ~M in human 
apo-transferrin. Uptake was allowed to proceed for 60 
min, the basal charaber buffer harvested, the cells 
washed three-times with HBS and removed from the 
polycarbonate membranes with 0.5% trypsin. Radioac- 
tivity in the cells, apical and basal chambers was deter- 
mined in a Compugamma LKB gamma counter. Iron 
concentrations of media, FBS and cells were estimated 
by atomic absorptioa spectroscopy (AAS) in a Perkin- 
Elmer AAS equiped with an argon furnace. The iron 
concentration of the iron depleted FBS and medium 
was always less than 0,1 p.M. Caco.2 cell ferritin was 
measured with a Elisa Remeo-kit for human ferritin 
that uses as a standard liver ferritin. Electron mi- 
croscopy was performed as described elsewhere [10]. 

R e s u l t s  

Formation of Caco-2 cell monolayers 
Similarly to previous reports [10,12] Caco-2 cells 

grown on polycarbonate membranes demonstrated a 
gradual increase in TEER with maximal TEER being 
reached at about day 18 of culture (Fig. 1), Electron 
microscopic analysis of Caco-2 cells after day 18 showed 
c¢11 monolayers with a highly polarized structure, abun- 
dant microvilli in the apical surface, well developed 
tight junctions, glucagon storage grains, and clathrin- 
coated pits (mierographs not shown). At the time of 
maximal TEER the monolayer was sealed to passasc of 
dextran blue (molecular mass 2- 106 Da), ~251-1abeled 
BSA (molecular mass 66 000 Da), and phenolsulphon- 
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Fig. I. Transepithelial electrical resistance of Caco-2 cell monolayers. 
Caco-2 cells were grown in transwells bicameral chambeis as de- 
scribed in the methods in normal iron containing media for up to 20 
days. Transepithelial electrical resistance (TEER) was measured at 
tile indicated times. The TEER expressed as ohm cm" are means (e) 

± S.D. ( + ) of lib° 12 inserts per day. 

phthalein (molecular mass 354 Da) with leakage of 
these probes of less than 0.25% per h in either direc- 
tion (data not shown). 

Culturing cells in iron-depleted or iron-enriched 
medium significantly altered several parameters as de- 
tailed in Table l. The Fe content of the cells was 
markedly affected with cells cultured in low Fe condi- 
tions containing about half the iron as cells grown 
under normal iron conditions while cells grown under 
high iron conditions had a 4-fold increase in iron 
content. Ferritin content was also affected: the iron-de- 
ficient cells had no detectable ferritin by the ELISA 
assay while the iron-loaded cells had a several hundred 
fold increase in ferritin over normal and showed a 
positive reaction for hemosiderin when stained with 

TABLE I 

The effect of iron statlL~ of Caco-2 ccil~ ,m iron and fi, rritin t'OtZtCtzt and 
TEER 

Caca-2 cells were cultured either under low iron ([Fe]<0.1 /~M), 
normal iron ([Fe] = i.i /zM), or high iron ([Fe] = 65/~M) conditions. 
At day 18 iron content, ferritin, and TEER of the cells were 
measured as described in Methods. The iron and ferritin contents 
were measured in cells grown on 3 cm diameter plastic dishes to 
obtain sufficient cells required for these measurements. Shown are 
the means + S.D. for six plates for iron and ferritin content, and 44, 
52, and 12 inserts for TEER for low, normal, and high Fe, respec- 
tively, n,d,, not detected. 

Low iron Normal iron High iron 

iron content 
(pmol Fe /mg 
protein) I 1.0 + 3.5 25 _+ 7 114 _+ 23 

Ferritin 
(pmol ferritin/mg 
protein) n.d. 0.53 _+ 0.16 269 _+ 47 

TEER 

(ohm cm 2) 497 _+ 66 246 _+ 25 190_+ 25 



TABLE il 

5"Fe uptake #zto Caco-2 cells as a fimction of h'on status of  the cells 

The uptake of 5"Fe from the various sources was determined in 
Caco-2 cell monolayers grown on 3 cm z plastic dishes and is ex- 
pressed as picomoles of F e / m g  protein per h. Values are the 
mean +_ S.D. of at least six replicates of three independent experi- 
ments. 

5'JFe offered at 
500 ~M as: 

Cell monolayer status 

Fe deficient Fe normal Fe high 

Fe +-'-ascorbate 1213 _+ 156 
Fe + 3-NTA 79_+ 9 
Fe +3-BSA 35+ 4 
Fe +Lcitrate 4_+ ! 
Fe +Ltransferrin 5_+ I 

614+49 
45_+ 4 34_+3 
27_+ 2 

3_+ 1 1_+! 
3_+ ! 2_+ I 

Prussian blue. The TEER was also affected with the 
iron-deficient cells exhibiting a 2-fold increase in T E E R  
at day 11 with no abnormaliities of TEER occurring in 
the iron-loaded cells. 

• ~'~Fe uptake and ','ansepithelial transport 
S"Fe was offered to the apical surface of the Caco-2 

cells either as Fe(ll)-ascorbate or Fe(ll l)  chelated ei- 
ther to NTA, BSA, citrate or transferrin. As seen in 
Table II while uptake into the cells occurred both from 
Fe(li)  arid Fe(ll l)  sources, nearly 15-fold more 5'~Fe 
was taken up from Fe(ll)-ascorbate than any of the 
Fe(ll l)  donors. S'~Fe uptake into the ceils was approxi- 
mately doubled by growth under iron-deficient condi- 
tions. Uptake into the iron loaded cells was not signifi- 
cantly affected. 

Fig. 2 shows 5"Fe transport from the apical to the 
lower chamber for normal and iron deficient monolay- 
ers with either S"Fe-ascorbate or S'JFe-BSA in the 
apical chamber. After a lag of about 15 min there 
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Fig. 2. 5,, Fe transport by Caco-2 cell monolayers grown on porous 
membranes in bicameral chambers. Caco-2 cells were grown under 
nor|nal iron (FEN) or iron deficient (FED) conditions until maximal 
TEER was reached. 5"Fe at 500 p.M was then offered on the apical 
side either as 5'~Fe(II)-ascorbate (A) or as S"Fe(lll)-BSA (B). 
Aliquotes were removed from the basal chamber at the indicated 
times, replaced with fresh buffer and 5"Fe radioactivity determined. 
Presented is the percentage of total radioactivity transported t~ the 
basal chamber (mean (o) .+ S.D. (+) of two experiments with each 

point in triplicate). 
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appeared to be linear transport of S'~Fe into the basal 
chamber. As with cell uptake, transport of 59Fe offered 
as S'~Fe(ll)-ascorbate was greater than V'Fe(III)-BSA 
with rates of [I.72 -I_: 0.1 pmol /h  per cm 2 versus 0.3 _+_ 
0.03 pmol /h  per cm 2 observed for S'~Fe-ascorbate and 
S"Fe-BSA respectively in cells with oormai iron con- 
tent. Transport  across the iron deficient cells was in- 
creased for both iron sources with rates of 3.7 _+ 1.7 
pmol /h  per c m  2 observed for S'~Fe-ascorbate and 1.1 
+_ 0.2 p m o l / h  per cm 2 for S'~Fe-BSA. 

Discussion 

A major handicap in the study of iron absorption 
has been the lack of an b: rqtro cell culture model of 
homogenous enterocytes that could form a polarized 
barrier. The system based on Caco-2 cells eliminates 
many of variables that could obscure the cellular and 
molecular mechanisms operating in metal absorption. 
"rh,z Caco-2 cell monolayers, grown in our laboratory in 
bicameral chambers on porous rnenhbrancs, are mor- 
phologically highly polarized as seen by electron mi- 
croscopy. The cells present abundant microviili and 
well-defined tight junctions with all features of the 
zona adherence present. Caco-2 monolayers form a 
tight barrier as shown by a TEER that increases above 
250 ohm cm 2. The tightness of the barrier was con- 
firmed by the inpermeability of the cells to pheno- 
sulphonphthalein. The formation of a tight barrier 
makes the Caco-2 cells an exceller~t model for the 
study of transcellular transport. 

In the present study we have demonstrated that the 
Caco-2 cells take up and transport 5"Fe and that both 
processes are more rapid with Fe(ll)  than Fe(III). The 
observed uptake rates in Table 11 when expressed as 
pmoi /mg protein per min are similar to the rates seen 
for uptake into apicaily derived vesicles [3] therefore 
suggesting that similar processes are being observed. 
Although in uico uptake from Fe(ll l)  may occur 
[6,9,10,18] our finding is in accord with studies that 
suggest Fe(ll)  is a more optimal source of iron. That 
the differences in transport into the lower chamber 
were not as great as the uptake into the cells suggests 
that in this model the transfer phase ~-~d not the 
uptake phase may be rate-limiting. To exclude rest:fic- 
tion of iron binding sites in the basal chamber as rate 
limiting in the transfer phase, the physiological iron 
aceptor apo-transferrin was supplied at 50 ~M which 
allowed for a 200-i000-fold molar excess of binding 
sites to 5'~Fe transported. 

It is also appurent from these studies that not only 
are the Caco-2 cells susceptible to cl~anges in iron 
status by culturing the cells with dit't'erc~lt iron concen- 
trations in the media, but that these changes affect cell 
function. Most pertinent to the model i'~ ,hat both iron 
uptake into the cell and transport across the cell is 
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greater in the iron-deficient cells a~.d decreased in the 
iron-loaded cells. The preference for Fe(ll) and the 
effects of iron deficiency and iron loading are in agree- 
ment with observations in humans and animals and 
serves to verify the Caco-2 model as appropriate for 
the study of iron uptake. Althe'Jgh it is possible that 
other polarized cell lines could exibit iron uptake from 
non-transferrin bound iron, the Caco-2 cell system is 
presented as an appropiate model for intestinal trans- 
port because the cells are derived from the intestine 
and have morphological and enzymatic properties of 
intestinal epithelium. 

Intriguing is the observation that the iron-deficient 
cells exhibited a higher TEER. Preliminary electron 
microscopy studies demonstrate in the iron-deficient 
cells larger tight junctions with an apparent increase in 
the number of strands forming the tight junctions. 
While it is difficult to understand how these structural 
changes translate into increased Fe uptake and trans- 
port, the changes give further support that the ob- 
served iron transport into the lower chamber is by a 
transccllular rather than paraceilular mechanism. 
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