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Caco-2 cell line

Simonetta FerruzZa Yula Sambuy, Maria Rosa Ciriold, Angelo De Marting,

Paolo Santarohj Giuseppe Rotilib? & Maria-Laura Scarind*

1istituto Nazionale di Ricerca per gli Alimenti e la Nutrizione, via Ardeatina 546, 00178 RomaZDighartimento

di Biologia, Universit® di Roma ‘Tor Vergata’ Roma, Italy3Dipartimento di Scienze Biomediche, Univer-
sita di Chieti, ‘G. D’Annunzio’ Chieti, Italy*Author for correspondence (Fax+-39 06 50 31 592; E-mail:
scarino@inn.ingrm.it)

Received 25 April 2000; accepted 10 May 2000

Key words:GSH, heavy metals, metallothionein, passive uptét@uy

Abstract

The apical uptake d¥*CuCh was investigated in human differentiated intestinal Caco-2 cells grown on permeable
supports. At pH 6.0 in the apical compartment, the uptake of copper was linear over the first 6 min and between 10
and 80uM CuCl, exhibited non-saturable transport kinetics. In addition, copper uptake was energy-independent,
affected by the valency state of copper, preferring Cu(ll) over Cu(l), and not influenced by high (10 mM) extra-
cellular calcium. The intracellular distribution of copper was investigated by FPLC at different times of uptake
(‘pulse’) and of ‘chase’. Intracellular copper initially bound predominantly to low molecular weight components
(i.e., glutathione), and subsequently shifted to higher molecular weight components such as metallothionein and
Cu,Zn superoxide dismutase.

Abbreviations:AP — apical; BL — basal; BSA — bovine serum albumin; 2-DOG — 2-deoxy-glucose; FPLC —
fast protein liquid chromatography; GSH — glutathione; HBSS — Hanks balanced salt solution; HEPES — N-2-
hydroxyethyl piperazine-N-4-butanesulfonic acid; MES — morpholinoethane sulfonic acid.

Introduction many tissues including small intestine and colon, with
highest expression in liver, heart and pancreas. hCTR1

Copper plays several important functional roles in the has been suggested as a good candidate for high affin-

body. It is a trace essential element capable to adoptity copper uptake in human tissues (Pefial. 1999);

two distinct redox states, Cu(ll)/Cu(l), which charac- however, due to its low expression in the intestine, its

terize its catalytic function as a cofactor for proteins role in intestinal copper uptake is still debated. In ad-

involved in a variety of biological processes. However, dition, a divalent cation transporter DMT1, originally

copper is also cytotoxic due to its ability to participate cloned from rat duodenum (Gunsheth al. 1997) and

in reactions producing highly reactive oxygen species later identified in humans (Nramp2) (Flemirg al.

and to displace other essential metal cofactors from 1997), displays a broad substrate specificity with high-

their natural ligands. est transport capacity for Fe(ll), with copper ranking

In mammals, dietary copper is mainly absorbed in low in the transport order.

the small intestine but the molecular mechanisms for Many proteins are involved in intracellular cop-

this uptake have not yet been fully elucidated. Two per distribution and storage, namely metallothionein,

human genes, homologous to the yeast high-affinity Cu,Zn superoxide dismutase and other copper en-

copper transporter gene CTR1, namely hCTR1 and zymes (Linder & Hazegh-Azam 1996). Recently, a

hCTR2 (Zhou & Gitschier 1997) are expressed in number of small cytosolic copper binding proteins,
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copper chaperones, have also been identified, deliv-MgCl,, 5.6 mM glucose) (HBSS) and treated in the
ering copper to specific compartments and to copper- AP compartment wit§*CuCh (10-80xM) in HBSS
requiring proteins (Pefet al. 1999). containing 10 mM morpholinoethane sulfonic acid
The Caco-2 cell line, derived from a human colon (MES) at pH 6.0 for 2-240 min in a water bath at
adenocarcinoma, spontaneously differentiates in cul- 37 °C. The basal (BL) compartment contained HBSS
ture exhibiting several morphological and functional additioned with 10 mM N-2-hydroxyethyl piperazine-
characteristics of mature enterocytes (Pirgb al. N-4-butanesulfonic acid (HEPES) at pH 7.4, with
1983). Caco-2 cells grown and differentiated on per- 0.4% copper-free bovine serum albumin (BSA) that
meable filter supports represent a well-established had been extensively dialyzed against 0.2 M acetate
model for the study of intestinal transport and toxicity buffer pH 5.0 to remove bound copper, and with
of nutrients and xenobiotics, including trace elements 120 M reduced glutathione (GSH). For each experi-
(Hanet al. 1995; Rosset al. 1996; Tapiaet al. 1996; ment, about 13 mg of ultra pure CyGlere irradiated
Alvarez-Hernandeet al. 1998; Duizeret al. 1999; for 3 h in a TRIGA reactor (1 MWatt) at a flux of
Ferruzzaet al. 1999a, b). It has been reported that around 24 x 10'2 neutrons /sec. The specific activ-
copper uptake and transport in Caco-2 cells is affected ity of the 4Cu used in the uptake experiments was
by the zinc concentration in the medium (Reegkal. between 1-2 Ci/g of Cugl At the end of the incuba-
1996, 1998). In addition, we have shown that cop- tion period the AP and BL medium were collected and
per effects on tight junctional permeability are related the cells were transferred on ice and rapidly washed
to the apical (AP) uptake of copper (Ferruzzaal. three times with 10 mM EDTA in 150 mM NacCl,
19994, b). Recently, it has also been reported that in 10 mM HEPES, pH 7.4 at 4C. Filters and standards
Caco-2TC7 cells the expression of DMT1/Nramp2 is were placed in polyethilene boxes with screw caps
associated with proton-dependent AP uptake of iron and copper was detected by counting the tétalu.
(Tandyet al.2000). They-induced radioactivity of the standards and cells
The aim of this study was to characterize copper was determined by-spectrometry, using a hyperpure
uptake and intracellular distribution in cultured human germanium crystal at liquid nitrogen temperature and
differentiated intestinal Caco-2 cells. a counting apparatus Ortec G and G. The uptake of
Cu(l) was investigated using a copper-ascorbate com-
plex prepared just before the experiment by drop-wise
Materials and methods addition of84CuCl, to ascorbic acid (1:2 v/v) in HBSS
at pH 6.0, under constant stirring. For energy deple-
The human intestinal Caco-2 cell line, obtained from tion, cells were preincubated for 30 min at 37 with
Prof. Alan Zweibaum (INSERM, Villejuif, Paris, 1 mM NaN; and 50 mM 2-deoxy-glucose (2-DOG) in
France) was grown and maintained as previously de- HBSS in both the AP and BL compartment. Copper
scribed (Ferruzzat al. 1999b) in Dulbecco Modified  uptake in energy-depleted conditions was investigated
Minimum Essential Medium containing 25 Mm glu-  in HBSS with 50 mM 2-DOG at pH 6.0 in the AP com-
cose, 3.7 g/l NaHCeand supplemented with 4 mM  partment, maintaining in the BL compartment 1 mM
L-glutamine, 1% non-essential amino acidg 10°U/| NaN3 and 50 mM 2-DOG in HBSS at pH 7.4.
penicillin, 100 mg/l streptomycin and 10% heat in- For total protein determination, filter-grown Caco-
activated fetal calf serum (complete culture medium). 2 cells were dissolved in 1 M NaOH and the protein
For copper uptake experiments, cells were seeded onassayed by a colorimetric method (Lovetal. 1951).
Transwell filters (Transwell, area 4.7 émpore di- Differentiated Caco-2 cells on filter had a total protein
ameter 0.45:m; Costar Europe, Badhoevedorp, The content of 02804+ 0.006 mg/crs.
Netherlands). For intracellular copper distribution ex- The intracellular distribution of copper was ana-
periments, cells were grown on plastic dishes. Cells lyzed in differentiated Caco-2 cells grown on plastic
were seeded at a density ok4.0° cells/cn? and were after treatment with 3@M CuCl, in HBSS at pH 6.0
left to differentiate for 15-17 days after confluence; for 6 and 60 min. At the end of the incubation, the
the medium was regularly changed three times a week. uptake medium was removed, cells were washed and
For uptake experiments, differentiated Caco-2 resuspended in 150 mM NaCl, 10 mM EDTA, 10 mM
cells were washed three times with Hank’s balanced HEPES, pH 7.4 at 4C. The cell suspension was lysed
salt solution (137 mM NacCl, 5.36 mM KCI, 0.44 mM by repeated cycles of freezing and thawing in liquid
KH2PQy, 0.34 mM NaHPQ@, 1 mM CaChp, 1 mM nitrogen. The lysate was centrifuged at, 280 x g



for 15 min at 5° C, and the supernatant was collected.
To determine the intracellular distribution of copper,
aliquots of the supernatant were fractionated by gel fil-
tration chromatography using a6lx 50-cm Superose
12B Fast Protein Liquid Chromatography (FPLC) col-
umn equilibrated with 0.15 M NaCl, 10 mM HEPES
buffer, pH 7.4. Molecular weights of the material
eluted by gel filtration chromatography were deter-
mined by comparing their elution volume with those
of molecular weight standards. Measurements of cop-
per levels in the FPLC fractions were performed by an
atomic absorption spectrophotometer (Perkin Elmer
2100), equipped with a graphite furnace.

In addition, cells were treated with 30M CuCl
for 30 min (‘pulse’), washed and fresh HBSS was
added and the cells were left in the absence of addec
copper for different times (‘chase’). The distribution
of intracellular copper was determined in FPLC frac-
tions during the ‘chase’ at 3 and 6 h as described
above. Intracellular GSH was assayed in FPLC frac-
tions upon formation of S-carboxymethyl derivatives
of free thiols with iodoacetic acid followed by conver-
sion of free amino groups to 2,4-dinitrophenyl! deriv-
atives by reaction with 1-fluoro-2,4-dinitrobenzene as
previously described (Ree al. 1980).

Cu,Zn superoxide dismutase activity was assayed
in FPLC fractions by a polarographic method as pre-
viously described (Rigo & Rotilio 1977).

Statistical analysis was performed with Statview
4.01 software (Abacus Concepts, Berkley, CA) by
one-way ANOVA followed by Scheffe F-test to deter-
mine significant differences among means.

Results and discussion

The characteristics of copper uptake from the api-
cal (AP) surface of differentiated Caco-2 cells were
investigated maintaining the AP pH at 6.0 and the
basolateral (BL) pH at 7.4 to reproduce the pH con-
ditions existingin vivo in the microenvironment in
proximity of the surface of the villi of the small in-
testine (Ranaldiet al. 1994). In addition, we had
previously shown that maximal rates of copper uptake,
from the AP surface, are observed in the pH range
pH 6.0 to pH 6.5 (Ferruzzet al. 1999b). The AP
uptake of 10uM %4CuCh at pH 6.0 was followed
over time from 5 to 240 min. As shown in Figure 1A
the uptake increased progressively but was not lin-
ear with time. Since the AP compartment contained
1.5 ml of 10uM CuCly, corresponding to a total of
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Fig. 1. Time-course of the AP uptake of M CuCl, in differenti-
ated Caco-2 cells. (A) Uptake from 5 to 240 min was not linear with
time. Each point represents data from two experiments performed
in duplicate ¢ = 4) + SD. (B) Linear copper uptake between
2-6 min from a representative experiment performed in triplidate
SD. Linear regression analysis was performed to obtain non-specific
binding by extrapolation a.

15 nmoles, after 15 min of uptake approximately 10%
of the copper had already been taken up. Deviation
from linearity is therefore likely to derive from the
decrease in copper concentration in the donor com-
partment. For transport studies it is in fact important
to operate under ‘sink conditions’ (e.g., befet&0%
of the substance in the donor compartment has been
transported) (Artursson 1990). In addition, Figure 1A
shows that Caco-2 cells strongly concentrated copper
intracellularly: after 4 h approximately one third of the
copper initially present in the AP compartment was
found associated with the cells.

The AP uptake of 1M %4CuCh was therefore
measured in the linear range of uptake, between 2 and
6 min, (Figure 1B).
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Fig. 2. Kinetics of AP copper uptake by differentiated Caco-2 cells.
Initial rates of uptake were calculated in the linear range, between 2
and 6 min. Each point represents the rate of uptake from one filter.
Ateach concentration = 1215 filters from duplicate experiments.

Kinetics of copper uptake were investigated in the
range 10-8QM 84CuCh by calculating initial rates
of uptake in the first 6 min after subtraction of non-
specific binding calculated by extrapolation from the

The uptake of 2quM %4CuChb was investigated
under different experimental conditions as shown in
Table 1. The presence of an active component of
copper uptake was investigated under reduced energy
conditions obtained by pre-incubating cells with NaN
and 2-DOG to lower intracellular ATP levels as previ-
ously described (Ranaldit al. 1994; Ferruzzat al.
1997). Energy depletion resulted in a significant in-
crease in the rate of copper uptake. This indicates that
at this concentration copper uptake occurs by a passive
mechanism; the reasons for the increase in the rate of
uptake may suggest the presence of an active copper
extrusion mechanism that remains, however, to be es-
tablished. When copper was given in the presence of
ascorbate that reduces it to Cu(l) the rate of uptake was
significantly lower than that of Cug[Cu(ll)]. This is
in accord to previous reports demonstrating that ascor-
bate reduces intestinal copper uptake (van Campen &
Gross 1968; van den Begy al. 1994; Wapnir 1998).

Increasing the extracellular concentration of cal-
cium in the transport buffer from 1 mM to 10 mM
CaCb did not significantly affect the initial rate of
copper uptake. Among the candidate transporters for

curves. Figure 2 shows that the rates of copper uptakejntestinal copper uptake is DMT1/Nramp2 a proton-

increased linearly with the concentration up to.84.

dependent intestinal divalent cations transporter with

Higher copper concentrations were not used since we re|ative broad specificity, also expressed in Caco-2

had previously shown that Cutan alter the perme-
ability of tight junctions allowing paracellular passage
of copper from the AP to the BL compartment (Fer-
ruzzaet al. 1999a, b). Computer fitting of the data to
the equatiorw Kd [Cu], representative of a dif-
fusion component, where is the velocity of uptake,
[Cu] is the copper concentration aiktt! is the diffu-

cells (Tandyet al. 2000). In Xenopusoocytes ex-
pression studies the cation uptake activity of DMT-1
was decreased in the presence of 10 mM Gagl
the extracellular medium (Gunshet al. 1997). The
lack of calcium effect on the AP uptake of copper in
Caco-2 cells does not clearly point to an involvement
of this transporter and agrees with a previous study

sion constant for a non-saturable component, gave anperformedin vivo in goats (Schonewille & Beynen

appareniKd = 0.0185 nmol/(min mg- protein um).

To the best of our knowledge, copper uptake in
Caco-2 cells has previously only been studied at low
copper concentrations (0.5—-12 CuCly) as a func-
tion of zinc concentration in the medium (Reeetsl.
1996, 1998). At low zinc concentration (BV), close
to the zinc concentration in culture medium (Rossi

1995) and with the low specificity of this transporter
for Cu(ll) (Andrewset al. 1999).

The intracellular distribution of copper was fol-
lowed after FPLC chromatography of Caco-2 cells
lysates. Figure 3A shows an elution profile at 280 nm
of cell lysates treated with 3QM CuCl, for 6 min
indicating that copper treatment did not affect the pro-

et al. 1996), a saturable component of copper uptake tein distribution. A similar protein distribution was

was observed exhibiting a Km of 4i/4M and aVpax
of 0.98 pmol/(min mg protein) (Reevest al. 1998).

observed after copper treatment for 60 min (data not
shown). The copper content of each FPLC fraction

Although the conditions of copper uptake reported by \as determined by atomic absorption spectroscopy
Reeves and co-workers are different from those used gn( is reported in Figure 3B. The majority of copper
in this work, the presence of a saturable component of a5 eluted as a single peak between fractions 17 and
high affinity copper uptake in Caco-2 cells would not 20, corresponding to the region where GSH eluted
have been detected under the conditions employed in a5 indicated by GSH determination. Treatment with
our study. 30 1M CuCl; for 6 min resulted in an increase in total
copper content eluting in the same region as in con-
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Table 1. Factors affecting the rate of AP uptake of cogper

Condition Additions to 2QwM CuCl, % of controP
Energy depletion +1 mM NaN; 4+ 50 mM 2-DOE 1366+ 8.4d
Valency state: Cu(l) 440 uM ascorbate 33+ 351
High extracellular calcium +10 mM CaC} 1046 + 15.8

aThe rate of AP uptake of 20M %4CuCh was calculated from the increase in intra-
cellular 84Cu over the first 6 min of linear uptake.

b values are expressed as the percentage of the co#itrSD. from 6-9 deter-
minations. The control value for the AP uptake of 2M 64CuCI2 was 0238 +

0.089 nmol/min mg protein.
¢ 2-deoxy-glucose.

d Significantly different ¢ < 0.001) from control (ANOVA followed by Sche#f

F-Test).
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Fig. 3. Copper distribution into subcellular pools of differentiated
Caco-2 cells. Cells were incubated with @M CuCl, under stan-
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Fig. 4. Kinetics of the distribution of copper into subcellular pools

in Caco-2 cells. Cells were incubated with @M CuCl, for 30 min

and then ‘chased’ for 3 and 6 h. Cell lysates were prepared and equal
amounts of proteins fractionated by gel filtration FPLC as described
under Materials and methods. Data are from a representative exper-
iment. Cells treated with Cuglfor 30 min (solid squares); cells
‘chased’ for 3 h (open squares); cells chased for 6 h (open circles).

trol cells. Longer treatment (60 min) lead to a further

increase in total copper content and to a shift in the
elution of the major copper peak to fraction 16, cor-

responding to higher molecular weight components.
Previous reports had shown that this region corre-
sponds to where metallothionein elutes (Freedman
et al.1989).

To investigate copper distribution into subcellular
pools, copper was followed after a ‘pulse’ treatment.
Figure 4 shows the FPLC elution profile of Caco-2
cell lysates treated for 30 min with 30M CuCl;

dard conditions. Cell lysates were prepared and equal amounts of and ‘chased’ in the absence of added copper for 3

proteins fractionated by gel filtration FPLC as described under Ma-
terials and methods. (A) Elution profile at 280 nm of cell lysates
(B) Copper profile of cell lysates. Data are from a representative ex-
periment. Control cells (solid squares); cells treated with Gio€|

6 min (open squares); cells treated with Cu@r 60 min (open
circles).

and 6 h. After treatment, the major copper peak lo-
calized, as also shown in Figure 3B, in the region
where GSH elutes. During ‘chase’, copper eluted
as two peaks progressively shifting from the GSH
fractions to higher molecular weight fractions where
metallothionein elutes. An increase in copper content
of fractions 14 and 15 was also observed during the
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‘chase’ and it is interesting to note that in this region Ferruzza S, Ranaldi G, Di Girolamo M, Sambuy Y. 1997 The efflux

also elutes Cu,Zn superoxide dismutase, as assayed of lysine from the basolateral membrane of human cultured in-
: _ testinal cells (Caco-2) occurs by different mechanisms depending

by a polarograph_lc method (data n_Ot Shown)' Fur on the extracellular availability of amino acidsNutrition 127,

thermore, other higher molecular weight components  11g83-1190.

(fractions 8-10) also bound copper during the chase Ferruzza S, Sambuy Y, Rotilio G, Ciriolo M, Scarino ML. 1999a

perlod' as already reported in hepatoma cells (Freed_ The effect of copper on tight junctional permeability in a human

manet al. 1989). Incubation of hepatoma cells with
67Cu resulted in fact in an initial localization of the

intestinal cell line (Caco-2). In: Leone A, Mercer J, e@spper
Transport and Its Disorders: Molecular and Cellular Aspects
Vol. 448. New York: Plenum Press, 215-222.

radiolabel in the GSH peak, and, after longer incuba- Ferruzza S, Scarino ML, Rotilio G et al. 1999b Copper treat-

tion times, in a decrease in the levels of G&iGu
with a concomitant increase i#Cu-labeled metal-
lothionein (Freedmaet al. 1989). Our results are in

good agreement with those findings and may confirm

that copper is transferred from GSH to metalloth-
ionein. Conversely, the incorporation of copper into

Cu,Zn superoxide dismutase has been shown to occur

by a different mechanism involving a specific copper
chaperone (Culottat al. 1997).

In conclusion, the results presented indicate that

ment alters the permeability of tight junctions in cultured human
intestinal Caco-2 cellsAm J PhysioR77, G1138-G1148.

Fleming M, Trenor C, Su M et al. 1997 Microcytic anaemia mice
have a mutation in Nramp2, a candidate iron transporter gene.
Nat Genetl6, 383—-386.

Freedman J, Ciriolo M, Peisach J. 1989 The role of glutathione in
copper metabolism and toxicity.Biol Chem264, 5598-5605.

Gunshin H, Mackenzie B, Berger &t al. 1997 Cloning and charac-
terization of a mammalian proton-coupled metal-ion transporter.
Nature338 482-488.

Han O, Failla M, Hill A, Morris E, Smith J. 1995 Reduction of
Fe(lll) is required for uptake of non-heme iron by Caco-2 cells.
J Nutr 125, 1291-1299.

the AP uptake of copper in Caco-2 cells occurs by Linder M, Hazegh-Azam M. 1996 Copper biochemisty and molec-

a passive mechanism, strongly affected by the redox
state of the metal, while they do not suggest, at least L

under the conditions employed in the study, the in-

ular biology.Am J Clin Nutr63, 797S-811S.

owry OH, Rosebrough NJ, Farr AL, Randall RJ. 1951 Protein
measurement with the Folin phenol reagehBiol Chem193
265-275.

volvement of specific transporters such as DMT1 or Pefia M, Lee J, Thiele D. 1999 A delicate balance: homeostatic con-

hCTR1. Following uptake, intracellular copper dis-
tribution follows a canonical sequence, with copper
predominantly bound to low molecular weight com-

trol of copper uptake and distributiod Nutr 129 1251-1260.

Pinto M, Robine-Leon S, Appay Mt al. 1983 Enterocyte-like dif-
ferentiation and polarization of the human colon carcinoma cell
line Caco-2 in cultureBiol Cell 47, 323-330.

ponents shortly after uptake, and subsequently do- Ranaldi G, Islam K, Sambuy Y. 1994 D-cycloserine uses an active

nated to higher molecular weight components such as

metallothionein and Cu,Zn superoxide dismutase.
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