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Abstract

With this work, we have determined the cellular content of Cu, Fe and Zn in different cell lines, by using
total reflection X-ray fluorescence spectrometry (TXRF). In addition, we examined whether cellular exposure
to 100 µmoles l−1 of Cu-His modifies the intracellular content and distribution of these trace metals. Our re-
sults indicate that all the cell lines displayed the same pattern of relative intracellular abundance of trace metals
(Cu<Fe<Zn). This pattern shifted to Fe<Zn<Cu, when extracellular copper concentration was increased. In
HepG2 and Caco2 cells, copper exposure increased intracellular copper content while Fe and Zn decreased. Re-
garding cellular distribution of trace metals, they decreased in the cytosol fraction of HepG2 cells, after exposure
to copper. Therefore, our results indicate that cellular adaptation to copper involves a new balance in the relative
abundance of trace metals and induces changes in the cellular distribution of Cu, Zn and Fe.

Introduction

Copper is required for the function of several cuproen-
zymes, therefore the presence of the metal is essen-
tial for different physiological functions (Uauy et al.
1998). Copper, however, is able to generate free radi-
cals and oxidize cellular component through its redox
activity (Aust et al. 1985). These conflicting properties
demand a close regulation of the intracellular copper
level.

Cellular adaptation to high or low copper exposure
depends on general mechanisms of copper manage-
ment. This regulation enables the cells to control the
intracellular level of this trace metal. Biochemical and
molecular studies in different cell types have permit-
ted an identification of several molecular components
of copper metabolism. The mechanism of cellular Cu
uptake includes the human copper transporters 1 and
2 (hCTR1/2) (Lee et al. 2002) and the divalent metal
transporter-1 DMT1 (Gunshin et al. 1997). In the cy-
toplasm, copper is immediately transferred to GSH
and metallothionein (MT) (Freedman & Peisach 1989;
Steinebach & Wolterbeek 1994) that provide, along

with copper chaperones, efficient and specific mecha-
nisms for the intracellular copper transport and storage
(Harrison et al. 2000; Palmiter 1998). Copper efflux, is
mediated by P-type ATPases localized in trans-Golgi
network (Mercer 2001). Therefore, Cu metabolism is
a multiple step process containing several susceptible
points of regulation.

An important aspect in the copper homeostasis
study is the metabolic interaction of this metal with
zinc and iron. Examples of this essential interplay oc-
cur in processes such as iron uptake, (de Silva et al.
1996) or in iron/copper activity in the regulation of
ceruloplasmin, (Harris 1995) and zinc/copper activity
in the regulation of metallothionein (Richards 1989;
Harris 2001) and Cu/Zn superoxide dismutase (Lin-
der & Hazegh-Azam 1996). However, not enough
effort has been made to analyze the physiological
interactions between these trace metals.

In this work, we have determined the cellular
content of Cu, Fe and Zn in different mammalian
cell lines, by using total reflection X-ray fluores-
cence spectrometry (TXRF). This method requires a
minute amount of material and permits the simultane-
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ous analysis of the different trace metals, this makes
TXRF a suitable method to evaluate, with high preci-
sion and accuracy, changes in Cu, Zn and Fe content
under identical biological conditions (Gonzalez et al.
1999). In addition, we examined whether an increased
concentration of copper in the cultured medium modi-
fies the intracellular content and distribution of these
trace metals. Our results indicate that the different
cell lines display the same pattern of relative intra-
cellular abundance of these trace metals: Cu<Fe<Zn.
In all the cell lines analyzed, this pattern shifts to
Fe<Zn<Cu, when extracellular copper concentration
is increased. In addition, a change in their distrib-
ution between soluble and particulate fractions was
observed in HepG2 cell line. Regarding the net con-
tent of these metals, we observed a decreased of Fe in
F805, HepG2 and Caco2 when they were exposed to
high concentrations of copper.

Materials and methods

Cell culture

The experiments were performed using cell lines from
different species, their selection was based on the
fact that they have been used in several studies of
trace metal homeostasis. Clonal human cell lines were
HepG2 (from hepatoblastoma), Caco-2 (from a pri-
mary colonic tumor), and HeLa (from adenocarci-
noma of cervix). Clonal cell lines from mice were NIH
3T3 (from embryonic fibroblasts), and N2A (from
neuroblastoma). The F805 cell line was originated by
tripsinization of mouse embryos from day 11 of ges-
tation and immortalized with SV40 virus (Kelly &
Palmiter 1996). Clonal cell lines from rats were B12
(from glioblastoma) and fibroblast NRK (from normal
rat kidney). All cell lines were incubated at 37 ◦C in a
5% CO2 atmosphere and grown in plastic cell culture
flasks (Nalge Nunc Int. Corp.) containing Dulbecco’s
modification of Eagle’s medium (DMEM) and 10%
fetal bovine serum (SFB). The concentrations of el-
ements in this basal culture medium were Cu 0.4; Fe
2.7, and Zn 3.8 µmoles l−1.

Copper treatments

HepG2, Caco2 and F805 cells were treated with an
excess of copper (100 µmoles l−1) in the culture
medium. Copper was supplemented as Cu-His com-
plex (1:10 molar ratio) (Gonzalez et al. 1999). After
48 h of copper exposure, control and treated cells were

subjected or not to subcellular fractionation before
quantification of trace metals (see next section). Rela-
tive survival of the cells exposed to copper was eval-
uated using trypan blue and 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) reduction
assays as described (Denizot & Lang 1986).

Quantification of intracellular elements

The cells were processed as described (Gonzalez et al.
1999). Briefly, cells at 80% of confluence were washed
twice with phosphate buffered saline (PBS) and har-
vested using trypsin-EDTA (5.3 mM), trypsinization
was stopped by dilution with 10 volumes of PBS.
Immediately cells were sedimented by centrifugation
at 3,500 rpm in a Beckman GS-15R centrifuge for
5 min, resuspended in 1 ml of PBS, and re-pelleted.
For total content determination, 1–2 × 106 cells were
disrupted by incubation with 0.2 ml of PBS containing
0.1 N NaOH (PBS-NaOH) to yield an H fraction (Ho-
mogenate). In some experiments, the harvested cells
were washed once again with PBS-EDTA (10 mM).
For subcellular distribution analysis, a pellet of
4–6 × 106 HepG2 cells was lysed by 3 freeze and
thaw cycles in 0.5 ml of PBS. These lysates were then
centrifuged at 100,000 g for 60 min at 4 ◦C to yield
soluble (S) and particulate (P) fractions. The latter
fraction was resuspended in 0.5 ml of PBS-NaOH.
Aliquots of H, S and P were kept for protein deter-
mination by Bradford assay (Bradford 1976) and the
remainder of each fraction was mixed (1:1, v/v) with
nitric acid (Merck suprapure) and digested at room
temperature for 48 h.

The analysis by TXRF was performed using a
Seifert EXTRA-II spectrometer (Rich. Seifert & Co.).
Spectra were acquired at 50 kV and 20 mA for 1000 s
and a dead time of 30%. For each case, one fifth of
the digested sample volumes was standardized with
1 µg ml−1 of selenium standard solution (Merck).
An aliquot of 5 µl was then taken and deposited
on previously cleaned quartz made reflector mounted
on a vitro-ceramic plate, at a temperature of 50 ◦C
(Gonzalez et al. 1999).

Statistical analyses

In all of the experiments variables were tested in tripli-
cate samples and most of the time the analyses of each
sample was repeated at least twice. One-way ANOVA
(Zar 1984) was used to test differences in means, and
post-hoc t-test was used for comparisons using STATA
6.0 (Stata Statistical Software).
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Results

Cellular adaptation to fluctuations in copper expo-
sure is based on homeostatic mechanisms that regulate
uptake, storage and efflux of copper. These are respon-
sible for the control of intracellular levels of the metal
under excess and deficit of copper. This study, based in
the analysis of different cell lines, shows that extracel-
lular copper fluctuations in turn modify intracellular
copper content and modulate the content of Zn and Fe.
These fluctuations also affect the cellular distribution
of these trace metals.

Copper, iron and zinc content in mammalian cell lines

We used TXRF method to determine the contents of
Cu, Fe and Zn in different mammalian cell lines,
which were maintained in a basal culture medium (see
Materials and Methods). The results, which are sum-
marized in Figure 1, show that the order of the relative
abundance for the different elements was Cu<Fe<Zn
in all the cell lines examined. A comparative analysis
of the relative content of each trace metal in the dif-
ferent cell lines indicated that Zn/Fe ratios fluctuated
between 1.4 and 2.4; Zn/Cu ratios between 5.5 and
21.1 and Fe/Cu ratios between 3.0 and 12.3. Among
cell lines, the values of the contents for each trace
metal were similar, except for Caco-2 and HepG2
cells, which showed a significantly higher amount of
copper (P < 0.05) and F805 cells with a higher
amount of zinc and iron (P < 0.05) (Figure 1).

Metal content in cell lines exposed to copper

In order to evaluate whether an increased amount of
extracellular copper modifies the intracellular concen-
trations of trace elements, Caco2, HepG2 and F805
cells were grown in basal culture medium, which con-
tains 0.4 µmoles l−1 copper, and then transferred to
a medium supplemented with 100 µmoles l−1 Cu-
His. After 48 h of treatment, TXRF analysis showed
that in comparison with control cells (Figure 2A), the
intracellular copper content of treated cells increased
13.8, 28.1 and 2.5-fold, respectively (Figure 2B). We
have calculated that up to 10% of total cellular copper
corresponds to a pool of copper associated to plasma
membrane surface that can be removed by using the
metal chelator EDTA (data not shown). The relative
survival of the cells exposed to 100 µmoles l−1 Cu-
His did not change, as determined by trypan blue and
MTT reduction assay (data not shown). Regarding the
other elements, we observed a significant decrease of

Fig. 1. Total content of copper, iron and zinc in different mam-
malian cell lines. Cell were grown in basal culture medium, contain-
ing 0.4 nmoles l−1 of copper. Trace metal contents were measured
by TXRF. The values correspond to the average of three different
samples. P < 0.05 (∗).

Fe content in the three cell lines, while Zn content
decreased in HepG2 and Caco2 cells (Figure 3). In-
terestingly, in comparison with Zn/Cu or Fe/Cu, the
Zn/Fe ratio for these cells was practically not affected,
indicating that the major element affected by the rise
of extracellular copper, is copper itself.

Copper, iron and zinc distribution in HepG2 cell line

In addition, we wished to test whether cellular adap-
tation to copper excess might involve changes in the
localization of Cu, Zn and Fe, since during storage
and transport processes, these elements can inter-
act with metal-proteins in different cellular compart-
ments. Therefore, intracellular trace metal distribution
was examined in HepG2 cells, after 48 h of exposure
to 0.4 or 100 µmoles l−1 copper, by quantifying the
metal content in the soluble (S) and particulate frac-
tions (P) (Table 1). Values were normalized to 100%
for total metal content in the cellular homogenate (H).
The results indicate that copper and zinc were dif-
ferentially distributed in S and P fractions. Thus, in
control cells, Cu and Zn were mainly found in S. When
HepG2 cells were supplemented with 100 µmoles l−1

of Cu-His, the percentage of each trace metal de-



172

Fig. 2. Copper content in F805, Caco2, HepG2 cells exposed to 0 (A) and 100 µmol l−1 (B) of Cu-His for 48 h. The cellular content of copper
in treated and control cells was determined by TXRF. The values correspond to the average of three different samples. P < 0.05 (∗).

Fig. 3. Iron and Zinc content in F805, Caco2 and HepG2 cells exposed to 0 (white bars) and 100 µmol l−1 (black bars) of Cu-His for 48 h.
P < 0.05 (∗).

creased in S and increased in P fraction, as compared
with the control cells (Table 1). Under this condition,
the concentration of copper had a significant increase
(P < 0.05) in S (from 13.1 ± 1.2 to 400.4 ± 69.4
nmoles mg−1 protein) and P fractions (from 0.3±0.04
to 16.4 ± 0.89 nmoles mg−1 protein). These results
indicate that exposure to excess of copper induce
changes in cellular distribution of Cu, Zn and Fe.

Discussion

The current report represents an effort to define, under
similar culture conditions, the content of trace met-
als in several mammalian cell lines. These cell lines
were selected based on the fact that they are com-
monly used in cellular and molecular studies of Cu,
Zn and Fe metabolism. In this work, we took ad-
vantage of the small sample size required for TXRF
analysis, which was compatible with standard cell
culture conditions. This method has been use in the
analysis of different kinds of samples, including water,
plants, animal tissues and cell lines (Gunther & von

Table 1. Total content (H) and distribution of Cu, Zn and
Fe between soluble (S) and particulate (P) fractions of
HepG2 cells.

Cu-His H S P

µmol l−1 nmol mg−1 prot (%) (%)

Cu 0 1.3 ± 0.5 81.7 18.3

100 36.52 ± 6.3 56.9 43.1

Fe 0 4.7 ± 0.8 48.5 51.5

100 2.32 ± 0.1 35.8 64.2

Zn 0 14.9 ± 0.1 77.8 22.2

100 8.82 ± 0.2 65.3 34.7

1Values are mean ±SD, n = 3.
2 P < 0.05

Bohlen; 1990, Klockenkämper & von Bohlen, 1996;
Brown et al. 1997; Gonzalez et al. 1999). Here, the
multi-element analysis by TXRF was particularly use-
ful in the determination of cellular trace metal content,
and permitted an evaluation of their modification in
response to copper exposure.

The intracellular trace metal content of the dif-
ferent cell lines analyzed in this work presented a
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constant pattern in their relative abundance that was
not dependent on the type of cells (neuronal, he-
patic, glial, etc.), neither on the species that they
came from (mouse, rat or human). In agreement with
our observation, the same pattern (Cu<Fe<Zn) was
determined in the human breast carcinoma cell line
MCF-7 (Verhaegh et al. 1997) using atomic absorption
spectrometry (AAS). Considering that each element
is involved in essential biological functions, the exis-
tence of this intracellular pattern of relative abundance
suggests that a conservative mechanism had been se-
lected to maintain the intracellular concentration of
trace metals within a certain range.

The content of these trace metals in the eight cell
lines analyzed in this work indicated that the aver-
ages of the intracellular concentration of Zn, Fe and
Cu were 8.6 ± 2.8, 4.0 ± 1.2 and 0.7 ± 0.4 nmoles
mg−1 protein, respectively. Despite their variability,
the values of trace metals are in strong agreement with
the concentration reported for MCF-7 (Verhaegh et al.
1997) and for Caco2 cells (Arredondo et al. 2000).
Particularly for copper, similar values have been re-
ported in human fibroblasts culture cells (Goka et al.
1976) MCF-7 cells (Verhaegh et al. 1997) and hepatic
cells (Stockert et al. 1986; Foster et al. 1991; Schilsky
et al. 1998). Two of the cell lines, HepG2 and Caco2
are cellular models for hepatic and intestinal tissues,
respectively. In agreement with the essential roles of
these tissues in the control of storage and absorption
of copper, these cells contained a significantly higher
amount of this metal as compared with the others
cell lines, supporting their use in copper metabolism
studies.

When we increased the extracellular concentration
of copper in the culture medium from 0.4 µmoles l−1

to 100 µmoles l−1, which represent a 225 fold in-
crement, the intracellular concentration of this metal
increased up to 28-fold. This indicates that the an-
alyzed cells were able to control their intracellular
content of the metal by regulating the storage through
copper uptake, efflux or both. We have measured sim-
ilar increments for Caco2 (Arredondo et al. 2000) and
HepG2 cells (our unpublished results) exposed to a
lower concentration of copper (10 µmoles l−1). This
suggests that the capacity of cells to accumulate cop-
per was saturated near the physiological concentration
of the metal (Linder & Hazegh-Azam 1996). Since the
relative survival of the cells exposed to 100 µmoles
l−1 copper concentration did not change, appears that
under higher copper exposure, uptake/efflux adaptive

processes and not storage capacity protect cells from
intracellular copper excess and its toxicity.

To our knowledge this is the first report that de-
scribes a decreasing in Fe content of cells exposed to
copper. In Caco2, HepG2 and F805 cells exposed to
100 µM of copper the decreasing in iron content may
be the consequence of a competence with copper for
DMT1 mediate uptake, since DMT1 is able to trans-
port several divalent cations. Interestingly, DMT1 can
be up-regulated by an iron deficiency (Tandy et al.
2000; Yeh et al. 2000), through an IRE-dependent
mechanism (Fleming et al. 1999). Recently, an in-
crement of copper content (10-fold) in Caco2 cells,
after copper exposure, was associated to an increase
of 55Fe uptake/transport as well as to the up-regulation
of DMT1 (Han & Wessling-Resnick 2002). Thus our
data is in agreement with a model where extracellu-
lar copper modulates cellular content of iron, which
induce the expression of DMT1.

Regarding the change observed in the content of
zinc, after copper exposure this trace metal decreased
in HepG2 and Caco2 cells, but not in F805 cells. It will
be interesting to analyze zinc contents under cellular
exposure to different trace metals in order to determine
whether its variation may be explained by competence
for common molecular components involved in up-
take, storage or efflux processes. Alternatively, zinc
content might be the consequence of the differen-
tial expression of components that contribute to zinc
homeostasis in different cell lines.

Cellular distribution and storage of trace metals
can be envisioned as a highly regulated process that
involves the binding of these elements to several com-
ponents. Our result indicated that close to 80% of Cu
and Zn and 50% of Fe are found in the cytoplasm,
probably bound to MT and GSH (Cu and Zn) (Lin-
der & Hazegh-Azam 1996) or to ferritin (Fe) (Garate
& Nuñez 2000). After exposure to an excess of cop-
per, the percentage of Cu, Fe and Zn in the cytosol
fraction decreased, thus the increment of intracellular
copper seems to promote interactions of trace met-
als with metallo-proteins present in the non-soluble
fraction. In particular for copper, the observation that
copper-resistant hepatic cell lines show a decreased
content of cytosol copper, along with a threefold in-
crease in copper transporter ATP7B protein (Schilsky
et al. 1998), suggests that this protein may facilitate
the exit of metal from the cytosol to the lumen of
Golgi or directly to the extracellular medium (Mer-
cer 2001). Therefore, the regulation of intracellular
distribution of trace metals, as a function of cop-



174

per exposure, depends on the relative contributions
of several components located at different cellular
compartments.
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