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Abstract

The kinetics of the early subcellular distribution of cadmium (Cd) was characterized in primary cultures of
rat hepatocytes exposed to 10, 50 and 100 lM Cd in a serum-free WME medium for 10, 30 or 60 min. Our
results demonstrate a time- and concentration-dependent increase in Cd content with the highest metal
concentration measured in the cytosol, whereas the lowest was observed in the mitochondria. With the
exception of early localization in the plasma membrane, Cd concentrations in fractions were characterized
by the following decreasing order of magnitude: cytosol > low density molecules � nuclei > lysosomes �
mitochondria. We also found evidence for: (i) a two-step process for Cd distribution in the nuclei and
mitochondria; and (ii) a time-dependent ‘slow’ process of transfer from the plasma membrane to the
cytosol. Saturation in Cd uptake was observed at 50 lM in most cell fractions at 10 and 30 min, except for
the plasma membrane. The lack of apparent saturation for Cd accumulation at 60 min was not related to
an increase in metallothionein synthesis. Altogether, our data provide insights into the dynamics of transfer
between intracellular compartments, and allow a better identification of the organelles that are the most
subjected to Cd toxicity for early exposure conditions.

Introduction

Cadmium (Cd) is a highly toxic metal with many
industrial uses that can contribute to a well-defined
spectrum of diseases in animal models as well as in
humans (Goering et al. 1995). Studies with rodents
have demonstrated that following acute exposure
to Cd, the preponderance of the dose accumulates
in the liver, resulting primarily in liver damage
(Tzirogiannis et al. 2003). The acute and long-term
toxic effects of Cd have been described by many
authors and a variety of mechanisms have been
characterized for Cd-induced cytotoxicity in liver
cells, including generation of reactive oxygen

species, lipid peroxidation (Andersen & Andersen
1988; Shaikh et al. 1999), and interference with the
intracellular signaling network as well as gene
regulation at multiple levels (Beyersmann &
Hechtenberg 1997). One of the earliest morpho-
logical changes observed in rat liver after hepato-
toxic doses of Cd include the dilation of the rough
endoplasmic reticulum with a loss of ribosomes,
nuclear condensation, and an increase in the
number of perichromatin granules (Dudley et al.
1984). The critical targets of Cd binding are the
thiol groups of proteins. Sulfhydryl group inacti-
vation of just a few essential proteins could pro-
duce a myriad of functional deficits in subcellular
organelles, such as nuclei, mitochondria, and the
endoplasmic reticulum. In addition, cytoskeletalyDeceased March 25, 2004.
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proteins such as tubulin contain several cysteine
residues, and Cd binding to these sulfhydryls has
been shown to result in disruption of cytoskeletal
organization (Chou 1989; Li et al. 1994).

Cadmium induces the expression of several
stress response genes including heat-shock pro-
teins, metallothionein (MT), glutathione as well as
other oxidative stress response elements (for re-
view see Koizumi & Yamada 2003). MTs, first
reported as Cd-binding proteins in horse kidneys
(Margoshes & Vallee 1957), are ubiquitous low
molecular (6–7 kDa) cysteine-rich intracellular
proteins that bind with high affinity 7–12 atoms of
metal ions per molecule through thiolate bridges.
Metallothionein synthesis is rapidly and dramati-
cally upregulated in response to a myriad of sub-
stances including glucocorticoids, interleukins,
growth factors and stress in addition to metals
(Andrews 1990). Metallothionein synthesis upreg-
ulation protects against Cd cytotoxicity: both in
vivo and in vitro studies have led to the conclusion
that the more MT is synthesized, the less the liver
cells are sensitive to Cd-induced injuries (Cherian
1980; Goering & Klaassen 1983; Liu et al. 1991).
In the early 1980s, it was suggested that in addition
to its commonly proposed detoxification role, MT
may be involved in metal storage or transport
(Danielson et al. 1982). Today, MT proteins are
believed to play a significant role in the mainte-
nance of trace element homeostasis and in the
scavenging of free radicals in addition to the
detoxification of metals (Davis & Cousins 2000).
Four MT isoforms have been identified to date
(Palmiter 1998), but MT-1 and MT-2 are the most
widely distributed isoforms (Andrews 1990). Re-
cently, it has been proposed that liver MT-1 would
be involved in the detoxification of toxic metals
such as Cd, whereas MT-2 would be responsible
for the homeostasis of essential metals such as Cu
and Zn (Nakamura et al. 2004).

The role of MT in the organ distribution of
Cd has been extensively studied for decades. The
use of transgenic mice has allowed a better
estimation of the extent to which MT may
influence the organ distribution of metals: similar
liver/kidney tissue content ratios have been esti-
mated for Cd in MT-/- and wild type mice
(Conrad et al. 1997; Liu et al. 2001). At the
subcellular level, Cd distribution has also been
studied in relation to specific toxic effects and
MT expression. In liver and kidney cells, Cd is

generally found to be located in the cytosolic
fraction, and mainly, but not totally bound to
MT (Nordberg et al. 1994; Wolstowski &
Krasowska 1999). Cadmium also distributes in
the mitochondria and the microsomal fractions
as well as in the nuclei of both liver and kidney
cells (Waku 1984; Rau et al. 1987). In accor-
dance with its protective role against Cd-induced
injury, MT has been shown to affect its subcel-
lular distribution: Cd localization in the cytosol
was promoted in rat hepatocytes pretreated with
Cd to induce MT synthesis with a concomitant
decrease in nuclei, mitochondria and endoplas-
mic reticulum Cd content (Goering & Klaassen
1983). A significant level of cytosolic Cd has also
been found to be associated with high-molecular-
weight proteins in rat hepatocytes, and the
upregulation of MT synthesis dramatically shifts
this intracellular pool of Cd to the low-molecu-
lar-weight protein fraction (Liu et al. 1991).
Most of these studies were conducted with lim-
ited exposure conditions in control or metal-
pretreated hepatocytes. Very few data are avail-
able on the very early subcellular distribution of
Cd as a function of time and concentration of
exposure. The aim of the present study was: (i)
to characterize the kinetics of Cd accumulation
in subcellular compartments as a function of
time; and (ii) to determine how much the kinetics
may vary with the metal concentration.

Materials and methods

Chemicals

All culture ware was from Sarstedt Inc. (Newton,
NC). Minimum Essential Medium (MEM),
Leibovitz 15 (L-15) medium and gentamycin were
purchased from Gibco BRL (Grand Island, NY),
whereas Williams’ medium E (WME) was from
Sigma Chemical Co. (St. Louis, MO). Fetal bovine
serum (FBS) was obtained from Medicorp Inc.
(Montreal, QC, Canada). Insulin, bovine serum
albumin (BSA) and a mixture of protease inhibi-
tors (Cat # P8340 containing AEBSF, aprotinin,
leupeptin, bestatin, pepstatin A and E-64) were
purchased from Sigma Chemical Co. 109Cd-labeled
CdCl2 (sp. act. 1.6 mCi/mg) was purchased from
PerkinElmer Life Sciences Inc. (Boston, MA). All
other chemicals used for buffer preparation were
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ACS reagent grade or of the highest purity
commercially available. Specific reagents are de-
scribed below.

Hepatocyte isolation and cell culture

The hepatocytes were isolated from male
Sprague–Dawley rats (Charles River Laborato-
ries, Wilmington, MA) weighing 140–180 g
(around 6-weeks old) by a modification of the
two-step collagenase perfusion method of Seglen
(1976). The hepatocytes were purified by isoden-
sity Percoll centrifugation, and cell viability was
determined by propidium iodine (Invitrogen-Life
Technologies, Burlington, ON, Canada) exclusion
assay (2 lg PI/ml phosphate buffer) using flow
cytometry (Becton Dickingson). Only cell prepa-
rations for which the viability was higher than
85% were used. Isolated hepatocytes were plated
on collagen-coated Petri dishes at a density of
105 viable cells/cm2 in WME containing 0.2 lM
bovine insulin, 50 lg/ml gentamycin, and supple-
mented with 10% FBS. Cultures were maintained
at 37 �C in a humidified 5% CO2-air atmosphere.
Following a 2-h incubation, the cultures were
washed with serum-free MEM and were then kept
in L-15 medium for 20 h before being used for
subsequent experiments.

Subcellular fractionation

Twenty-hours old cell cultures were washed two
times with 8 ml (100 mm diameter Petri dishes) of
MEM medium before exposure to 10, 50 or
100 lM Cd for 10, 30 and 60 min in the serum-
free WME medium. After the treatment, the cells
were washed twice with 8 ml buffer A (250 mM
sucrose, 20 mM HEPES, 0.01 mg/ml of the pro-
tease inhibitor cocktail, pH 7.4), carefully scraped
off the dishes with a rubber policeman, and
resuspended in 1 ml of ice-cold buffer A. For each
experimental condition, cells from three Petri
dishes were pooled to get enough material and
were then homogenized with a potter (Kontes
Glass Co., DUALL� 22). The fractionation
method used in this study is an adaptation of the
method used by Simpson et al. (1983) and has
been described previously (Messer & Lucas 2002).
Briefly, the homogenates were centrifuged at
1500 g for 5 min to remove intact cells, and the
resulting supernatants were then centrifuged at

16 000 g for 20 min (Hitachi SCP 70H Ultracen-
trifuges). The pellets, which contained membrane
fragments and nuclei, were resuspended in buffer
B (20 mM HEPES, 0.01 mg/ml of the protease
inhibitor cocktail, pH 7.4) and applied to a
sucrose cushion (1.12 M sucrose) and then cen-
trifuged at 100 000 g for 60 min (Beckman Opti-
ma� TLX Ultracentrifuge). The tops of the
cushions were removed, resuspended in buffer B
and then centrifuged at 30 000 g for 30 min. The
resulting pellets contained plasma membranes. In
parallel, the parts below the cushion were also
collected and centrifuged at 1000 g for 10 min to
obtain the nuclei (the resulting pellets) and the
mitochondria (supernatants). The supernatants
that were obtained after centrifuging the initial
cell lysate (16 000 g for 20 min) were sampled and
centrifuged at 30000 g for 30 min. The resulting
pellets were the lysosomic fractions (Wells et al.
1987). The supernatants were subjected to a cen-
trifugation at 25 0000 g for 90 min; the resulting
pellets and supernatants contained the low density
molecules (LDM) and the cytosol, respectively.
Note that EDTA was omitted from the original
protocol to avoid excess metal extraction by
chelation and to minimize metal loss during
fractionation. All steps of the fractionation pro-
cedure were undertaken at 4 �C. Samples of
subcellular fractions were analyzed for protein
determination using the Micro BCA� protein
Assay Reagent Kit (Pierce, Rockford, IL, USA)
and bovine serum albumin as the calibration
standard. Samples were then stored at )80 �C
until analyzed for Cd content.

Cadmium content determination in subcellular
fractions

Subcellular fractions were wet-ashed in HNO3

(u.p.) (BDH, Toronto, ON, Canada)-H2O2 and
Cd contents were determined by graphite furnace
atomic absorption spectrometry (Manca et al.
1992) using a 906-AA atomic absorption spec-
trometer equipped with a GF 3000 graphite tube
atomizer and a PAL 2000 programmable auto-
sampler (GBC Scientific Equipment). To avoid Cd
contamination, all glassware was acid-washed (in
10% HNO3 and immediately rinsed in distilled
and double deionized water) and blanks were run
along with the samples. The Cd stock solution
used for the calibration standard (ppb levels, i.e.,
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pg Cd/ml) was prepared from an atomic absorp-
tion standard solution containing 1010 lg Cd/ml
in 1% HNO3, which matches the final acid con-
centration in the digested samples. Five microlitres
of each sample were used for Cd content deter-
mination which was then normalized for protein
content in 5 ll; the Cd contents in each fraction
are thus expressed as pg Cd/mg protein of the
fraction.

Isolation of total RNA

All solutions, glassware and water used for RNA
isolation were made RNase-free by treating them
with 0.1% diethyl pyrocarbonate (DEPC) and
autoclaving. For each experimental condition, cells
from two Petri dishes (100 mm diameter) were
pooled to get enough material. Total RNA was
extracted from the hepatocytes using TRIZOL�

reagent (Invitrogen-Life Technologies, Burlington
ON, Canada), according to the supplier’s instruc-
tions. The RNA pellets were dried and then dis-
solved in 30–50 ll DEPC-treated water. The purity
and concentration of the samples were assessed
spectrophotometrically (Beckman DU�650) at 260
and 280 nm (260–280 nm absorbance ratios higher
than 1.7 were considered as acceptable, whereas 1
unit of A260 was equivalent to 40 lg RNA). In
addition, RNA integrity was verified by the pres-
ence of ribosomal RNA (ethidium bromide stain-
ing of the 18S and 28S bands) following agarose gel
electrophoresis.

Reverse transcription and polymerase chain reaction
of MT-1 and MT-2 cDNA (RT-PCR)

The levels of mRNA MT-1 and MT-2 were esti-
mated by semi-quantitative RT-PCR using the
SuperScript� One-Step RT-PCR with Platinum�

Taq System Kit (Invitrogen-Life Technologies).
The RT-PCRmethod was carried out as previously
reported (Ren et al. 2003) with minor modifica-
tions. The sense and antisense primer sequence for
the rat MT-1, MT-2, and b-actin (using as an
internal control) were 5¢-ACTGCCTTCTTGTCG
CTTA-3¢ and 5¢-TGGAGGTGTACGGCAAGA
CT-3¢; 5¢-CCAACTGCCGCCTCCATTCG-3¢ and
5¢-GAAAAAAGTGTGGAGAACCG-3¢; 5¢-CCC
ATTGAACACGGCATTG-3¢ and 5¢-GGTACG-
ACCAGAGGCATACA-3¢, respectively (synthe-
sized at the Sheldon Biotechnology Centre, McGill

University, Montreal, QC, Canada). The primers
amplify a fragment of 310, 300 and 236 pb for MT-
1, MT-2, and b-actin, respectively. RT-PCR was
carried out with 1 lg of total RNA in 50 ll of
reaction mixture according to the instructions of
the supplier and using the GeneAmp� PCR System
9700 (Applied Biosystems, Streetsville, ON,
Canada). RT-PCR was initiated by cDNA synthe-
sis at 50 �C for 30 min and pre-denaturation was
carried out at 94 �C for 1 min, followed by 27 cycles
consisting of: denaturation at 94 �C for 1 min,
annealing at 55 �C for 1 min, and extension at
72 �C for 1 min. A final extension step at 72 �C for
5 min was added. In order to guarantee amplifica-
tion in phase of exponential increase, we minimized
the cycles of PCR in condition that the strap of gel
electrophoresis can be detected (data not shown).
The PCR products were resolved on 2.0% (w/v)
agarose gels containing 0.05 lg/ml ethidium bro-
mide and visualized under UV trans-illumination
using a Chemilmager�5500 Fluorescence system
controlled by AlphaEase FC� software (Alpha
Innotech Corporation). MTs and actin bands were
marked, set at the same width, and the total band
areas were subjected to densitometry scanning.
The expression of MT mRNA was normalized to
b-actin.

Detection of MT protein by Western blotting

MT protein was detected by Western blot analysis
using a modified procedure of Mizzen et al. (1996)
more recently described by Perez and Cederbaum
(2003). Briefly, the hepatocytes from two Petri
dishes were washed twice with 8 ml phosphate-
buffered saline (PBS), pooled together and then
homogenized in the ice-cold buffer containing
10 mM Tris–HCl, 5 mM EDTA, 0.01 mg/ml of
the protease inhibitor cocktail, pH 7.0, with the
PTA 7 K1 probe of a polytron (model PCU 11,
Brinkmann Instruments). Homogenates were cen-
trifuged at 20000 g for 45 min at 4 �C (Hitachi
SCP 70H Ultracentrifuges). Cell lysates (100 lg of
total protein) were diluted 1:1 with sample buffer
[10 mM Tris–HCl, 10 mM EDTA, 20% (v/v)
glycerol, 1% (w/v) SDS, 0.005% (w/v) brom-
ophenol blue, and 100 mM dithiothreitol] and
then separated in an 18% polyacrylamide gel.
Transfer to nitrocellulose membranes (Bio-Rad)
was performed in a Bio-Rad mini-gel blotting
apparatus at 40 V for 1 h using the transfer buffer:
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10 mM 3-cyclohexylamino-1-propanesulfonic acid,
2 mM CaCl2, and 10% methanol, pH 10.8, fol-
lowed by membrane incubation in 2.5% glutaral-
dehyde in water for 1 h. The membranes were
washed three times for 10 min in PBS; 50 mM
monoethanolamine was added to the third wash
solution to quench residual glutaraldehyde reac-
tivity. The membranes were blocked in 3% BSA
in Tris-buffered saline (TBS) for 2 h at room
temperature and then incubated with mouse anti-
metallothionein monoclonal antibody (SPA-550,
StressGen, Victoria, British Columbia, Canada)
diluted 1:600 in 2% BSA in TBS, overnight at
room temperature. After this period of incubation,
the membranes were washed with TBS-Tween 20
(0.1%) (Sigma), and incubated with Horseradish
Peroxidase-conjugated antimouse antisera (Amer-
sham Pharmacia Biotech, Buckinghamshire,
England) at a dilution of 1:1000 in 2% BSA in
TBS for 4 h at room temperature. Blots were wa-
shed with TBS-Tween 20 and then detected by the
chemiluminescence reaction using the ECL Re-
agent Plus kit (PerkinElmer, Life Sciences, Boston,
MA). Purified MT (containing both MT-1 and
MT-2) from rabbit liver (Sigma) was used as a
standard to verify antibody specificity (data not
shown).

Statistical analysis

Data are presented as mean ± SD evaluated on
three different cell preparations. Statistical analy-
ses were performed with the two-tailed t test for
unpaired data on small samples with Welch’s
correction using InStat software (GraphPad Soft-
ware). Statistical significance was assessed at the
P < 0.05 level.

Results

Kinetics of the early subcellular distribution of Cd

Figure 1 shows the time-course of subcellular dis-
tribution of Cd in hepatocytes following metal
uptake under similar exposure conditions. A time-
dependent increase in Cd content was observed for
most cellular compartments with the following
particularities: an equilibrium of accumulation
was observed in the nuclei and mitochondria fol-
lowing a 30-min exposure to 10 lM Cd

(Figure 1a); equilibrium of accumulation was no
longer observed in these organelles when cells were
exposed to 50 lM Cd, but metal uptake clearly
plateaued in the cytosol and LDM fractions
(Figure 1b); in all subcellular compartments of
cells exposed to 100 lM Cd, except the plasma

Figure 1. The time-course of subcellular distribution of Cd was
measured by atomic absorption spectrometer as described in
20-h-old rat hepatocytes exposed to 10 lM (a), 50 lM (b) or
100 lM (c) Cd in serum-free WME medium. Subcellular frac-
tions shown are lys: lysosomes; LDM: low-density macromol-
ecules; p.m.: plasma membrane; mito: mitochondria; in
addition to the cytosol and nuclei fractions. Data shown are the
means ± SD evaluated for three different hepatocyte prepa-
rations. * and x indicate significant differences (P < 0.05)
compared to Cd content measured at 30 and 60 min, respec-
tively (same subcellular distribution). y indicates significant
differences (P < 0.05) with cytosolic content (same exposure
time).
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membrane, metal accumulated with no evidence of
any plateau (Figure 1c). Note that in Figure 1, Cd
contents are expressed relative to the protein of the
subcellular fraction of concern, rather than to the
total protein of the cell lysate. Therefore, the data
are more representative of the Cd concentration in
each subcellular compartment rather than the
contribution of each compartment to the total
cellular Cd.

Because of the unequal amounts of homoge-
nate used at each step of the fractionation proce-
dure, the percentage of total Cd recovered in a
given fraction was not estimated. However, data of
Cd content in each subcellular compartment
expressed relative to cytosolic content allows a
good estimation of how Cd distributes among
fractions. Figure 2 reveals that Cd concentration
in lysosomes and the LDM fraction increased
proportionally to the cytosolic content as a func-
tion of time and level of exposure. It is noteworthy
that the relative plasma membrane content de-
creased as a function of time regardless of the
exposure concentration. Also, increases in the
mitochondria and the nuclei contents as a function
of time and relative to cytosol were observed only
at 50 lM and 100 lM Cd. At 10 lM, Cd does not
distribute in these organelles as much as in the
cytosol at 60 min. With the exception of the early
distribution at the plasma membrane, the Cd
concentration in fractions was characterized by
the following decreasing order of magnitude:
cytosol > low density molecules � nuclei >
lysosomes � mitochondria.

As shown in Figure 3, a concentration-depen-
dent increase in Cd accumulation was also ob-
served. In all cellular fractions, except the plasma
membrane, saturation of accumulation was obvi-
ous at 50lM Cd for both the 10-min and the 30-
min exposure times (Figure 3a, b). Interestingly,
no saturation was detected for the 60-min accu-
mulation levels, regardless of the subcellular
component (Figure 3c).

mRNA levels of MTs following exposure to Cd

mRNA expression of both MT-1 and MT-2
genes in Cd-treated rat hepatocytes was evalu-
ated by semi-quantitative RT-PCR analysis. A
representative RT-PCR amplification of MT-1
(A) and MT-2 (B) mRNAs as a function of time
of exposure to 10, 50 and 100 lM Cd is shown

in Figures 4, 5 and 6, respectively. MTs/b-actin
mRNA ratios were also estimated by densitom-
etry analysis as a function of time (c in Fig-
ures 4–6). Untreated hepatocytes expressed
relatively high basal levels of mRNA of both
MT isoforms with similar MTs/b-actin mRNA
ratios: 0.6 for MT-1; 0.5 for MT-2. These ratios
measured in different cell preparations were
highly reproducible (compare control values in
Figures 4–6).

Figure 2. Subcellular distribution of Cd in 20-h-old rat
hepatocytes relative to cytosolic content. Experimental condi-
tions were as described in the legend to Figure 2 showing Cd
content (pg/mg protein) in each subcellular fraction following a
10-min (open columns), 30-min (dashed columns) or 60-min
(filled columns) exposure to 10 lM (a), 50 lM (b), or 100 lM
(c) Cd added to serum-free WME medium. Data shown are the
means evaluated for three different hepatocyte preparations.
Error bars are omitted for simplicity.
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The time-course studies reveal that a 2-h
exposure to 10 lM was required to detect a
significant increase in cellular mRNA of both MT-
1 and MT-2 (Figure 4). At 6 h, mRNA levels
reached a plateau for MT-1 as well as for MT-2.
At this time, a 93% and 100% increase in the

relative mRNA level were estimated for MT-1 and
MT-2, respectively. mRNA content remained
constant for MT-1 up to 8 h, whereas a 18%
decrease was noted for MT-2.

MTs mRNA contents in cells exposed to 50
and 100 lM were studied only over a 2-h exposure
because of significant decreases in cell viability
occurring for longer periods of exposure to these
metal concentrations. It is noteworthy that 50 lM
Cd only modified slightly the cellular mRNA levels
of both MT isoforms: a 17% increase in the MT-
1/b-actin mRNA ratio was observed at 1 h but this

Figure 3. The subcellular distribution of Cd was measured by
atomic absorption spectrometer in 20-h-old rat hepatocytes
following a 10-min (a), 30-min (b) or 60-min (c) exposure to
increasing concentration of Cd in the serum-free WME med-
ium. Subcellular fractions shown are lys: lysosomes; LDM:
low-density macromolecules; p.m: plasma membrane; mito:
mitochondria; in addition to the cytosol and nuclei fractions.
Data shown are the means ± SD evaluated on three different
hepatocyte preparations. * and x indicate significant differences
(P < 0.05) compared to Cd content measured at 50 and
100 lM, respectively (same subcellular distribution). y indicates
significant differences (P < 0.05) with cytosolic content (same
exposure concentration).

Figure 4. Representative RT-PCR amplification of MT-1 (a),
MT-2 (b) and b-actin mRNAs of 20-h-old rat hepatocytes ex-
posed to 10 lM Cd in serum-free WME medium for specific
times (0–480 min). The left lanes were loaded with a molecular
size marker. RT-PCR products were resolved by agarose gel
electrophoresis as described in Materials and methods. Image
analysis of the amplified fragments allowed the MT1 (filled
circles) and MT2 (open circles) mRNA expression levels to be
normalized to the the expression of the internal control b-actin
(c). Each data represents the means ± SD evaluated for 2–4
different hepatocyte preparations. * indicates significant differ-
ences (P < 0.05) compared to the untreated control cells.
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increase was no longer observed at 2 h; a 44%
increase in MT-2 mRNA level relative to b-actin
was noted at 2 h (Figure 5). Similarly, 100 lM Cd
did not affect MTs mRNA expression as much
since only a 30% increase in MT-2/b-actin mRNA
was observed at 2 h (Figure 6). Although MT-1
mRNA levels were always slightly higher than
MT-2, the differences were not significant.

MT protein level following exposure to Cd

The expression of MT protein as a function of
time of exposure to Cd was studied by Western
blot analysis using an antibody that recognizes
both MT isoforms. The blot background did not
allow us to proceed with densitometry analysis,

Figure 5. Representative RT-PCR amplification of MT-1 (a),
MT-2 (b) and b-actin mRNAs of 20-h-old rat hepatocytes
exposed to 50 lM Cd in serum-free WME medium for spe-
cific times (0–120 min). The left lanes were loaded with a
molecular size marker. RT-PCR products were resolved by
agarose gel electrophoresis as described in Materials and
methods. Image analysis of the amplified fragments allowed
the MT1 (filled circles) and MT2 (open circles) mRNA
expression levels to be normalized to the expression of the
internal control b-actin (c). Each data represents the
means ± SD evaluated for 2–4 different hepatocyte prepara-
tions. *indicates significant differences (P < 0.05) compared
to the untreated control cells.

Figure 6. Representative RT-PCR amplification of MT1 (a),
MT2 (b) and b-actin mRNAs of 20-h-old rat hepatocytes
exposed to 100 lM Cd in serum-free WME medium for
specific times (0–480 min). The left lanes were loaded with a
molecular size marker. RT-PCR products were resolved by
agarose gel electrophoresis as described in Materials and
Methods. Image analysis of the amplified fragments allowed
the MT1 (filled circles) and MT2 (open circles) mRNA
expression levels to be normalized to the expression of the
internal control b-actin (c). Each data represents the
means ± SD evaluated for 2–4 different hepatocyte prepara-
tions. *indicates significant differences (P < 0.05) compared
to the untreated control cells.
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but the representative Western blot shown in
Figure 7 reveals that the MT protein level in-
creased during the first hour of exposure to
10 lM with a tendancy to plateau from 2 to 8 h,
which mimics quite well the evolution of MTs/b-
actin mRNA ratio (Figure 4c). Also, as observed
for mRNA, slight increases in MT protein levels
were detected during the first hour of exposure to
50 lM or 100 lM with the highest protein
detection at 2 h. Note that in all cases, basal MT
levels measured in untreated cells were at the
limit of detection.

Discussion

Broad distribution with evidence of a two-step
process in mitochondria and nuclei

The use of serum-free WME medium allowed us to
conduct experiments on cells exposed to Cd con-
centrations as high as 100 lM for up to 60 min,
but longer exposure times led to significant loss in
cell viability (data not shown). Our results dem-
onstrate a time- and concentration-dependent
increase in Cd content with the highest metal
concentration measured in the cytosol, whereas the
lowest was generally observed in the mitochondria
(Figures 1–3). A number of studies have shown
that Cd distributes throughout the cells. In the
liver as well as the kidneys of bank voles exposed
for 6 weeks to dietary Cd (40–80 lg Cd/g dry

weight), Cd was mainly found in the cytosol but
also in the nuclei and particulate fractions
(Wlostowski & Krasowska 1999). In calves
injected with 1–10 mg Cd/animal/day for 95 days,
Cd in liver cells was detected in the nuclei, the
mitochondria, the endoplasmic reticulum and the
lysosomes (Horky et al. 2002). Also, a significant
amount of Cd was recovered in the nuclei of rat
liver as soon as 1 h after a single injection of
3 lmol Cd/Kg (Rau et al. 1987). Cadmium dis-
tribution in the nucleus is critical since Cd binds
DNA, produces single strand DNA breaks and
DNA-protein cross-links, and promotes muta-
genesis (Shiraishi et al. 1995; Misra et al. 1998).
Depending on the exposure conditions and the
model used, Cd may also induce either apoptosis
or stimulate DNA synthesis (Von Zglinicki et al.
1992 Lemarie et al. 2004). Studies using fluores-
cent dye have also provided evidence of the early
distribution of Cd in different organelles. In
canine kidney cells, Hamada et al. (1994) observed
Cd-8-hydroxyquinoline fluorescence in the cyto-
plasm within 30 min and in the nuclei after
60–90 min following exposure to 100 lM CdCl2.
Our previous studies performed with rhodamine
123 demonstrated that Cd may disrupt the mito-
chondrial membrane potential in intestinal Caco-2
cells as soon as 2 min after exposure to
100 lM Cd (Bolduc et al. 2004). Mitochondria are
now well recognized as metal-target organelles,
and Cd may directly disrupt these organelles, a
process that is associated with both apoptosis and

Figure 7. Metallothionein protein detection in 20-h-old primary cultures of rat hepatocytes exposed to 10 lM (a) or 50 and 100 lM
(b) Cd added to serum-free WME medium. At specific time points, cell lysates were collected and analyzed by Western blot as
described in Materials and methods. Metallothionein protein in untreated control cells is shown in lanes 1.
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necrosis (Lemasters 1999). Oxidative stress is often
cited as a plausible cause of Cd-induced hepato-
toxicity, but cytosolic reactive oxygen species
(ROS) formation as a prerequisite for mitochon-
drial membrane potential disruption has been
questioned (Bolduc et al. 2004). Alternatively,
mitochondria represent a significant site of ROS
formation by non-redox or poor redox cycling
transition metals (Cd2+, Hg2+, As3+) in rat he-
patocytes (Pourahmad et al. 2003), and Cd can
have dual effects on respiratory chain activity and
permeability transition (Belyaeva et al. 2001).
Cadmium, through the generation of ROS and
prior to significant cellular damage, activates the
stress-related signal protein c-Jun N-terminal ki-
nase (JNK), increases c-jun expression, and pro-
motes the binding of the transcription factor of
activator protein-1 (AP-1) to DNA in primary
cultures of rat hepatocytes (Hsiao & Stapleton
2004).

Our present time-course studies show that cell
exposure to only 10 lM Cd is sufficient to reach
equilibrium of accumulation as early as 30 min in
the nuclei and the mitochondria, whereas 50 lM is
needed to equilibrate Cd content in the cytosol
(Figure 1). Under these conditions, equilibrium in
Cd content in the nuclei and mitochondria is no
longer observed. At higher levels of exposure
(100 lM), Cd still accumulated in all cellular
fractions. Hence Cd uptake in the nuclei and the
mitochondria may be characterized by a two-step
process: an initial equilibrium level of accumula-
tion is achieved ‘rapidly’ while Cd content still
increases in the cytosol; when metal content in the
cytosol equilibrates, then Cd is further distributed
to the mitochondria and the nuclei. To our
knowledge, transport mechanisms responsible for
Cd accumulation in different organelles are still
unknown but specific transport for the uptake of
essential metals (Cu, Zn and Fe) in the mito-
chondria and the lysosomes has been characterized
in numerous species and cell types (Chavez-
Crooker et al. 2003; Guan et al. 2003; Li &
Kaplan 2004).

Plasma membrane is an important transient pool for
early cellular distribution

Another important observation from our time-
course studies performed with different concen-
trations of Cd involves the kinetics of Cd content

in the plasma membrane. Indeed, in Figure 1a
and b, it is apparent that the metal content in the
plasma membrane remains low compared to
cytosol for the 10 and 50 lM exposure concen-
trations. However, Figure 2a and b clearly show
that metal membrane content relative to cytosol
rapidly decreases between 10 and 30 min. This
phenomenon was even more pronounced at
100 lM Cd, the concentration at which the initial
membrane contents measured at 10 min were 1.8-
fold higher than the cytosolic levels (Figures 1c
and 2c). Hence, although the cellular accumula-
tion of Cd is considered to be ‘rapid’ (globally), a
time-dependent ‘slow’ process of transfer from
the plasma membrane to the cytosol becomes
evident. The plasma membrane may represent an
important target for Cd which is known to favor
lipid peroxidation in the liver (Andersen &
Andersen 1988; El-Maraghy et al. 2001). In renal
cortical cells, a significant accumulation of Cd in
the membrane fraction has also been suggested to
be a critical determinant of Cd nephrotoxicity
(Nordberg et al. 1994). Cadmium-induced dis-
ruption of liver homeostasis, including disregu-
lation of cell proliferation, may in part be related
to its presence in the plasma membrane. Gap
junctional intercellular communications (GJIC)
maintain cellular homeostasis at the organ level,
and a time-dependent inhibition of liver GJIC
has been demonstrated in mice injected with
different doses of Cd (Jeong et al. 2000). This
effect was correlated to a decrease in the
expression of connexins Cx32 and Cx26 in
addition to a disruption of cytoskeletal actin in
the liver. Cadmium has also been shown to di-
rectly damage or indirectly affect the expression
of the adhesion molecules, cadherins and NCAM
(for review see Prozialeck et al. 2002). This pos-
sibly contributes to abnormal differentiation and
malignant progression (Waisberg et al. 2003).
The importance of membrane proteins as targets
for Cd toxicity is further strengthened by our
results showing no evidence of any saturation in
Cd accumulation in the plasma membrane,
whereas saturation was clearly observed at
50 lM Cd in all other subcellular fractions for
the 10 min and the 30 min exposure times (Fig-
ure 3a and b). The plasma membrane has a rel-
atively high capacity for the early accumulation
of Cd and may represent an important transient
pool for cellular Cd.
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Early changes in subcellular distribution are not
related to a higher level of MT expression

In the present study, we found the time-course of
Cd accumulation in the LDM fraction to follow
quite well the cytosolic one (Figure 1). Also, sim-
ilar concentration-dependent curves were obtained
for Cd accumulation in the cytosol and the LDM
fraction, whether or not saturation was observed
(Figure 3). Our study does not allow the contri-
bution of MT in the total metal content in the
cytosol to be estimated, but MT expression was
measured. MT-1 and MT-2 genes are highly
inducible in mammalian cells by many metals; the
concentration of metal ions required to induce
MTs, and the time required to reach peaks in
transcription levels vary according to the inducing
metal. MT expression has also been shown to vary
with the tissue of concern but marked induction
by Cd is generally observed in the liver (Zhou
et al. 1999). It is therefore justified to ask whether
the lack of equilibrium of accumulation at 100 lM
Cd (Figure 1c) as well as the lack of apparent
saturation at 60 min (Figure 3c) in both fractions
(cytosol and LDM) could be related to higher
levels of MT. Our results showing no variation in
MT expression during the first hour of exposure
clearly reveal that MT synthesis is not responsible
for the net increases in Cd accumulation measured
at 100-lM without saturation at 60 min. How-
ever, we measured a significant increase in both
MT-1 and MT-2 mRNA levels following a 2-h
exposure to 10 lM (Figure 4). Because of altered
cell viability, experiments using higher concentra-
tions of Cd were conducted over a 2-h exposure
only. Our results led to the conclusion that
increasing the Cd concentration up to 100 lM
does not shorten the minimal period of time re-
quired to induced mRNA synthesis (Figures 5 and
6). Why 50 and 100 lM Cd failed to induce MTs
synthesis at 2 h remains to be clarified. Although
the preponderance of evidence indicates a tran-
scriptional level of regulation for MT synthesis,
some results suggest that post-transcriptional
modulation is also important for MT expression
since a quantitative relationship between MT
mRNA and protein levels is not always observed
(Vasconcelos et al. 2002). Our Western analysis
did not allow any protein quantification but it
agrees with the results obtained with RT-PCR
amplification (Figure 7).

In conclusion, we have characterized the
kinetics of the early subcellular distribution of Cd
as a function of increasing concentrations. Our
data increase our knowledge of the dynamics of
transfer between intracellular compartments which
should allow to better identify the organelles that
are the most subjected to Cd toxicity for early
exposure conditions.
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