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bstract

Cadmium, a toxic environmental contaminant, exerts adverse effects on different cellular pathways such as cell proliferation, DNA damage
nd apoptosis. In particular, the modulation of Ca2+ homeostasis seems to have an important role during Cd2+ injury, but the precise assessment
f Ca2+ signalling still remains poorly understood. We used aequorin-based probes specifically directed to intracellular organelles to study Ca2+

hanges during cadmium injury. We observed that cadmium decreased agonist-evoked endoplasmic reticulum (ER) Ca2+ signals and caused
40% inhibition of sarcoplasmic–ER calcium ATPases activity. Moreover, time course experiments correlate morphological alterations,

rocessing of xbp-1 mRNA and caspase-12 activation during cadmium administration. Finally, the time response of ER to cadmium injury
as compared with that of mitochondria. In conclusion, we highlighted a novel pathway of cadmium-induced cell death triggered by ER stress

nd involving caspase-12. Mitochondria and ER pathways seemed to share common time courses and a parallel activation of caspase-12 and

aspase-9 seemed likely to be involved in acute cadmium toxicity.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

We analysed the mechanisms of cellular toxicity associ-
ted to cadmium exposure. This heavy metal, widely diffused
n the ecosystems because of its large use in different kinds
f industries and other human activities, is characterized by

very long half life [1,2]. Chronic exposure to cadmium

n humans is associated with bone, lung and renal dam-
ge. Furthermore, evidences of human carcinogenicity are
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lso available linking long-term occupational exposure to
ncreased occurrence of lung, prostate and renal cancer cases
3,4].

At the cellular level, cadmium has been also associated
ith different biochemical changes characteristic of pro-
rammed cell death (PCD) [5].

Even if several hypotheses have been proposed,
he mechanisms for cadmium-induced apoptosis remain
oorly understood. Alteration in calcium homeostasis and
itochondrial damage [6,7] have been involved with

admium-induced apoptosis, but other intracellular targets
ould not be ruled out.
Calcium is a ubiquitous intracellular signal responsible
or controlling numerous cellular processes including pro-
iferation, differentiation, development and cell death [8,9].
hus, it is not surprising that changes in Ca2+ concentration

mailto:biagioli@sissa.it
dx.doi.org/10.1016/j.ceca.2007.05.003
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n cytoplasm as well as in different intracellular organelles
ould be responsible for induction of apoptosis [10]. Cad-
ium is reported to interfere with cell calcium homeostasis

t different levels. The similarity between hydrated radius
f Cd2+ and Ca2+ ions [11] is the first way to explain the
nhibition, observed upon cadmium treatment, of receptor
nd voltage operated calcium channels as well as all types
f Ca2+-APTases pumps [12–19]. Moreover, cadmium is
lso able to induce a rapid transient of cytosolic calcium by
timulating receptor-mediated mobilization from intracellu-
ar calcium stores [20].

Even if the interference of cadmium with the regulation
f Ca2+ homeostasis has been studied previously, the per-
inent mechanisms of this interference are not elucidated
atisfactorily. A major problem in the interpretation of the
esults originated from the use of fluorescent indicators (such
s Fura-2). Fura-2 binds cadmium and other divalent ions
ith very high affinity [21]; therefore, it has been difficult to
istinguish between calcium and cadmium signals.

In this report, we measured cadmium-induced alteration
n intracellular calcium homeostasis by the use of modified
argeted chimeras of Ca2+ sensitive photo protein aequorin.

e investigate, in fact, the differential effects on calcium
ignalling during cadmium injury in specific subcellular
rganelles and compartments.

Numerous pro-apoptotic signals and damage pathways
onverge on mitochondrial membranes to induce their perme-
bilization [22]. Mitochondrial membrane permeabilization
MMP) triggers the release of proteins that are normally
trictly confined to the mitochondrial intermembrane space,
n particular cytC (which stimulates the cytosolic assem-
ly of the apoptosome, the caspase-9 activation complex)
nd AIF (apoptosis-inducing factor) [23]. Finally, the activa-
ion of catabolic hydrolases, mainly caspases and nucleases,
auses the cleavage of important cellular targets and leads to
poptotic cell death.

Some evidences came in the last years about the ability of
admium to directly [7] or indirectly [6] induce MMP. More-
ver, acute cadmium treatment seems to be correlated with
eduction in cellular redox potential and with reactive oxygen
pecies formation in C6 cells [24] and in human hepatoma
ell line [25]. As a consequence, the mitochondrial potential
ollapses and caspase-9 is activated [26].

On the other hand, the ER serves many specialized func-
ions in the cell including calcium storage, biosynthesis of

embrane and secretory proteins, production of phospho-
ipids and sterols. Disturbance of any of these functions can
ead to the so-called ER stress [27]. One of the most char-
cterized and highly conserved ER stress responses is the
nfolded-protein response (UPR) [23]. Major cross talks exist
etween UPR and Ca2+ imbalance: Ca2+-depletion or alter-
tion in Ca2+ transport systems (SERCAs) can directly cause

PR [10,28]. In turn, if ER stress is prolonged in time and ER

esident chaperones are unable to counteract the accumula-
ion of misfolded proteins, an ER mediated apoptotic program
s triggered through the activation of caspase-12 [29,30].
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In mammalian cells, the UPR seems to be driven by
hree ER-located transmembrane proteins, ATF-6, IRE1 and
ERK. In particular, IRE1 is both a kinase and endori-
onuclease. This protein appears to function as sensor of
ccumulation of unfolded proteins and, upon autophospho-
ylation, IRE1 initiates the specific spliceosome-independent
rocessing of xbp-1 mRNA [31,32,33]. Processing of xbp-
mRNA results in a translation frame shift that allows

ncoding of active xbp-1, a leucine-zipper transcription fac-
or that can bind ER stress response element and activate
he transcription of a set of ER chaperones such as Bip,
ADD153/CHOP [33]. In this study, we showed xbp-1
RNA processing and the activation of caspase-12 fol-

owing cadmium treatment demonstrating the induction of
R stress and, subsequently, an ER regulated apoptotic
athway.

In conclusion, our observations, on one hand confirmed
revious reports about mitochondrial involvement in cad-
ium toxicity, but, on the other hand, they led to the discovery

f a new intracellular target of cadmium injury—the ER.
oreover, both organelles showed a pronounced alteration in

alcium homeostasis and very similar pathways of caspases
ctivation.

. Methods

.1. Cell culture and treatment

NIH 3T3 cells (American Tissue Culture Collection)
ere cultured using Dulbecco’s modified Eagle’s medium

DMEM; Invitrogen) with 100 U/ml penicillin, 100 �g/ml
treptomycin (Invitrogen) and 10% fetal bovine serum (FBS;
nvitrogen), at 37 ◦C in humidified atmosphere of 5% CO2.
ultures were passaged twice a week.

.2. Antibodies and reagents

CdCl2, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
etrazolium bromide) and anti-�-actin monoclonal antibody
ere purchased from Sigma. Anti-caspase-12 monoclonal

ntibody (SIGMA) was kindly provided by Dr. Mercedes
arcia (University of Pisa). Anti-CytC polyclonal antibody
as from BD Bioscience and anti-VDAC (Voltage Dependent
nion Channel) was from Calbiochem.

.3. Protein extraction, SDS electrophoresis and
estern blotting

Cells from different treatment groups were harvested and
ell pellets were resuspended in lysis buffer: 1% TRITON-
100, 10% glycerol, 20 mM Tris pH 7.5; 150 mM NaCl,

0 mM EDTA, 1 �g/�l leupeptin, 1 �g/�l aprotinin, 1 mM
MSF. Cellular suspensions, from all the experiments were
rozen and thawed three times, maintained 30 min on ice, and
hen centrifuged at 15,000 × g for 30 min at 4 ◦C. The result-
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ng supernatants were collected and protein concentrations
ere determined by the Bradford assay [34], with bovine

erum albumin as calibration standard. Loading buffer was
dded to each protein sample, which was subsequently
oiled for 5 min. Equal amount of proteins were elec-
rophoresed on an SDS-polyacrylamide gel (SDS-PAGE).
fter SDS-PAGE, proteins were blotted onto immobilon-
PVDF (Polyvinylidene Fluoride) microporous membrane

Millipore). Membranes were blocked in PBS and 0.1%
ween-20 (PTw) +5% dried milk. Membranes were incu-
ated overnight at 4 ◦C in primary antibody and for
h at room temperature with secondary antibody. After
ashing, protein bands were detected by HRP/hydrogen
eroxide catalysed oxidation of luminol by an enhanced
hemioluminescence system (PIERCE) and autoradio-
raphy.

.4. Mitochondria preparation

For mitochondria preparation, we basically used the pro-
ocol described by Yang et al. [35]. Briefly, the cells were
arvested by centrifugation and washed twice in ice-cold
BS. The cell pellet was resuspended in five volumes of
uffer A (20 mM Hepes–KOH, pH 7.5, 10 mM KCl, 1.5 mM
gCl2, 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM

ithioerytrol, 250 mM sucrose). Proteases inhibitors were
dded to buffer A. The cells were homogenized with 30
trokes in a Dounce homogenizer on ice and than centrifuged
t 750 g at 4 ◦C for 10 min. The supernatant was collected
nd centrifuged again at 10,000 × g at 4 ◦C for 15 min. The
esulting mitochondria pellet was dissolved in buffer A and
he supernatant was collected to get the cytosolic fraction.

itochondrial and cytosolic fracstions were used for Western
lotting experiments.

.5. Densitometric analysis

The bands on the developed film were quantified by Image
(NIH Image, version 1.240) program. The density of each
and was normalized to that of a reference protein (�-actin
r VDAC).

.6. Aequorin experiments

For aequorin measurements, NIH 3T3 cells were seeded
nto 13 mm cover slips (BDH) previously coated with poly-
-lysine (1 �g/ml in PBS) and transfected with 0.8 �g of

equorin chimeras cDNA using Lipofectamine 2000 reagent
Invitrogen). We used aequorin probes targeted to ER (ER-
EQ) and mitochondria (mtAEQmut) [36].
For mtAEQmut, 36 h post transfection, the coverslips were

ncubated for 2 h in KRB (Krebs–Ringer modified buffer:

25 mM NaCl, 5 mM KCl, 1 mM Na3PO4, 1 mM MgSO4,
.5 mM glucose, and 20 mM Hepes, pH 7.4) at 37 ◦C supple-
ented with coelenterazine (5 �M) and then transferred to

he perfusion chamber.

•

•

m 43 (2008) 184–195

For reconstituting with high efficiency, the AEQ chimeras
argeted to the ER, the luminal [Ca2+] of this compart-

ent was first reduced. This was obtained by incubating the
overslips for 1 h at 4 ◦C in KRB, supplemented with coe-
enterazine n (5 �M), the Ca2+ ionophore ionomycin, and
00 �M EGTA [37,38,39]. After this incubation, the cells
ere extensively washed with KRB supplemented with 2%
SA and 1 mM EGTA, and then the coverslips were trans-

erred to the perfusion chamber.
All aequorin experiments were carried out 36 h post trans-

ection at 37 ◦C and the buffer used was KBR, supplemented
ith either 1 mM CaCl2 or 100 �M EGTA. The agonist
radykinin (Bk) was added to the same medium (see figure
egends).

In experiments with digitonin (100 �M) permeabilized
ells, using ER-AEQ for the study of SERCA activ-
ty, a buffer mimicking the cytosolic ionic composition
intracellular buffer, IB: 140 mM KCl, 10 mM NaCl,
mM K3PO4, 5.5 mM glucose, 2 mM MgSO4, 1 mM
TP, 2 mM sodium succinate, 20 mM Hepes, pH 7.05, at
7 ◦C) was employed. The medium was switched from IB
ith 2 mM EGTA to IB containing contaminant (2 �M)

Ca2+] + ATP and MgSO4, essential cofactors of SERCA
umps.

All the experiments with aequorin were terminated by
ysing the cells with 100 �M digitonin in a hypotonic Ca2+-
ich solution (10 mM CaCl2 in H2O), thus discharging the
emaining AEQ pool. The light signals were collected and
onverted into [Ca2+] values after calibration as previously
escribed [36].

.7. Confocal microscopy analysis

NIH 3T3 cells were seeded onto 24 mm coverslips and
ransfected with mt-GFP and ER-GFP [40] by using Lipo-
ectamine 2000 (Invitrogen). 24 h post transfection cells were
reated with different cadmium concentrations for different
imes. The treatments were stopped by fixing the cells in 4%
araformaldeyde for 5 min. Fluorescence images were cap-
ured by confocal fluorescent microscopy (model LSM 510;
arl Zeiss MicroImaging, Inc.).

.8. RT-PCR experiments

Total RNA from NIH 3T3 cells was isolated by using Tri
eagent (Sigma). After DNase I treatment, 2 �g of total RNA
ere retrotranscribed using oligo(dT)15–18 (Invitrogen) and
uperScriptTM Reverse Transcriptase (Invitrogen). About
�l of cDNA were used for PCR amplification using RED-
aq TM PCR reaction Mix (Sigma). The following primers
ere used in this work:
xbp-1 sense: 5′-AAACAGAGTAGCAGCGCAGACTGC-
3′.
xbp-1 reverse: 5′-GGATCTCTAAAACTAGAGGCTTG-
GTG-3′.
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�-actin sense: 5′-CTACCTCATGAAGATCCTCAC-3′.
�-actin reverse: 5′-TTCGTGGATGCCACAGGACTC-3′.

Equal aliquots of PCR products were electrophoresed
hrough a 2% agarose gel and the bands were revealed by
thidium bromide staining.

.9. Statistical analysis

Results obtained from at least three different experi-
ents were analysed using Student’s t-test and they were

onsidered statistically significant at p < 0.05. Where var-
ous experimental groups were compared to one control

roup, the statistical analysis was adjusted for multiple
omparisons using Benjamini and Hochberg correction. All
ata reported in this work are the means ± standard error
S.E.).

m
w
W
f

ig. 1. (a and b) Mitochondrial [Ca2+]mit in control and cadmium treated cells (15 �

he measurement of AEQ luminescence was carried out and calibrated into [Ca2+

ith 1 �M Bk added to the same buffer. As for cytosol (inset figure) [42], Bk stimu
p to 173.1 ± 10.5 �M (n = 10). In cadmium treated cells (12 h) [Ca2+]mit was redu
timulation, became 78.2 ± 5.9 �M (n = 6). Inset figure shows the kinetics of Ca2+

admium-treated traces use the same colours used for mitochondria. (c and d) [Ca2

ransfected into NIH 3T3 and 36 h later, the organelle was depleted of Ca2+ to opti
uminometer chamber and AEQ luminescence was collected and calibrated in Ca
witched from KRB + EGTA (1 mM) to KRB + 1 mM CaCl2. In these conditions,
00.0 ± 5.5 �M (n = 20). The refilling of ER Ca+2 was sensibly (45%; P < 0.01) lowe
n = 11). Where indicated, the cells were stimulated with Bk (1 �M). Bk stimulatio
he reduced refilling state, Bk-induced depletion of [Ca2+]ER is larger and faster in
m 43 (2008) 184–195 187

. Results

.1. Calcium homeostasis is affected by cadmium
reatment: aequorin measurements

To directly investigate the role of cadmium in Ca2+ home-
stasis, we selectively measured the [Ca2+] in three different
ell compartments, such as cytoplasm, mitochondria and ER.
he influence of cadmium on changes in the intracellular
a2+ concentration elicited during stimulation by bradykinin

Bk) was investigated. The hormone Bk mediates Ca2+ mobi-
ization by binding to surface receptors. Murine fibroblasts
IH 3T3 have been show to possess this kind of receptors and

o be sensitive to Bk stimulation [41]. Bk evokes a Ca2+ signal

ainly due to the generation of inositol-1,4,5-trisphosphate,
hich in turn causes a release of Ca2+ from internal stores.
e have reported previously, that in NIH 3T3 cells trans-

ected with cytosolic aequorin (cyt-AEQ), stimulation by Bk

M for 12 h). mtAEQmut was transfected into NIH 3T3 cells and 36 h later,
] values. Where indicated, the cells, perfused with KRB, were challenged
lation caused a rapid increase in [Ca2+]mit reaching in control cells a value
ced of 54.8% (P < 0.01) and the average value of [Ca2+]mit, following Bk
homeostasis in the cytosol upon cadmium treatment for 12 h. Control and
+]ER in control and cadmium treated cells (15 �M for 12 h). ER-AEQ was
mise AEQ reconstitution. After reconstitution cells were transferred to the
2+ values. In the first part of the experiments, the perfusion medium was
[Ca2+]ER gradually increased, reaching in control cells a plateau value of
red in Cd2+-treated cells for 12 h and the plateau value was 109.8 ± 14.1 �M
n caused a rapid release of Ca2+ from ER in control cells, however, due to
control cells as compared to Cd2+-treated cells.
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Fig. 2. (a) Kinetics of ER Ca2+ uptake in control and Cd2+-treated cells
(15 �M for 12 h). NIH 3T3 fibroblasts were transfected with ER-AEQ. AEQ
measurements were carried out as in Fig. 1c except that the cells were per-
meabilized with 100 �M digitonin for 1 min. In these experiments a buffer
mimicking intracellular ionic conditions (IB) was used. Ca2+ accumulation
in the ER was initiated by switching the medium from IB + EGTA to IB
containing contaminant [Ca2+] of about 2 �M. The kinetics of ER refilling
are reported in the graph. AEQ calibration was carried out as described in
Materials and Methods. (b) SERCAs activity in control and Cd2+-treated
cells (15 �M for 12 h). Transfection, depletion of Ca2+ stores and AEQ
reconstitution were carried out as in (a), then the coverslip with the cells
was transferred to the luminometer and perfused with IB/Ca2+ until the
steady-state [Ca2+]ER was reached. Based on the experimental traces (a),
the maximal rates of Ca2+ uptake (measured from the first derivative) at
different values of [Ca2+]ER were calculated and plotted for Cd2+-treated
(15 �M for 12 h) and control cells. The plot contains data obtained from 11
independent experiments. Due to the mixing time in the luminometer cham-
ber, the kinetics of [Ca2+]ER uptakes were sigmoidal and the maximal rate
was obtained during the first 2–3 s after the beginning of [Ca2+]ER increase.
Accordingly, we considered the maximal rates the best approximation for
the initial rate of [Ca2+]ER increase. The fitting of the curve shown in this
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1 �M) evokes a rapid Ca2+ transient, reaching a peak value of
bout 2.3 ± 0.1 �M and that cadmium (15 �M) administered
or 12 h causes a nearly 25% reduction of Ca2+ eleva-
ion during Bk stimulation (Fig. 1a, inset) [42]. The same
onditions, i.e. cadmium treatment and mode of Bk stim-
lation were employed also for the experiments presented
ere.

A result similar to that reported for the cytosol was
ound in mitochondria using mitochondria-targeted aequorin
mtAEQmut) (Fig. 1a). In fibroblasts treated with 15 �M
admium for 12 h, the [Ca2+]mit spike evoked by Bk stim-
lation decreased from 173.1 ± 10.5 �M in control cells to
8.2 ± 5.9 �M, i.e. by 55%. As expected, given the non-linear
ependence of mitochondrial Ca2+ accumulation on [Ca2+]cyt
43], the mitochondrial Ca2+ response follows and ampli-
es the cadmium-dependent reduction in agonist-dependent
ytosolic rise.

The most interesting situation was found in the ER. In
his case, as the ER has a very high Ca2+ concentration
t was necessary to lower the lumenal Ca2+ concentration
efore adding the prosthetic group to achieve the recon-
titution of active aequorin. To this end, the cells were
reincubated with ionomycin and a Ca2+ chelating agent
EGTA). After reconstitution, the concentration of free
a2+ was <10 �M into this organelle. When the Ca2+ con-
entration in the perfusion medium was raised to 1 mM,
he Ca2+ concentration in the lumen gradually increased,
eaching a plateau value of 200.0 ± 5.5 �M (control cells)
Fig. 1c).

In the control cells, stimulation with Bk caused a large,
apid fall in the ER Ca2+ concentration down to a value
f approximately 60–70 �M. In cells treated with 15 �M
admium for 12 h (Fig. 2a) the refilling of ER Ca2+ is consid-
rably lowered to 109.8 ± 14.1 �М, i.e. 45%, as compared to

ontrol cells. This depletion of ER Ca2+ stores is responsible
or the strong reduction in Bk mediated [Ca2+] peak in the
ytosol and in mitochondria.

gure was performed using Microsoft Excel software. As revealed by the
raphic, the maximal rate of Ca2+ uptake was significantly (P < 0.01) low-
red by cadmium treatment, reaching an average value of 3.4 ± 0.1 �M/s,
early 40% less than the value obtained in control cells. (c) Ca2+ leak rate
rom ER in control and cadmium-treated cells (15 �M for 12 h) Transfec-
ion, depletion of Ca2+ stores and AEQ reconstitution were carried out as in
ig. 1c, then the coverslip with the cells was transferred to the luminometer
nd perfused with KRB/Ca2+ until the steady-state [Ca2+]ER was reached.
a2+ release was initiated by treating the cells with 50 �M tBuBHQ, a spe-
ific inhibitor of SERCAs pumps. In analogy of that presented on (b), about
he rate of Ca2+ uptake in ER, based on the experimental traces, the maximal
ates of Ca2+ release (measured from the first derivative) at different values
f [Ca2+]ER were calculated and plotted for Cd2+-treated and control cells.
he plot contains data obtained from 9 (cadmium) and 11 (control) indepen-
ent experiments. Due to the mixing time in the luminometer chamber, the
inetics of [Ca2+]ER decrease are sigmoidal and the maximal rate is obtained
–3 s after addition of tBuBHQ. Accordingly, we considered the maximal
ates the best approximation for the initial rate of [Ca2+]ER decrease. The
tting of the curve shown in this figure was performed using Microsoft Excel
oftware.
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obtained analysing ER morphology: a parallel disruption
of ER structure was observed at 9 and 12 h of cadmium
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.2. Mechanisms of cadmium-induced [Ca2+]ER

lteration

Given that the steady-state [Ca2+] in ER depends on the
quilibrium between active accumulation and passive leak-
ge, cadmium could affect either process. Cd2+ could reduce
a2+ uptake by the SERCAs, either by a direct effect on the
umps or by reducing the resting cytosolic [Ca2+]. On the
ther hand, it could increase the passive leak of Ca2+ from
he ER. To clarify these two hypotheses, we investigated them
ndependently.

We investigated whether cadmium treatment had any
irect effect on the activity of the SERCA pumps. For
his purpose, the kinetics of Ca2+ accumulation were stud-
ed in permeabilized cells in order to avoid other side
ffects of this cation (Fig. 2a and b). After reconstituting
he photoprotein as in the experiment of Fig. 1c, cadmium-
reated and control cells were transferred to the luminometer
hamber and perfused with IB/EGTA, a buffer mimicking
ntracellular ionic conditions, supplemented with 100 �M
GTA. After permeabilization with 100 �M digitonin and
ashing with IB/EGTA, the medium was switched to IB,

ontaining only a contaminant Ca2+ concentration (about
�M) (IB/Ca2+). Under those conditions, [Ca2+]ER gradu-
lly increased, reaching a plateau value of 193.9 ± 11.1 �M.
n cadmium-exposed cells the steady state Ca2+ concentration
as lower (155.8 ± 6.2 �M). Moreover, in cadmium–treated

ells, the maximal rate of Ca2+ accumulation was consider-
bly reduced in comparison to control cells from 5.9 ± 0.5 to
.4 ± 0.1 �M/s, i.e. to 42.8% (Fig. 2b) arguing that the Ca2+

ptake activity is modified during cadmium exposure. More-
ver, in agreement with the above results, a clear difference in
he ER Ca2+ uptake was present also in intact cells as shown
n Fig. 1c.

To test whether cadmium really inhibits the Ca2+ uptake
ctivity and does not enhance the leak rate from the
R, cadmium-treated and control cells, were prepared as
escribed for the experiment of Fig. 1c. After the depletion
rotocol, the ER of control and cadmium-treated cells was
rst refilled by exposing the cells to 1 mM extracellular Ca2+,

hus resulting in different levels of steady state [Ca2+]ER. A
ERCA blocker, 2,5-di-(tert-butyl)-1,4-benzohydroquinone
tBuBHQ), was then added to initiate the release of stored
a2+. Given that, by definition, the rates of Ca2+ uptake
nd leak in the steady state are equal, the rate of [Ca2+]ER
ecrease upon blockade of the SERCA must reflect the
ate of Ca2+ cycling across the ER membrane and, thus
he leak rate at any given steady state of [Ca2+]ER [44].
ig. 2c shows the relationship between different [Ca2+]ER
alues and the maximum rates of Ca2+ release calculated
rom the first derivative for cadmium-treated and control
ells. As clearly visible form the fitting curve obtained using
icrosoft’s Excel software, the rate of Ca2+ efflux is rather

he same in cadmium treated and control fibroblasts, sug-

esting that the Ca2+ leak rate from ER is not affected by
admium.

t
c
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.3. Mitochondrial and endoplasmic reticulum
orphology

We investigated whether the [Ca2+]mit and [Ca2+]ER
hanges were paralleled by alterations of organelle morphol-
gy compatible with the onset of apoptosis. By means of
itochondria and ER-targeted GFP chimeras, we were able

o follow the modification of mitochondria and ER during
admium exposure. NIH 3T3 cells were transfected with
t- or ER-GFP and the effects of cadmium on the struc-

ures of mitochondria and ER were evaluated. We followed
he morphology of these organelles after the administra-
ion of 15 or 30 �M CdCl2 for different times (3, 6, 9, and
2 h).

About 15 �M CdCl2 was a previously described concen-
ration able to induce 50% drop in viability and induction
f apoptosis after 24 h of treatment [42]. This concentration,
owever, was only moderately toxic after 12 h of treatment:
TT assays revealed a tendency in reduction in viability of

bout 10–15% (data not shown). The higher concentration
f 30 �M CdCl2 induced a drop in viability of nearly 60%
fter only 12 h of treatment. In each experimental group at
east three different architectures of mitochondria and ER
ould be described. In Fig. 3 the typical mitochondrial net-
ork characteristic of cells in physiologic conditions could
e appreciated. This morphology is defined as normal. Con-
ersely, mild alterations in mitochondrial morphology started
o be visible in Fig. 3b, defining a mild phenotype. A more
evere rupture and fragmentation of mitochondrial network,
haracterized by condensation into amorphous dense masses,
ould be easily appreciated in Fig. 3c and is defined as strong
henotype.

As for mitochondria, ER-targeted GFP was transfected
nto NIH 3T3 cells and organelle structure was evaluated in
ontrol cells and Cd2+ exposed fibroblasts (15–30 �M CdCl2
or 3, 6, 9 and 12 h). In a similar way as for mitochondria,
e described normal, mild and strong ER morphologies. In
ig. 4a the ER network of interconnected closed vesicles,
haracteristic of control cells, could be appreciated. Con-
ersely, a drastic alteration of ER morphology was already
isible in Fig. 4b describing a mild phenotype. Even if in this
icture the collapse of ER structure start to be clear in various
egions of the cell, the strong disruption of ER became clear
n Fig. 4c as a complete condensation of ER, falling down
round the nucleus.

The number of cells, bearing a specific ER or mitochondria
orphology, was counted for control and cadmium-treated

ells. The results for mitochondria were presented in Table 1.
sing the concentration of 15 �M CdCl2, we could observe
significant increase in mitochondrial damage, expressed

s number of cells with mild or strong phenotype, after
and 12 h of treatment. Nearly the same results were
reatment (Table 2). The use of a stronger cadmium con-
entration (30 �M) enabled us to observe an earlier and
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Fig. 3. Cadmium-induced morphological changes in the mitochondrial net-
work. Mitochondrial structure was evaluated by visualizing mt-GFP with a
confocal microscope. After transfection, the cells were treated with 15 or
30 �M cadmium and they were fixed after different times treatment (0, 3,
6, 9 and 12 h). In each treatment group three different types of mitochon-
drial morphology are distinguished: (a) normal morphology characterized
by an interconnected and continuous mitochondrial network; (b) mild dis-
ruption structure, visible as condensation of the mitochondrial network; (c)
strong disruption of the mitochondria which appear completely condensed
a
t

s
A
s
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c
t
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t
p

Fig. 4. Cadmium-induced morphological changes in the ER structure. ER
structure was evaluated by visualizing ER-GFP with a confocal microscope.
After transfection, the cells were treated with 15 or 30 �M cadmium and
they were fixed after different times treatment (0, 3, 6, 9 and 12 h). In each
treatment group we could distinguish at least three different types of ER
morphology: (a) normal morphology characterized by the fine ER network;
(b) mild disruption structure, where the collapse of ER structure starts to be
clear in various regions of the cell; (c) strong disruption of ER which appear
as a complete condensation of ER which fall down around the nucleus. In
e
t

3
d

t
a
e
p
c

nd fragmented. In each picture a square region has been magnified in order
o better appreciated the fine architecture of mitochondria.

everer disturbance of ER and mitochondrial morphology.
lso in this case, however, the time course analysis demon-

trated a nearly complete similarity in the temporal patterns
f ER and mitochondria morphology, showing a signifi-
ant disruption of the networks after only 3 h of cadmium
reatment.

.4. Cadmium-induced ER stress
To study if cadmium-treatment may cause ER stress,
hus mediating apoptosis via ER, we analysed two different
arameters, following described.

t
t
i
m

ach picture a square region has been magnified in order to better appreciated
he fine architecture of ER.

.4.1. Activation of unfolded protein response (UPR)
uring cadmium treatment

Upon activation of the UPR, xbp-1 mRNA is cleaved by
he IRE1 protein to remove a 26-nucleotide intron and gener-
te a translational frame shift. The resulting processed mRNA
ncodes a protein with a novel C-terminus that acts as a
otent transcriptional activator. In order to demonstrated if
admium was able to induce ER stress and UPR, we analysed
he splicing of xbp-1 mRNA by RT-PCR. We demonstrated

hat cadmium exposure induced the splicing of xbp-1 mRNA
n NIH 3T3 mouse fibroblasts in a time and dose dependent

anner as observed in Fig. 5 where the 575 bp (Fig. 5 asterisk)
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Table 1
Mitochondrial morphology upon cadmium treatment

15 �M cadmium treatment (h)

0 3 6 9 12

Mitochondrial morphology description
Normal 94 ± 5.2 95.7 ± 4.8 86.7 ± 10.4 72.3 ± 7.7 71.7 ± 11.7
Mild 4.3 ± 4.6 3.3 ± 4.8 11.7 ± 9.3 21.3 ± 4.4 19 ± 8.3
Strong 1.7 ± 1.6 l ± 0 1.7 ± 1.7 6.4 ± 4.8 9.3 ± 4

30 �M cadmium treatment (h)

0 3 6 9 12

Mitochondrial morphology description
Normal 96.5 ± 2.3 93 ± 4 75.3 ± 7.6 62.2 ± 4.3 52.5 ± 4.6
Mild 2.17 ± 1.3 6 ± 2.08 18.5 ± 5 31.1 ± 4.2 36.5 ± 2.1
Strong 1.33 ± 1.3 1 ± 2 6.17 ± 2.9 6.7 ± 1.2 11 ± 4.5

By using the criteria described in Fig. 3, we counted the number of cells transfected with mt-GFP for each treatment group (15 or 30 �M for 0, 3, 6, 9 and 12 h),
dividing them in “normal”, “mild” or “strong” accordingly to the morphology they presented. A total number of 600 cells was counted in three independent
experiments. The table presented data as percentage ± S.E. We compared the percentages of “normal”, “mild” or “strong” classes from each treatment group
with the respective classes in the control (e.g. no treatment; 0 h). The underlined values are significant accordingly to the t-test.

Table 2
ER morphology upon cadmium treatment

15 �M cadmium treatment (h)

0 3 6 9 12

ER morphology description
Normal 98 ± 1.1 97.83 ± 1.4 95.3 ± 1.8 81.2 ± 5 65.2 ± 7.4
Mild 1.5 ± 1.2 1.83 ± 1.8 3.5 ± 1.5 13.5 ± 3 24 ± 6.1
Strong 0.5 ± 0 0.34 ± 0.3 1.2 ± 1.2 5.3 ± 2.1 10.8 ± 2.6

30 �M cadmium treatment (h)

0 3 6 9 12

ER morphology description
Normal 96.33 ± 2 87.0 ± 3.2 82.8 ± 4 71.7 ± 11.2 57.2 ± 7.7
Mild 2.34 ± 2.1 8.3 ± 1.4 7.7 ± 2.1 20.1 ± 8.1 30.3 ± 3.3
Strong 1.33 ± 0.7 4.7 ± 1.8 9.5 ± 2.1 8.2 ± 3.2 12.5 ± 5

By using the criteria described in Fig. 4, we counted the number of cells transfected with ER-GFP for each treatment group (15 or 30 �M for 0, 3, 6, 9 and 12 h),
dividing them in “normal”, “mild” or “strong” accordingly to the morphology they
experiments. The table presents data as percentage ± S.E. We compared the perce
with the respective classes in the control (e.g. no treatment; 0 h). The underlined va

Fig. 5. xbp-1 processing during cadmium treatment: RT-PCR analysis. The
unspliced, normal form of xbp-1 is shown as an amplicon of 601 bp. The
575 bp fragment associated to the spliced form of xbp-1 is marked by an
asterisk (*). The exposure to 10 �g/ml for 24 h of tunicamycin (TM) was
used as positive control while �-actin was used as loading control.
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presented. A total number of 600 cells was counted in three independent
ntages of “normal”, “mild” or “strong” classes from each treatment group
lues are significant accordingly to the t-test.

pliced variant of xbp-1 was clearly detectable in comparison
o the unspliced 601 bp form.

.4.2. Caspase-12 activation
To determine whether ER specific apoptotic pathway

s involved in cadmium-induced cell death, we analysed
he activation of pro-caspase-12 by immunoblotting exper-
ments. Using a monoclonal antibody directed against
ro-caspase-12 a single band corresponding to the p53 pro-
orm of caspase-12 was detected in control cells and – to

lower extent – in cadmium-treated fibroblasts (Fig. 6a
nd b). The antibody was only able to recognise the inac-

ive proform of caspase-12, however, cadmium exposures
9–12 h; 15 �M CdCl2) caused a significant decrease in the
roform suggesting that caspase-12 had been cleaved and
hus activated during cadmium-induced apoptosis (Fig. 6a).
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Fig. 6. Effects of cadmium-treatment on caspase-12 activation. Equal amount of total protein from cadmium treated and control cells were electrophoresed and
a e pictu
C ing the
c cant dif
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nti-pro-caspase-12 antibody was used in WB experiments. A representativ
dCl2 and (b) 30 �M CdCl2. �-actin was used as a loading control, reprob
asp-12/�-actin) is presented as a black line. The asterisks indicate a signifi

n earlier activation of caspase-12 was observed by using
0 �M CdCl2 (6–12 h) as shown in Fig. 6b. These obser-
ations demonstrated that the cleavage of pro-caspase

2 correlated well with the induction of ER stress. �-
ctin was used as a loading control, reprobing the same
embrane.

i
o
p

ig. 7. Release of CytC from mitochondria: Western-blotting experiments. We pe
or different times (0, 3, 6, 9 and 12 h). Cytosolic and mitochondrial fractions of c
uality of the fractionation was checked by using VDAC protein as mitochondrial
oading control for cytosolic fractions. A densitometric analysis for different cadm
he release of CytC (expressed as percentage of CytC/�-actin) in the cytosolic frac
f CytC/VDAC) in the mitochondrial fraction is presented in gray. The asterisks ind
o control (p < 0.05).
re and a densitometric graph for each time course is presented: (a) 15 �M
same membrane. The activation of caspase-12 (expressed as percentage of
ference for a defined treatment group in comparison to control (p < 0.05).

.5. CytC release from mitochondria

To confirm the induction of mitochondrial stress dur-

ng cadmium injury, we analysed the time course release
f cytC from mitochondria to the cytosol (Fig. 7). We
erformed mitochondria fractionation using the voltage-

rformed mitochondrial fractionation of control and cadmium-treated with
ell treated with 15 �M CdCl2 (a) and 30 �M CdCl2 (b) are presented. The
marker in both cytosolic and mitochondrial fractions; �-actin was used as
ium treatments is presented in (a) and in (b) (15 and 30 �M, respectively).
tion is presented as a black line; the CytC content (expressed as percentage
icated a significant difference for a defined treatment group in comparison
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ependent-anion-channel (VDAC) protein as mitochondrial
arker to check the quality of the organelle fractionation

nd �-actin as loading control. The release of cytC in the
ytosol of cadmium treated cells was dose and time depen-
ent: using 15 �M of CdCl2 we could observe a significant
elease of cytC after 6 h of treatment. The released quan-
ity of cytC in the cytosol further increased following 9 and
2 h of cadmium treatment (Fig. 7a and graph). In parallel to
itochondrial morphology data, administration of the higher

oncentration of cadmium (30 �M) caused an earlier release
f cytC (3 h) as reported in Fig. 7b. In this second set of
xperiments, a corresponding decrease of cytC in the mito-
hondrial fraction could be also observed following cadmium
reatment.

. Discussion

For the assessment of cadmium effects on cellular Ca2+

omeostasis we used the calcium-sensitive photoprotein,
equorin. Targeted AEQ chimeras have been employed suc-
essfully to measure organelle-specific modulation of Ca2+

omeostasis [36–38]. This method is a valuable alternative
o the use of traditional Ca2+ fluorescent indicators, often
riticized for their ability to bind cadmium with the same
ffinity of calcium [21]. To directly investigate the role of
admium on Ca2+ homeostasis, we have selectively measured
he Ca2+ concentration in different cell compartments, i.e.,
he cytoplasm and the organelles acting as sources (ER) or
argets (mitochondria) of the Ca2+ signal. Effects of cadmium
xposure on the cytosolic Ca2+ signal elicited by an agonist,
radykinin (Bk), have been investigated previously [40]; here
e focused our attention on mitochondria and on the ER. Bk

timulation caused a rapid decrease in [Ca+2]ER and a cor-
esponding rise in mitochondrial Ca2+ concentration (and in
ytosolic [Ca2+]). In cadmium treated cells lower [Ca2+]ER
teady states were obtained and, consequently, the extent of
a2+ release through IP3-gated channels after Bk stimulation

ignificantly declined. It is well known that the steady state
a2+ concentration in the ER depends on the equilibrium
etween active accumulation and passive leak, and the effect
f Cd2+ could be on either process. We investigated both pos-
ibilities independently and our results showed that cadmium
ignificantly inhibited the activity of SERCAs, whereas no
elevant effect was found on passive Ca2+ leakage from the
R.

Several studies demonstrated that strong modification in
a2+ homeostasis could lead to ER-stress and, possibly, to
ell death [27]: uncontrolled increases but also strong deple-
ion in [Ca2+]ER, in fact, are known to trigger apoptotic cell
eath by direct activation of ER-resident caspase-12 [29]. In
ccordance with these reports, we observed that cadmium

reatment caused an alteration in ER calcium homeostasis,
hus leading to ER stress – activation of Ire1, processing xbp-
, disruption of ER morphology – and, finally, induction of
poptosis mediated by caspase-12.
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Our data corroborated previous observations by Tchoun-
ou et al. [45] and, more recently, Liu et al. [46], reporting

he up-regulation of some ER chaperones (GADD/CHOP
nd Grp78, respectively) upon cadmium treatment. These
roteins counteract the congestion of misfolded proteins
ntermediates during unbalance in the [Ca2+]ER and ER
tress, thus trying to promote cell survival. However, as a con-
equence of a prolonged or very severe stress, the activity of
haperones resulted inadequate and apoptotic cell death took
lace. To our knowledge this is the first report demonstrating
hat caspase-12 is activated in cadmium-induced apoptosis
nd highlighting the ER as a further cellular target of cad-
ium toxicity.
To understand which intracellular organelle could be most

ensitive to cadmium toxicity, we performed time course
xperiments, with parallel analyses of effects on ER and mito-
hondria, well-known targets of cadmium toxicity. Previous
ndings, in fact, correlated mitochondrial dysfunctions with
admium treatment [24,25]. Moreover, other laboratories
escribed a decrease in rhodamine 123 fluorescence during
admium-induced apoptosis in Rat-1 fibroblasts, suggesting
hat this heavy metal could act by altering the permeabil-
ty and so the function of the mitochondrial membrane [47].
owever, even if the role of mitochondria in cadmium-

nduced cell death is well characterized, the involvement
f caspase-9 is discussed controversial by some authors
48–49]. In our hands, a strong modification in mitochon-
rial architecture was observed following cadmium treatment
nd the morphological changes were accompanied by a dose
nd time dependent release of CytC, linking acute cadmium
oxicity with mitochondria mediated induction of cell death.

The parallel analysis of cadmium effects on ER and mito-
hondria, however, revealed a very complex pathway and
omparable results were obtained for both the organelles.
R and mitochondria morphologies showed a synchronous
attern of structural and functional disruptions so that cytC
elease well correlated with ER stress and caspase-12 activa-
ion. The use of the higher cadmium concentration (30 �M),
rovided a more critical situation, but, even in this case, sim-
lar effects on these two organelles were observed. It seems
hat cadmium can exert a very complicated cascade of events
nto the cell and more than one distinct pathway can be acti-
ated following treatment.

In summary, we propose a “two hits” model for cadmium-
nduced apoptosis (Fig. 8). On one side, cadmium once
ntered the cell by receptor or voltage operated calcium
hannels, can directly or indirectly damages mitochondria,
hus mediating cytC release and caspase-9 activation. On the
ther side, a novel analysis revealed ER as cellular target of
admium toxicity. Cadmium-induced release of Ca2+ from
R stores (via stimulation of IP3 gated channels, Fig. 8a)
nd cadmium-mediated inhibition of SERCA pumps are pro-

osed to cause a generalized alteration of Ca2+ homeostasis
increase in [Ca2+]cyt and prolonged reduction in [Ca2+]ER.
he disruption in ER calcium homeostasis compromise the
R compartment, thus inducing ER stress and ER-mediated
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Fig. 8. Scheme of the proposed pathways mediating cadmium-induced
apoptosis. Cadmium induces ER calcium release trough IP3 pathway. Con-
sequently, the cytosolic calcium concentration increases [Ca2+]cyt (a) [20].
Cadmium, however, could also enter the cells through calcium channels and,
once inside the cells, it causes SERCAs inhibition. Probably the concerted
action of cadmium on SERCAs inhibition and IP3 pathways is responsi-
ble for ER stress (xbp-1 processing), UPR induction and finally caspase-12
activation (b). On the other hand cadmium provokes mitochondrial dam-
age with inhibition of electron transport chain, R.O.S production, cytosolic
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elease of pro-apoptotic factors (such as Cyt C), and finally activation of the
aspase-9 (c). These two pathways seem to be contemporary activated and
heir parallel, synergic action promotes apoptosis.

poptosis. Even if correlations between mitochondrial and
R stress pathways could not be ruled out, other studies will
e necessary to complete this complex scenario.
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