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Endoplasmic reticulum stress and alteration in calcium homeostasis
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Abstract

Cadmium, a toxic environmental contaminant, exerts adverse effects on different cellular pathways such as cell proliferation, DNA damage
and apoptosis. In particular, the modulation of Ca?* homeostasis seems to have an important role during Cd?* injury, but the precise assessment
of Ca®* signalling still remains poorly understood. We used aequorin-based probes specifically directed to intracellular organelles to study Ca>*
changes during cadmium injury. We observed that cadmium decreased agonist-evoked endoplasmic reticulum (ER) Ca* signals and caused
a 40% inhibition of sarcoplasmic—ER calcium ATPases activity. Moreover, time course experiments correlate morphological alterations,
processing of xbp-1 mRNA and caspase-12 activation during cadmium administration. Finally, the time response of ER to cadmium injury
was compared with that of mitochondria. In conclusion, we highlighted a novel pathway of cadmium-induced cell death triggered by ER stress
and involving caspase-12. Mitochondria and ER pathways seemed to share common time courses and a parallel activation of caspase-12 and

caspase-9 seemed likely to be involved in acute cadmium toxicity.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

We analysed the mechanisms of cellular toxicity associ-
ated to cadmium exposure. This heavy metal, widely diffused
in the ecosystems because of its large use in different kinds
of industries and other human activities, is characterized by
a very long half life [1,2]. Chronic exposure to cadmium
in humans is associated with bone, lung and renal dam-
age. Furthermore, evidences of human carcinogenicity are
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also available linking long-term occupational exposure to
increased occurrence of lung, prostate and renal cancer cases
[3.4].

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

Even if several hypotheses have been proposed,
the mechanisms for cadmium-induced apoptosis remain
poorly understood. Alteration in calcium homeostasis and
mitochondrial damage [6,7] have been involved with
cadmium-induced apoptosis, but other intracellular targets
could not be ruled out.

Calcium is a ubiquitous intracellular signal responsible
for controlling numerous cellular processes including pro-
liferation, differentiation, development and cell death [8,9].
Thus, it is not surprising that changes in Ca** concentration
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in cytoplasm as well as in different intracellular organelles
could be responsible for induction of apoptosis [10]. Cad-
mium is reported to interfere with cell calcium homeostasis
at different levels. The similarity between hydrated radius
of Cd?* and Ca®* ions [11] is the first way to explain the
inhibition, observed upon cadmium treatment, of receptor
and voltage operated calcium channels as well as all types
of Ca**-APTases pumps [12-19]. Moreover, cadmium is
also able to induce a rapid transient of cytosolic calcium by
stimulating receptor-mediated mobilization from intracellu-
lar calcium stores [20].

Even if the interference of cadmium with the regulation
of Ca®* homeostasis has been studied previously, the per-
tinent mechanisms of this interference are not elucidated
satisfactorily. A major problem in the interpretation of the
results originated from the use of fluorescent indicators (such
as Fura-2). Fura-2 binds cadmium and other divalent ions
with very high affinity [21]; therefore, it has been difficult to
distinguish between calcium and cadmium signals.

In this report, we measured cadmium-induced alteration
on intracellular calcium homeostasis by the use of modified
targeted chimeras of Ca>* sensitive photo protein aequorin.
We investigate, in fact, the differential effects on calcium
signalling during cadmium injury in specific subcellular
organelles and compartments.

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

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

On the other hand, the ER serves many specialized func-
tions in the cell including calcium storage, biosynthesis of
membrane and secretory proteins, production of phospho-
lipids and sterols. Disturbance of any of these functions can
lead to the so-called ER stress [27]. One of the most char-
acterized and highly conserved ER stress responses is the
unfolded-protein response (UPR) [23]. Major cross talks exist
between UPR and Ca”* imbalance: Ca**-depletion or alter-
ation in Ca* transport systems (SERCAs) can directly cause
UPR [10,28]. In turn, if ER stress is prolonged in time and ER
resident chaperones are unable to counteract the accumula-
tion of misfolded proteins, an ER mediated apoptotic program
is triggered through the activation of caspase-12 [29,30].

In mammalian cells, the UPR seems to be driven by
three ER-located transmembrane proteins, ATF-6, IRE1 and
PERK. In particular, IREl is both a kinase and endori-
bonuclease. This protein appears to function as sensor of
accumulation of unfolded proteins and, upon autophospho-
rylation, IRE1 initiates the specific spliceosome-independent
processing of xbp-I mRNA [31,32,33]. Processing of xbp-
1 mRNA results in a translation frame shift that allows
encoding of active xbp-1, a leucine-zipper transcription fac-
tor that can bind ER stress response element and activate
the transcription of a set of ER chaperones such as Bip,
GADDI153/CHOP [33]. In this study, we showed xbp-1I
mRNA processing and the activation of caspase-12 fol-
lowing cadmium treatment demonstrating the induction of
ER stress and, subsequently, an ER regulated apoptotic
pathway.

In conclusion, our observations, on one hand confirmed
previous reports about mitochondrial involvement in cad-
mium toxicity, but, on the other hand, they led to the discovery
of a new intracellular target of cadmium injury—the ER.
Moreover, both organelles showed a pronounced alteration in
calcium homeostasis and very similar pathways of caspases
activation.

2. Methods
2.1. Cell culture and treatment

NIH 3T3 cells (American Tissue Culture Collection)
were cultured using Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) with 100 U/ml penicillin, 100 pg/ml
streptomycin (Invitrogen) and 10% fetal bovine serum (FBS;
Invitrogen), at 37 °C in humidified atmosphere of 5% CO,.
Cultures were passaged twice a week.

2.2. Antibodies and reagents

CdClp, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) and anti-3-actin monoclonal antibody
were purchased from Sigma. Anti-caspase-12 monoclonal
antibody (SIGMA) was kindly provided by Dr. Mercedes
Garcia (University of Pisa). Anti-CytC polyclonal antibody
was from BD Bioscience and anti-VDAC (Voltage Dependent
Anion Channel) was from Calbiochem.

2.3. Protein extraction, SDS electrophoresis and
Western blotting

Cells from different treatment groups were harvested and
cell pellets were resuspended in lysis buffer: 1% TRITON-
X100, 10% glycerol, 20mM Tris pH 7.5; 150 mM NaCl,
10mM EDTA, 1 pg/pl leupeptin, 1 pg/pl aprotinin, 1 mM
PMSE. Cellular suspensions, from all the experiments were
frozen and thawed three times, maintained 30 min on ice, and
then centrifuged at 15,000 x g for 30 min at 4 °C. The result-
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ing supernatants were collected and protein concentrations
were determined by the Bradford assay [34], with bovine
serum albumin as calibration standard. Loading buffer was
added to each protein sample, which was subsequently
boiled for 5min. Equal amount of proteins were elec-
trophoresed on an SDS-polyacrylamide gel (SDS-PAGE).
After SDS-PAGE, proteins were blotted onto immobilon-
P PVDF (Polyvinylidene Fluoride) microporous membrane
(Millipore). Membranes were blocked in PBS and 0.1%
Tween-20 (PTw) +5% dried milk. Membranes were incu-
bated overnight at 4°C in primary antibody and for
2h at room temperature with secondary antibody. After
washing, protein bands were detected by HRP/hydrogen
peroxide catalysed oxidation of luminol by an enhanced
chemioluminescence system (PIERCE) and autoradio-

graphy.
2.4. Mitochondria preparation

For mitochondria preparation, we basically used the pro-
tocol described by Yang et al. [35]. Briefly, the cells were
harvested by centrifugation and washed twice in ice-cold
PBS. The cell pellet was resuspended in five volumes of
buffer A (20 mM Hepes—KOH, pH 7.5, 10 mM KCl, 1.5 mM
MgClp, 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM
dithioerytrol, 250 mM sucrose). Proteases inhibitors were
added to buffer A. The cells were homogenized with 30
strokes in a Dounce homogenizer on ice and than centrifuged
at 750 g at 4°C for 10 min. The supernatant was collected
and centrifuged again at 10,000 x g at 4 °C for 15 min. The
resulting mitochondria pellet was dissolved in buffer A and
the supernatant was collected to get the cytosolic fraction.
Mitochondrial and cytosolic fracstions were used for Western
Blotting experiments.

2.5. Densitometric analysis

The bands on the developed film were quantified by Image
J (NIH Image, version 1.240) program. The density of each
band was normalized to that of a reference protein (3-actin
or VDAC).

2.6. Aequorin experiments

For aequorin measurements, NIH 3T3 cells were seeded
onto 13 mm cover slips (BDH) previously coated with poly-
D-lysine (1 wg/ml in PBS) and transfected with 0.8 ug of
aequorin chimeras cDNA using Lipofectamine 2000 reagent
(Invitrogen). We used aequorin probes targeted to ER (ER-
AEQ) and mitochondria (mtAEQmut) [36].

For mtAEQmut, 36 h post transfection, the coverslips were
incubated for 2h in KRB (Krebs—Ringer modified buffer:
125 mM NaCl, 5mM KCl, 1 mM NazPO4, | mM MgSOy,
5.5 mM glucose, and 20 mM Hepes, pH 7.4) at 37 °C supple-
mented with coelenterazine (5 wM) and then transferred to
the perfusion chamber.

For reconstituting with high efficiency, the AEQ chimeras
targeted to the ER, the luminal [Ca®*] of this compart-
ment was first reduced. This was obtained by incubating the
coverslips for 1h at 4°C in KRB, supplemented with coe-
lenterazine n (5 wM), the Ca>* ionophore ionomycin, and
600 uM EGTA [37,38,39]. After this incubation, the cells
were extensively washed with KRB supplemented with 2%
BSA and 1 mM EGTA, and then the coverslips were trans-
ferred to the perfusion chamber.

All aequorin experiments were carried out 36 h post trans-
fection at 37 °C and the buffer used was KBR, supplemented
with either 1mM CaCl, or 100 uM EGTA. The agonist
bradykinin (Bk) was added to the same medium (see figure
legends).

In experiments with digitonin (100 wuM) permeabilized
cells, using ER-AEQ for the study of SERCA activ-
ity, a buffer mimicking the cytosolic ionic composition
(intracellular buffer, IB: 140mM KCIl, 10mM NaCl,
ImM K3PO4, 5.5mM glucose, 2mM MgSO4, 1 mM
ATP, 2mM sodium succinate, 20 mM Hepes, pH 7.05, at
37°C) was employed. The medium was switched from IB
with 2mM EGTA to IB containing contaminant (2 uM)
[Ca2*]+ ATP and MgSOyq4, essential cofactors of SERCA
pumps.

All the experiments with aequorin were terminated by
lysing the cells with 100 wM digitonin in a hypotonic Ca”*-
rich solution (10 mM CaCl, in H>0), thus discharging the
remaining AEQ pool. The light signals were collected and
converted into [Ca2*] values after calibration as previously
described [36].

2.7. Confocal microscopy analysis

NIH 3T3 cells were seeded onto 24 mm coverslips and
transfected with mt-GFP and ER-GFP [40] by using Lipo-
fectamine 2000 (Invitrogen). 24 h post transfection cells were
treated with different cadmium concentrations for different
times. The treatments were stopped by fixing the cells in 4%
paraformaldeyde for 5 min. Fluorescence images were cap-
tured by confocal fluorescent microscopy (model LSM 510;
Carl Zeiss Microlmaging, Inc.).

2.8. RT-PCR experiments

Total RNA from NIH 3T3 cells was isolated by using Tri
Reagent (Sigma). After DNase I treatment, 2 g of total RNA
were retrotranscribed using oligo(dT);5-13 (Invitrogen) and
SuperScript™ Reverse Transcriptase (Invitrogen). About
3 ul of cDNA were used for PCR amplification using RED-
Taq TM PCR reaction Mix (Sigma). The following primers
were used in this work:

o xbp-1 sense: 5-AAACAGAGTAGCAGCGCAGACTGC-
3.

e xbp-1 reverse: 5-GGATCTCTAAAACTAGAGGCTTG-
GTG-3'.
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e B-actin sense: 5'-CTACCTCATGAAGATCCTCAC-3'.
e B-actin reverse: 5-TTCGTGGATGCCACAGGACTC-3'.

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

2.9. Statistical analysis

Results obtained from at least three different experi-
ments were analysed using Student’s #-test and they were
considered statistically significant at p <0.05. Where var-
ious experimental groups were compared to one control
group, the statistical analysis was adjusted for multiple
comparisons using Benjamini and Hochberg correction. All
data reported in this work are the means + standard error
(S.E).

3. Results

3.1. Calcium homeostasis is affected by cadmium
treatment: aequorin measurements

To directly investigate the role of cadmium in Ca** home-
ostasis, we selectively measured the [Ca2*] in three different
cell compartments, such as cytoplasm, mitochondria and ER.
The influence of cadmium on changes in the intracellular
Ca”* concentration elicited during stimulation by bradykinin
(Bk) was investigated. The hormone Bk mediates Ca%* mobi-
lization by binding to surface receptors. Murine fibroblasts
NIH 3T3 have been show to possess this kind of receptors and
to be sensitive to Bk stimulation [41]. Bk evokes a Ca?* signal
mainly due to the generation of inositol-1,4,5-trisphosphate,
which in turn causes a release of Ca>* from internal stores.
We have reported previously, that in NIH 3T3 cells trans-
fected with cytosolic aequorin (cyt-AEQ), stimulation by Bk
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Fig. 1. (a and b) Mitochondrial [Ca®*]mi¢ in control and cadmium treated cells (15 WM for 12 h). mtAEQmut was transfected into NIH 3T3 cells and 36 h later,
the measurement of AEQ luminescence was carried out and calibrated into [Ca2+] values. Where indicated, the cells, perfused with KRB, were challenged
with 1 wM Bk added to the same buffer. As for cytosol (inset figure) [42], Bk stimulation caused a rapid increase in [Ca%* |mit reaching in control cells a value
up to 173.1 £ 10.5 uM (n=10). In cadmium treated cells (12 h) [Ca%*]mic was reduced of 54.8% (P <0.01) and the average value of [Ca**Imit, following Bk
stimulation, became 78.2 + 5.9 uM (n=6). Inset figure shows the kinetics of Ca** homeostasis in the cytosol upon cadmium treatment for 12 h. Control and
cadmium-treated traces use the same colours used for mitochondria. (c and d) [Ca**]gg in control and cadmium treated cells (15 pM for 12 h). ER-AEQ was
transfected into NIH 3T3 and 36 h later, the organelle was depleted of Ca®* to optimise AEQ reconstitution. After reconstitution cells were transferred to the
luminometer chamber and AEQ luminescence was collected and calibrated in Ca?* values. In the first part of the experiments, the perfusion medium was
switched from KRB + EGTA (1 mM) to KRB + 1 mM CaCl,. In these conditions, [Ca**]gr gradually increased, reaching in control cells a plateau value of
200.0 & 5.5 uM (1 = 20). The refilling of ER Ca*? was sensibly (45%; P <0.01) lowered in Cd**-treated cells for 12 h and the plateau value was 109.8 & 14.1 uM
(n=11). Where indicated, the cells were stimulated with Bk (1 wM). Bk stimulation caused a rapid release of Ca?* from ER in control cells, however, due to
the reduced refilling state, Bk-induced depletion of [Ca**gg is larger and faster in control cells as compared to Cd%* -treated cells.
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Fig. 2. (a) Kinetics of ER Ca®* uptake in control and Cd?*-treated cells
(15 uM 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 wM 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 [Ca®*] of about 2 WM. 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 Cd?* -treated
cells (15 uM for 12h). Transfection, depletion of Ca®* 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/Ca** until the
steady-state [Ca?*|gr was reached. Based on the experimental traces (a),
the maximal rates of Ca** uptake (measured from the first derivative) at
different values of [Ca2+]ER were calculated and plotted for Cd?*-treated
(15 pM 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 [Ca*]gr uptakes were sigmoidal and the maximal rate
was obtained during the first 2-3 s after the beginning of [Ca2*]gr increase.
Accordingly, we considered the maximal rates the best approximation for
the initial rate of [Ca2*]gg increase. The fitting of the curve shown in this

(1 wM) evokes arapid Ca>* transient, reaching a peak value of
about 2.3 £ 0.1 pM and that cadmium (15 wM) administered
for 12h causes a nearly 25% reduction of Ca** eleva-
tion during Bk stimulation (Fig. 1a, inset) [42]. The same
conditions, i.e. cadmium treatment and mode of Bk stim-
ulation were employed also for the experiments presented
here.

A result similar to that reported for the cytosol was
found in mitochondria using mitochondria-targeted aequorin
(mtAEQmut) (Fig. 1a). In fibroblasts treated with 15 uM
cadmium for 12 h, the [Ca?* i spike evoked by Bk stim-
ulation decreased from 173.1 & 10.5 wM in control cells to
78.2£5.9 uM,i.e. by 55%. As expected, given the non-linear
dependence of mitochondrial Ca** accumulation on [Ca2+]cyt
[43], the mitochondrial Ca?* response follows and ampli-
fies the cadmium-dependent reduction in agonist-dependent
cytosolic rise.

The most interesting situation was found in the ER. In
this case, as the ER has a very high Ca?* concentration
it was necessary to lower the lumenal Ca’* concentration
before adding the prosthetic group to achieve the recon-
stitution of active aequorin. To this end, the cells were
preincubated with ionomycin and a Ca®* chelating agent
(EGTA). After reconstitution, the concentration of free
Ca®* was <10 uM into this organelle. When the Ca** con-
centration in the perfusion medium was raised to 1 mM,
the Ca2* concentration in the lumen gradually increased,
reaching a plateau value of 200.0 &= 5.5 uM (control cells)
(Fig. 1c).

In the control cells, stimulation with Bk caused a large,
rapid fall in the ER Ca’* concentration down to a value
of approximately 60-70 uM. In cells treated with 15 pM
cadmium for 12 h (Fig. 2a) the refilling of ER Ca2* is consid-
erably lowered to 109.8 & 14.1 uM, i.e. 45%, as compared to
control cells. This depletion of ER Ca®* stores is responsible
for the strong reduction in Bk mediated [Ca®*] peak in the
cytosol and in mitochondria.

figure was performed using Microsoft Excel software. As revealed by the
graphic, the maximal rate of Ca?* uptake was significantly (P <0.01) low-
ered by cadmium treatment, reaching an average value of 3.4 +0.1 uM/s,
nearly 40% less than the value obtained in control cells. (c) Ca>* leak rate
from ER in control and cadmium-treated cells (15 wM for 12 h) Transfec-
tion, depletion of Ca?* stores and AEQ reconstitution were carried out as in
Fig. lc, then the coverslip with the cells was transferred to the luminometer
and perfused with KRB/Ca2* until the steady-state [Ca%*|gr was reached.
Ca”* release was initiated by treating the cells with 50 uM tBuBHQ, a spe-
cific inhibitor of SERCAs pumps. In analogy of that presented on (b), about
the rate of Ca2* uptake in ER, based on the experimental traces, the maximal
rates of Ca2* release (measured from the first derivative) at different values
of [Ca?*]gr were calculated and plotted for Cd?*-treated and control cells.
The plot contains data obtained from 9 (cadmium) and 11 (control) indepen-
dent experiments. Due to the mixing time in the luminometer chamber, the
kinetics of [Ca2*]gr decrease are sigmoidal and the maximal rate is obtained
2-3 s after addition of tBuBHQ. Accordingly, we considered the maximal
rates the best approximation for the initial rate of [Ca%*]gr decrease. The
fitting of the curve shown in this figure was performed using Microsoft Excel
software.
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3.2. Mechanisms of cadmium-induced [Ca®* IR
alteration

Given that the steady-state [Ca®*] in ER depends on the
equilibrium between active accumulation and passive leak-
age, cadmium could affect either process. Cd>* could reduce
Ca?* uptake by the SERCAs, either by a direct effect on the
pumps or by reducing the resting cytosolic [Ca®*]. On the
other hand, it could increase the passive leak of Ca’* from
the ER. To clarify these two hypotheses, we investigated them
independently.

We investigated whether cadmium treatment had any
direct effect on the activity of the SERCA pumps. For
this purpose, the kinetics of Ca®* accumulation were stud-
ied in permeabilized cells in order to avoid other side
effects of this cation (Fig. 2a and b). After reconstituting
the photoprotein as in the experiment of Fig. 1c, cadmium-
treated and control cells were transferred to the luminometer
chamber and perfused with IB/EGTA, a buffer mimicking
intracellular ionic conditions, supplemented with 100 uM
EGTA. After permeabilization with 100 .M digitonin and
washing with IB/EGTA, the medium was switched to IB,
containing only a contaminant Ca>* concentration (about
2 uM) (IB/Ca*). Under those conditions, [Ca**]gr gradu-
ally increased, reaching a plateau value of 193.9 £ 11.1 uM.
In cadmium-exposed cells the steady state Ca>* concentration
was lower (155.8 £ 6.2 wM). Moreover, in cadmium—treated
cells, the maximal rate of Ca?* accumulation was consider-
ably reduced in comparison to control cells from 5.9 £ 0.5 to
3.440.1 uM/s, i.e. to 42.8% (Fig. 2b) arguing that the Ca>*
uptake activity is modified during cadmium exposure. More-
over, in agreement with the above results, a clear difference in
the ER Ca®* uptake was present also in intact cells as shown
in Fig. 1c.

To test whether cadmium really inhibits the Ca>* uptake
activity and does not enhance the leak rate from the
ER, cadmium-treated and control cells, were prepared as
described for the experiment of Fig. 1c. After the depletion
protocol, the ER of control and cadmium-treated cells was
first refilled by exposing the cells to 1 mM extracellular Ca”*,
thus resulting in different levels of steady state [Ca2+]ER. A
SERCA blocker, 2,5-di-(tert-butyl)-1,4-benzohydroquinone
(tBuBHQ), was then added to initiate the release of stored
Ca”*. Given that, by definition, the rates of Ca®* uptake
and leak in the steady state are equal, the rate of [Ca?*1gr
decrease upon blockade of the SERCA must reflect the
rate of Ca’* cycling across the ER membrane and, thus
the leak rate at any given steady state of [Ca?*]gr [44].
Fig. 2c shows the relationship between different [Ca?*1gr
values and the maximum rates of Ca’* release calculated
from the first derivative for cadmium-treated and control
cells. As clearly visible form the fitting curve obtained using
Microsoft’s Excel software, the rate of Ca2* efflux is rather
the same in cadmium treated and control fibroblasts, sug-
gesting that the Ca>* leak rate from ER is not affected by
cadmium.

3.3. Mitochondrial and endoplasmic reticulum
morphology

We investigated whether the [Ca®*]yn; and [Ca®*]gr
changes were paralleled by alterations of organelle morphol-
ogy compatible with the onset of apoptosis. By means of
mitochondria and ER-targeted GFP chimeras, we were able
to follow the modification of mitochondria and ER during
cadmium exposure. NIH 3T3 cells were transfected with
mt- or ER-GFP and the effects of cadmium on the struc-
tures of mitochondria and ER were evaluated. We followed
the morphology of these organelles after the administra-
tion of 15 or 30 uM CdCl; for different times (3, 6, 9, and
12 h).

About 15 uM CdCl, was a previously described concen-
tration able to induce 50% drop in viability and induction
of apoptosis after 24 h of treatment [42]. This concentration,
however, was only moderately toxic after 12 h of treatment:
MTT assays revealed a tendency in reduction in viability of
about 10-15% (data not shown). The higher concentration
of 30 uM CdCl, induced a drop in viability of nearly 60%
after only 12h of treatment. In each experimental group at
least three different architectures of mitochondria and ER
could be described. In Fig. 3 the typical mitochondrial net-
work characteristic of cells in physiologic conditions could
be appreciated. This morphology is defined as normal. Con-
versely, mild alterations in mitochondrial morphology started
to be visible in Fig. 3b, defining a mild phenotype. A more
severe rupture and fragmentation of mitochondrial network,
characterized by condensation into amorphous dense masses,
could be easily appreciated in Fig. 3c and is defined as strong
phenotype.

As for mitochondria, ER-targeted GFP was transfected
into NIH 3T3 cells and organelle structure was evaluated in
control cells and Cd** exposed fibroblasts (15-30 uM CdCl,
for 3, 6, 9 and 12h). In a similar way as for mitochondria,
we described normal, mild and strong ER morphologies. In
Fig. 4a the ER network of interconnected closed vesicles,
characteristic of control cells, could be appreciated. Con-
versely, a drastic alteration of ER morphology was already
visible in Fig. 4b describing a mild phenotype. Even if in this
picture the collapse of ER structure start to be clear in various
regions of the cell, the strong disruption of ER became clear
in Fig. 4c as a complete condensation of ER, falling down
around the nucleus.

The number of cells, bearing a specific ER or mitochondria
morphology, was counted for control and cadmium-treated
cells. The results for mitochondria were presented in Table 1.
Using the concentration of 15 uM CdCl,, we could observe
a significant increase in mitochondrial damage, expressed
as number of cells with mild or strong phenotype, after
9 and 12h of treatment. Nearly the same results were
obtained analysing ER morphology: a parallel disruption
of ER structure was observed at 9 and 12h of cadmium
treatment (Table 2). The use of a stronger cadmium con-
centration (30 wM) 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 wM cadmium and they were fixed after different times treatment (0, 3,
6, 9 and 12h). 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
and fragmented. In each picture a square region has been magnified in order
to better appreciated the fine architecture of mitochondria.

severer disturbance of ER and mitochondrial morphology.
Also in this case, however, the time course analysis demon-
strated a nearly complete similarity in the temporal patterns
of ER and mitochondria morphology, showing a signifi-
cant disruption of the networks after only 3 h of cadmium
treatment.

3.4. Cadmium-induced ER stress

To study if cadmium-treatment may cause ER stress,
thus mediating apoptosis via ER, we analysed two different
parameters, following described.

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

3.4.1. Activation of unfolded protein response (UPR)
during cadmium treatment

Upon activation of the UPR, xbp-1 mRNA is cleaved by
the IRE1 protein to remove a 26-nucleotide intron and gener-
ate a translational frame shift. The resulting processed mRNA
encodes a protein with a novel C-terminus that acts as a
potent transcriptional activator. In order to demonstrated if
cadmium was able to induce ER stress and UPR, we analysed
the splicing of xbp-1 mRNA by RT-PCR. We demonstrated
that cadmium exposure induced the splicing of xbp-1 mRNA
in NIH 3T3 mouse fibroblasts in a time and dose dependent
manner as observed in Fig. 5 where the 575 bp (Fig. 5 asterisk)
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Table 1
Mitochondrial morphology upon cadmium treatment

15 wM cadmium treatment (h)

0 3 6 9 12
Mitochondrial morphology description
Normal 94 £52 95.7 £ 4.8 86.7 + 10.4 723 +£77 717 £ 11.7
Mild 43+ 46 33+48 11.7£93 213 +£4.4 19 + 83
Strong 1.7+ 1.6 1£0 1.7+ 1.7 6.4 £ 4.8 93+4

30 M cadmium treatment (h)

0 3 9 12
Mitochondrial morphology description
Normal 96.5 £ 23 93 +4 753 £ 7.6 622 +£43 525 £ 4.6
Mild 217+ 13 6 +2.08 185 +5 31.1 £42 365 £2.1
Strong 133 £ 1.3 1+£2 6.17 £2.9 6.7+1.2 11 £45

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 uM 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 r-test.

Table 2
ER morphology upon cadmium treatment

15 pM cadmium treatment (h)

0 3 6 9 12
ER morphology description
Normal 98 + 1.1 9783 £ 1.4 953 £ 1.8 812 +£5 652 +74
Mild 15+12 1.83 £ 1.8 35+ 15 135+3 24 £ 6.1
Strong 05+0 0.34 £ 0.3 12+12 53 +21 10.8 £+ 2.6
30 uM cadmium treatment (h)
0 3 6 9 12
ER morphology description
Normal 96.33 £ 2 87.0 3.2 828 +4 71.7 £ 11.2 572 +£7.7
Mild 234 £2.1 83+ 14 77 £21 20.1 £ 8.1 303 £33
Strong 133 £0.7 47 £ 18 9.5 +2.1 82+32 125+£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 uM 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 presents 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 #-test.

6h 9h 12h

/ \KJ \
C 15 30 15 30

r \
15 30 ™

575 pb

-actin

s s S SRR e e S e 268 b

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-/ is marked by an
asterisk (*). The exposure to 10 pg/ml for 24 h of tunicamycin (TM) was
used as positive control while (3-actin was used as loading control.

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

3.4.2. Caspase-12 activation

To determine whether ER specific apoptotic pathway
is involved in cadmium-induced cell death, we analysed
the activation of pro-caspase-12 by immunoblotting exper-
iments. Using a monoclonal antibody directed against
pro-caspase-12 a single band corresponding to the p53 pro-
form of caspase-12 was detected in control cells and — to
a lower extent — in cadmium-treated fibroblasts (Fig. 6a
and b). The antibody was only able to recognise the inac-
tive proform of caspase-12, however, cadmium exposures
(9—-12h; 15 uM CdCly) caused a significant decrease in the
proform suggesting that caspase-12 had been cleaved and
thus 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
anti-pro-caspase-12 antibody was used in WB experiments. A representative picture and a densitometric graph for each time course is presented: (a) 15 uM
CdCl; and (b) 30 uM CdCl,. B-actin was used as a loading control, reprobing the same membrane. The activation of caspase-12 (expressed as percentage of
casp-12/B-actin) is presented as a black line. The asterisks indicate a significant difference for a defined treatment group in comparison to control (p <0.05).

An earlier activation of caspase-12 was observed by using
30 uM CdCl, (6-12h) as shown in Fig. 6b. These obser-
vations demonstrated that the cleavage of pro-caspase
12 correlated well with the induction of ER stress. -
actin was used as a loading control, reprobing the same
membrane.

3.5. CytC release from mitochondria

To confirm the induction of mitochondrial stress dur-
ing cadmium injury, we analysed the time course release
of cytC from mitochondria to the cytosol (Fig. 7). We
performed mitochondria fractionation using the voltage-

() Cytosolic fract. Mitoch. fract.
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Fig. 7. Release of CytC from mitochondria: Western-blotting experiments. We performed mitochondrial fractionation of control and cadmium-treated with
for different times (0, 3, 6, 9 and 12 h). Cytosolic and mitochondrial fractions of cell treated with 15 uM CdCl; (a) and 30 M CdCl; (b) are presented. The
quality of the fractionation was checked by using VDAC protein as mitochondrial marker in both cytosolic and mitochondrial fractions; B-actin was used as
loading control for cytosolic fractions. A densitometric analysis for different cadmium treatments is presented in (a) and in (b) (15 and 30 wM, respectively).
The release of CytC (expressed as percentage of CytC/B-actin) in the cytosolic fraction is presented as a black line; the CytC content (expressed as percentage
of CytC/VDAC) in the mitochondrial fraction is presented in gray. The asterisks indicated a significant difference for a defined treatment group in comparison

to control (p <0.05).
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dependent-anion-channel (VDAC) protein as mitochondrial
marker to check the quality of the organelle fractionation
and [-actin as loading control. The release of cytC in the
cytosol of cadmium treated cells was dose and time depen-
dent: using 15 uM of CdCl, we could observe a significant
release of cytC after 6h of treatment. The released quan-
tity of cytC in the cytosol further increased following 9 and
12 h of cadmium treatment (Fig. 7a and graph). In parallel to
mitochondrial morphology data, administration of the higher
concentration of cadmium (30 M) caused an earlier release
of cytC (3h) as reported in Fig. 7b. In this second set of
experiments, a corresponding decrease of cytC in the mito-
chondrial fraction could be also observed following cadmium
treatment.

4. Discussion

For the assessment of cadmium effects on cellular Ca?*
homeostasis we used the calcium-sensitive photoprotein,
aequorin. Targeted AEQ chimeras have been employed suc-
cessfully to measure organelle-specific modulation of Ca2*
homeostasis [36-38]. This method is a valuable alternative
to the use of traditional Ca?* fluorescent indicators, often
criticized for their ability to bind cadmium with the same
affinity of calcium [21]. To directly investigate the role of
cadmium on Ca®* homeostasis, we have selectively measured
the Ca2* concentration in different cell compartments, i.e.,
the cytoplasm and the organelles acting as sources (ER) or
targets (mitochondria) of the Ca®* signal. Effects of cadmium
exposure on the cytosolic Ca* signal elicited by an agonist,
bradykinin (Bk), have been investigated previously [40]; here
we focused our attention on mitochondria and on the ER. Bk
stimulation caused a rapid decrease in [Ca*?]gr and a cor-
responding rise in mitochondrial Ca>* concentration (and in
cytosolic [Ca?*]). In cadmium treated cells lower [Ca%*|gr
steady states were obtained and, consequently, the extent of
Ca”* release through IP3-gated channels after Bk stimulation
significantly declined. It is well known that the steady state
Ca”* concentration in the ER depends on the equilibrium
between active accumulation and passive leak, and the effect
of Cd?* could be on either process. We investigated both pos-
sibilities independently and our results showed that cadmium
significantly inhibited the activity of SERCAs, whereas no
relevant effect was found on passive Ca>* leakage from the
ER.

Several studies demonstrated that strong modification in
Ca”* homeostasis could lead to ER-stress and, possibly, to
cell death [27]: uncontrolled increases but also strong deple-
tion in [Ca®*]gR, in fact, are known to trigger apoptotic cell
death by direct activation of ER-resident caspase-12 [29]. In
accordance with these reports, we observed that cadmium
treatment caused an alteration in ER calcium homeostasis,
thus leading to ER stress — activation of Irel, processing xbp-
1, disruption of ER morphology — and, finally, induction of
apoptosis mediated by caspase-12.

Our data corroborated previous observations by Tchoun-
wou et al. [45] and, more recently, Liu et al. [46], reporting
the up-regulation of some ER chaperones (GADD/CHOP
and Grp78, respectively) upon cadmium treatment. These
proteins counteract the congestion of misfolded proteins
intermediates during unbalance in the [Ca2+]ER and ER
stress, thus trying to promote cell survival. However, as a con-
sequence of a prolonged or very severe stress, the activity of
chaperones resulted inadequate and apoptotic cell death took
place. To our knowledge this is the first report demonstrating
that caspase-12 is activated in cadmium-induced apoptosis
and highlighting the ER as a further cellular target of cad-
mium toxicity.

To understand which intracellular organelle could be most
sensitive to cadmium toxicity, we performed time course
experiments, with parallel analyses of effects on ER and mito-
chondria, well-known targets of cadmium toxicity. Previous
findings, in fact, correlated mitochondrial dysfunctions with
cadmium treatment [24,25]. Moreover, other laboratories
described a decrease in rhodamine 123 fluorescence during
cadmium-induced apoptosis in Rat-1 fibroblasts, suggesting
that this heavy metal could act by altering the permeabil-
ity and so the function of the mitochondrial membrane [47].
However, even if the role of mitochondria in cadmium-
induced cell death is well characterized, the involvement
of caspase-9 is discussed controversial by some authors
[48-49]. In our hands, a strong modification in mitochon-
drial architecture was observed following cadmium treatment
and the morphological changes were accompanied by a dose
and time dependent release of CytC, linking acute cadmium
toxicity with mitochondria mediated induction of cell death.

The parallel analysis of cadmium effects on ER and mito-
chondria, however, revealed a very complex pathway and
comparable results were obtained for both the organelles.
ER and mitochondria morphologies showed a synchronous
pattern of structural and functional disruptions so that cytC
release well correlated with ER stress and caspase-12 activa-
tion. The use of the higher cadmium concentration (30 uM),
provided a more critical situation, but, even in this case, sim-
ilar effects on these two organelles were observed. It seems
that cadmium can exert a very complicated cascade of events
into the cell and more than one distinct pathway can be acti-
vated following treatment.

In summary, we propose a “two hits” model for cadmium-
induced apoptosis (Fig. 8). On one side, cadmium once
entered the cell by receptor or voltage operated calcium
channels, can directly or indirectly damages mitochondria,
thus mediating cytC release and caspase-9 activation. On the
other side, a novel analysis revealed ER as cellular target of
cadmium toxicity. Cadmium-induced release of Ca** from
ER stores (via stimulation of IP3 gated channels, Fig. 8a)
and cadmium-mediated inhibition of SERCA pumps are pro-
posed to cause a generalized alteration of Ca>* homeostasis
— increase in [CaZJ']Cyt and prolonged reduction in [Ca2+]ER.
The disruption in ER calcium homeostasis compromise the
ER 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 [Caz"]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
release of pro-apoptotic factors (such as Cyt C), and finally activation of the
caspase-9 (c). These two pathways seem to be contemporary activated and
their parallel, synergic action promotes apoptosis.

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